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Abstract

Ordinary differential equation (ODE) is an important tool to study a system of biological
and physical processes. A central question in ODE modeling is to infer the significance of
individual regulatory effect of one signal variable on another. However, building confidence
band for ODE with unknown regulatory relations is challenging, and it remains largely
an open question. In this article, we construct the post-regularization confidence band
for the individual regulatory function in ODE with unknown functionals and noisy data
observations. Our proposal is the first of its kind, and is built on two novel ingredients.
The first is a new localized kernel learning approach that combines reproducing kernel
learning with local Taylor approximation, and the second is a new de-biasing method that
tackles infinite-dimensional functionals and additional measurement errors. We show that
the constructed confidence band has the desired asymptotic coverage probability, and the
recovered regulatory network approaches the truth with probability tending to one. We
establish the theoretical properties when the number of variables in the system can be
either smaller or larger than the number of sampling time points, and we study the regime-
switching phenomenon. We demonstrate the efficacy of the proposed method through both
simulations and illustrations with two data applications.

Keywords: De-biasing; Local polynomial approximation; Ordinary differential equations;
Reproducing kernel Hilbert space; Smoothing spline analysis of variance; Time series.

1. Introduction

Characterizing the dynamics of biological and physical processes is of fundamental interest
in a large variety of scientific fields, and ordinary differential equation (ODE) is a frequently
used tool to address such type of questions. Examples include infectious disease (Liang and
Wu, 2008), genomics (Cao and Zhao, 2008; Ma et al., 2009; Wu et al., 2014), neuroscience
(Izhikevich, 2007; Zhang et al., 2015a, 2017; Cao et al., 2019), economics (Dai and He,
2023), among many others. An ODE system models the changes of a set of variables,
quantified by their derivatives with respect to time, as functions of all other variables in
the system. Typically, the system is observed on discrete time points with some additive
measurement errors. In recent years, there have been an increased number of proposals for
ODE modeling. One family of ODE models adopt linear function forms in the ODE system;
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for instance, Lu et al. (2011) proposed a set of linear ODEs, Zhang et al. (2015a) extended
to include two-way interactions, and Dattner and Klaassen (2015) further extended to a
generalized linear form using a finite set of known basis functions. Another family of ODE
models consider additive functionals; for instance, Henderson and Michailidis (2014); Wu
et al. (2014); Chen et al. (2017) proposed the generalized additive models with a set of
common basis functions plus an unknown residual function. The third family studies the
ODE system when the functional forms are completely known (Gonzélez et al., 2014; Li
et al., 2015; Zhang et al., 2015b; Mikkelsen and Hansen, 2017). Recently, Dai and Li (2022)
proposed reproducing kernel-based ODEs to flexibly model the unknown functionals of both
main effects and two-way interactions.

A central question in ODE modeling is about inference of significance of individual
regulatory relations among the variables in the system (Ma et al., 2009). The majority of
existing ODE solutions, however, have been focusing on regularized sparse estimation of
the ODEs. Even though sparse estimation can in effect identify such relations, it does not
produce a quantification of statistical significance, nor explicitly controls the false discovery
rate (FDR). By contrast, inference provides both an explicit uncertainty quantification and
an explicit FDR control. As such, inference is generally a different problem from sparse
estimation. When the functional forms are completely known in an ODE system, confidence
intervals for the ODE parameters have been studied and been mostly built upon asymptotic
normality of finite-dimensional parameters (Ramsay et al., 2007; Qi and Zhao, 2010; Xue
et al., 2010; Miao et al., 2014; Zhang et al., 2015b; Wu et al., 2019). When the functional
forms are unknown, however, there is no existing solution for individual ODE parameter
inference. Dai and Li (2022) derived the confidence interval of the entire signal trajectory
in kernel ODEs with unknown functionals. Nevertheless, their method could not infer
the individual regulatory effect of one variable on another, but instead only the sum of
all individual effects. Building confidence intervals for individual ODE parameters with
unknown regulatory relations is particularly challenging, as it involves infinite-dimensional
functionals. There is a clear gap in the current literature on ODE inference.

In this article, we tackle the ODE inference problem with unknown functionals and
noisy data observations. Our goal is to directly construct the confidence band for any indi-
vidual regulatory functional that measures the effect of one signal variable on another. The
constructed confidence band provides both an uncertainty quantification for the individual
regulatory relation, and also a sparse recovery of the entire regulatory system when coupled
with a proper false discovery rate (FDR) control. We establish the confidence band for
both low-dimensional and high-dimensional settings, where the number of variables in the
system can be smaller or larger than the number of sampling time points, and we study the
regime-switching phenomenon. We show that the constructed confidence band has the de-
sired asymptotic coverage probability, and the recovered regulatory network approaches the
truth with probability tending to one. Toward our goal, we propose and develop two novel
methodological ingredients: a new localized kernel learning approach that combines repro-
ducing kernel learning with local Taylor approximation, and a new de-biasing method that
tackles infinite-dimensional functionals and additional measurement errors. Consequently,
our proposal makes useful contributions on multiple fronts, including ODE inference, non-
parametric modeling, as well as high-dimensional inference with measurement errors.
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The first component is a new localized kernel learning approach that in effect fuses
two widely used nonparametric modeling techniques, reproducing kernel learning methods
(Wahba, 1990), and local polynomial methods (Fan and Gijbels, 1996). More specifically,
we adopt the kernel ODE model of Dai and Li (2022), which is built upon the learning
framework of reproducing kernel Hilbert space (RKHS, Aronszajn, 1950; Wahba, 1990) and
smoothing spline analysis of variance (SS-ANOVA, Wahba et al., 1995; Huang, 1998; Lin
and Zhang, 2006). This model allows highly flexible and unknown forms for the functions
in the ODE system as well as interactions. Meanwhile, we employ the Taylor expansion and
local approximation idea, which is frequently employed in local polynomial nonparametric
regressions (Fan and Gijbels, 1996; Opsomer and Ruppert, 1997). Such a fused method
essentially characterizes the regulatory effect of one variable on another in the ODE system
through a scalar quantity, which in turn allows us to derive the corresponding confidence
band. Moreover, this localized kernel learning approach is potentially useful for other
nonparametric modeling problems beyond ODEs.

We remark that our method is related to but also substantially different from the kernel
ODE method of Dai and Li (2022), and the kernel-sieve hybrid method of Lu et al. (2020).
Compared to Dai and Li (2022), although we adopt the same ODE model framework,
our estimator is utterly different after introducing the local approximation. Actually, our
localized kernel estimator has a slower convergence rate compared to the minimax rate of
the estimator of Dai and Li (2022) in a low-dimensional setting; see Section 5.1. On the
other hand, this slower rate is sufficient for constructing an asymptotically valid confidence
band. More importantly, the method of Dai and Li (2022) can only obtain the confidence
interval for the entire signal trajectory, which is the sum of all individual effects, but not
for a single individual effect of one variable on another. Directly applying the estimator
of Dai and Li (2022) cannot obtain the individual confidence band we target. Later, we
also numerically demonstrate that the proposed method outperforms a naive modification
of Dai and Li (2022) that aggregates the point-wise confidence intervals at grid points with
Bonferroni correction. Compared to Lu et al. (2020) who tackled the inference problem
of a nonparametric additive model, our ODE inference method differs in multiple ways,
including that the signals are not directly observed but need to be estimated from the data
with error, there are pairwise interaction terms, and the ODE estimation involves integrals.
These differences have introduced a whole new set of challenges than Lu et al. (2020) and
the classical sieve method of Shen and Wong (1994), and thus a different solution.

We also remark that, by choosing a proper linear kernel or additive kernel, the kernel
ODE model includes the linear ODE (Zhang et al., 2015a) and the additive ODE (Chen
et al., 2017) as special cases. Consequently, our inference solution is applicable to a range
of different ODE models. Our work thus addresses a scientific question that is crucial but
currently still remains open, and makes a useful addition to the ODE toolbox.

The second component is a new de-biasing method for the localized kernel ODE esti-
mator. We observe that the individual regulatory effects in ODE models are nonparametric
functionals, which are estimated through proper regularization in terms of the RKHS norms.
However, the regularization introduces bias, and essentially offers a trade-off between bias
and overfitting. Consequently, it is crucial to perform de-biasing in post-regularization high-
dimensional statistical inference (Zhang and Zhang, 2014; van de Geer et al., 2014; Ning
and Liu, 2017; Zhang and Cheng, 2017). On the other hand, there are some extra layers of
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complications for de-biasing in ODEs. First of all, the signal variables themselves are not
directly observed, but only their noisy counterparts, and they need to be estimated given
the noisy data. Besides, the objects of inference are infinite-dimensional functionals, and
their estimation involves integrals. To overcome those difficulties, we introduce a new bias
correction score with integral of the estimated functional. We also generalize Chernozhukov
et al. (2014) and perform a new approximation analysis for the Gaussian multiplier boot-
strap within the RKHS framework. Our method is the first de-biasing solution for ODE
models, and thus also contributes to the literature on de-biasing. In addition, it is poten-
tially useful for high-dimensional inference of other statistical models that involve latent
variables and measurement errors (Wansbeek and Meijer, 2001).

The rest of the article is organized as follows. Section 2 introduces the kernel ODE
model, then develops the localized kernel learning approach. Section 3 presents the param-
eter estimation, and Section 4 derives the confidence band formula. Section 5 establishes the
convergence rate and coverage property of the proposed method. Section 6 investigates the
finite-sample performance, and Section 7 illustrates with two real data examples. Section 8
concludes the paper with a discussion, and the Appendix collects all technical proofs.

2. Localized Kernel Learning for ODE

In this section, we first present our kernel ODE model system, which consists of models (1),
(2) and (3). We then propose the localized kernel learning method, which fuses reproducing
kernel learning and local polynomial approximation, and is crucial for ODE inference.

2.1 Kernel ODE Model

Let z(t) = (21(t),...,2p(t)) " € RP denote the set of p variables of interest, and ¢ index the
time in a standardized interval 7 = [0, 1]. We consider the ODE system,

d:El(t)
da(t) dt Fi(z(t))
e B N 0N 1)
dap(t) Fy(x(1))
dt
where F' = {F,..., F,} denotes the set of unknown functionals that characterize the
regulatory relations among z(t). Typically, the system (1) is observed on a set of n discrete
time points {t1,...,t,}, with additional measurement errors,
yi:x(ti)—i—ei, 1=1,...,n, (2)

where y; = (yil,...,yip)—r € RP denotes the observed data, and ¢; = (€1, .. .,eip)T € Rp
denotes the vector of measurement errors that are usually assumed to follow an independent
normal distribution with mean 0 and variance 0]2, j =1,...,p. Besides, the system (1)
usually starts with an initial condition z(0) € RP.

In a biological and physical system, given the observed noisy time-course data {y;}" ,,
a central question of interest is to uncover the structure of the system of ODEs in terms of
which variables regulate which other variables. We say that xj(t) regulates z;(t), if F} is
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a non-zero functional of x4 (t). That is, x(t) affects z;(t) through the functional F}j on its
derivative dz;(t)/dt, for j,k =1,...,p. We consider the following model for Fj},

Fi(z(t) =00+ Y Fi(zn(®) + > > Fiulae(t), (), j=1,....p, (3)

k=1 k=1,k#l I=1

where 09 € R denotes the global intercept, Fj;, and Fjj; denote the main effect and two-way
interaction, respectively. Higher-order interactlons are possible, but two-way interactions
are most common in ODEs (Ma et al., 2009; Zhang et al., 2015a).

We next build model (3) within the smoothing spline ANOVA framework (Wahba et al.,
1995; Gu, 2013; Lin and Zhang, 2006). Specifically, let Hj denote a space of functions
of xx(t) with zero marginal integral, which is specified through the averaging operator,
[ Fji(x(t))dt = 0 for any k,j = 1,...,p. The zero marginal integrals of functions in H,
ensure that the decomposition in (3) is well defined over its domain, and that the terms
850, Fji, and Fj; in (3) are identifiable and can be estimated uniquely. More discussion of
the averaging operator is given in Section C.1 of the Appendix. Let zy(t) € X, where X is
a compact set in R. Let {1} denote the space of constant functions. Construct the tensor
product space as

H= {1}@Zﬂk@ Z Zm@w (4)

k=1k#l I=1

where @ and ® denote the direct sum operator and the tensor product operator, respectively.
The space Hj ® H; includes the tensor products of the functions in Hy and H;. We assume
the functionals Fj, j = 1,...,p, in the ODE model (3) are located in the space of H.

We note that our kernel ODE model is the same as the model used in Dai and Li (2022).
Nevertheless, one cannot achieve the goal of inferring individual regulatory functional using
the approach of Dai and Li (2022), which estimates the collective functional F}, rather
than the individual functional Fj;. Instead, we propose a completely new localized kernel
learning approach for inference, which is a key novelty of this article.

2.2 Localized Kernel Learning

We next introduce the Taylor expansion and local approximation idea into our kernel ODE
model framework. In effect, we fuse two popular nonparametric modeling techniques, re-
producing kernel learning (Wahba, 1990) and local polynomial learning (Fan and Gijbels,
1996). Our primary goal is to infer the individual regulatory effect of xj(t) on x;(t), for any
given pair of j,k = 1,...,p, in the ODE system (1). Toward that goal, we observe that such
a regulatory effect is encoded in two parts: the main effect term, Fj,(xx(t)), j,k=1,...,p,
and the two-way interaction terms, Fjx (2 (t), z1(t)), I = 1,...,p,l # k. We next study the
two parts separately.

First, for the main effect term Fj; (x4 (t)), we consider the Taylor expansion with La-
grange remainder at a fixed time point ¢t = ¢y (Section 7.7, Apostol, 1967). Specifically,
letting ¢ be a point locating between ¢y and ¢, by the chain rule, we have

dF (2 (1)) dag (D)

Fyelan(t)) = Fu(an(to)) + 5252 S0 1 t), (5)
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Since Fji(xk(to)) is a constant at the fixed ¢y and does not vary with ¢, we denote Fj;(x(to))
= a4, Besides, let F be the function space where x(t) reside in, and F does not have to
be the same as Hj. Suppose the functions in H; and F have continuous first derivatives,
which is true for most of commonly used RKHS, including those generated by the Gaussian,
Laplace, or Matérn kernel (Scholkopf and Smola, 2018). As such, both dF}j;(x(t))/dx) and
dxy(t)/dt are continuous functions in ¢, and when ¢t — tp, the second term in (5) goes to
zero. Henceforth, we can approximate Fj(xx(t)) by ojis,. We remark that, we consider
the first-order Taylor expansion, instead of the zeroth-order, in (5). Nevertheless, due to
the smoothness property of RKHS, we approximate Fj;(x(t)) by ok, which is a constant
at a fixed time point ¢ty while it changes as tg varies. Moreover, when inferring the effect of
x(t) on x;(t), we focus on the main effect term of interest Fji(xy(t)), while treating the
rest of the main effect terms Fj;(z;(t)), l = 1,...,p,1 # k, as nuisance parameters.

Next, for the interaction terms Fjy(xr(t), z1(t)), I =1,...,p,1 # k, since {1} @ H; = H;
(Wahba, 1990), Fju(xk(t),zi(t)) is absorbed into the main effect term Fj(x;(t)), when
Fji(zk(t)) is approximated by the constant ojr¢. In other words, when the effect of
xk(t) on x;(t) holds constant, the change of the joint effect of (z4(t),z;(t)) on z;(t) only
depends on the change of the effect of z;(t) on x;(t). Another way to see this is that, since
Fji € Hi ® H; in (4), there exists a finite integer s and functions Fj, € Hy, Fji, € H; for
v=1,...,s, such that

S
Fj = ZFJ’@ g = Z@jku,toFﬂy € My, (6)

v=1

where the second equality is due to (5) with Fji, (xx(t)) = ajk, 4, as t — to, and the last
step is due to the fact that the linear combination of RKHS functions is still in the RKHS
(Wahba, 1990).

Combining the above results, and following the Taylor approximation that Fj(zx(t)) =
Qjkt, a8 t — to, the regulatory effect of xy(t) on x;(t) is now captured by the scalar oy -
Consequently, we estimate ¢, at any given time point tg € 7, along with other nuisance
terms in F}, then build a confidence band based on a4, to infer the effect of x4 (t) on x;(%).
Specifically, write F; = 0,0 + F], where 0o is the global mean, and F is the centralized
functional, j = 1,...,p. For any given k = 1,...,p, if t is within a local nelghborhood of g
in that |t — tg| < € for some small € > 0, we write

F(a(t) = ajhag + Z Fiw(ze®)+ Y. Y Fualzw(t),z(t))

=1 K/ £k K =1k £k,0 I=1,14k (7)
= ajpt, + Hje(z(t)),

where Hjj, collects all the nuisance terms when evaluating the effect of xy(t) on x;(t). We
next develop a procedure to estimate the global mean 6 and the functional F} in (7).

3. ODE Estimation

In this section, we develop an estimation procedure, where we adopt a two-step collocation
approach (Varah, 1982). We first estimate model (3) under the constraint that F; € H in
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(4), then incorporate the local approximation in (7). Next, we derive the corresponding
optimization algorithm to estimate the unknown parameters.

3.1 Two-Step Collocation Estimation

We adopt the two-step collocation method that is commonly used in ODE estimation.
The first step is to obtain a smoothing estimate Z(t) = (Z1(t),...,7,(t)) ",

/x\j(t) = argmin {Tll Z [yij - Zj(ti)]Q + )‘nj”zj(t)H.QF} o J=1....p, (8)

Zj EF i=1

where || -|| 7 is the norm of the RKHS F, z; is a function in F we minimize over, and A,; > 0
is the smoothness parameter often tuned by generalized cross-validation (Wahba, 1990).

The second step is to estimate Fj in (3). We first follow Dai and Li (2022) and obtain
an estimator of the global mean 0y in F} as,

G0 =5 — /T T(t) Fy (2 (1)), (9)

where §; = n7 30 iy, T(t) = n 1 Y0 T3(t), Ti(t) = I{0 < t < t;}, and I() is the
indicator function. We then plug in this global mean estimator and estimate the centralized
component F; in F}; by solving the penalized optimization,

n

min {:L > [(yij —¥j) — /T (Ti(t) - T(1)) Fj(f(t))dt] 2

FjEH i=1
(10)
+ Tuy Z PRl > S IPE ] |
k=1k#l =1
where || - |3 is the norm of H, P¥F; and P* F; are the orthogonal projections of F}, or

equivalently F, onto Hj, and Hj ® H;, respectively, and 7,; is the penalty parameter. Note
that the optimization problem (10) deals with the integral fotl F;(Z(u))du, rather than the
derivative dz;(t)/dt. This follows a similar spirit as Dattner and Klaassen (2015), and is
to produce a more robust estimate. Moreover, the penalty function in (10) is a sum of
RKHS norms on the main effects and pairwise interactions, which is similar in spirit as the
component selection and smoothing operator penalty of Lin and Zhang (2006).

Next, we introduce the localization as specified in (7). Let R : T +— R be a symmetric
density function with bounded support. Denote Rp(-) = h™'R(-/h), where h > 0 is the
bandwidth. Following (7) and (10), we estimate ajr;, € R and H;, € H through the
localized and penalized optimization,

_ 2
mln { Z Rh - tO |:(y’Lj g ) Ak, totz /’7’ (Tz(t) - T(t)) H]k(f(t))dt]

a]ktov
p p p <11)
K k'l
g | IPYHulle+ Y Y P Hl | s
K =1,k £k K =1,k £kl 1=1,l#k
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where t; = t; —n~! > i, ti. The estimate @, obtained from (11) captures the individual
regulatory effect of x(t) on x;(¢) in a local neighborhood of ¢ty € 7. The local weight Ry,
introduced in (11) is to facilitate both the estimation and subsequent inference. It places
more weight to the data observations close to tg and less weight to those far away from
to, in the same spirit as the local polynomial method (Fan and Gijbels, 1996). Besides, it
allows us to later construct confidence bands using tools such as the extreme value theory
as well as the Gaussian multiplier bootstrap procedure.

Now, given the estimates Z;(¢) from (8), é}o from (9), and a4, fAIjk from (11), we esti-
mate the p-dimensional functional F(z(to)) = 00 + Fjr(zk(to)) + Zg’zl,k';ﬁk Fjr (27, (to)) +
ZZ,:L,C,# S Fin(2)(to), zi(to)) at any time point ¢ty € T by

Fj((to)) = 0jo + Qjuge + Hiu(E(t)), j=1,....p. (12)

We comment that, due to the Taylor approximation and localization, our localized kernel
ODE estimator in (12) is different from the kernel ODE estimator of Dai and Li (2022)
obtained from (10). In Section 5.1, we study its convergence rate, and compare it to the
minimax optimal rate of the kernel ODE estimator of Dai and Li (2022).

3.2 Optimization Algorithm

We next develop an optimization algorithm to solve (11). Toward that end, we first propose
an optimization problem that is equivalent to (11) but is computationally easier to tackle.
We then develop an iterative algorithm to solve this equivalent optimization problem. We
also remark that, the new algorithm differs from that of Dai and Li (2022), in that a local
weight Ry, is introduced, and the estimations of the parameter of interest oy ¢, and the rest
of nuisance parameters are separated.

Specifically, we consider the following optimization problem that is equivalent to (11),

1 _ _ - 2
min {n ; Ry, (t; — to) {(yij — i) — Qg poli — [F (Tz(t) - T(t)) ij(“:(t))dt}

05,05k,t0.Hjk

p p p
—1 k' 2 -1 k'l 2
g | YL Ol PP HEIE A+ DY Y 0 IPM HR
K=1k #k =1,k 2k I=1,12k' k
p p p
T DR D DD DT
k' =1,k #k k=1, k' £k =1,k k

(13)

subject to §; > 0, where 0; = {01 b6 U{O01 ir £t 1 € RP-1? ¢ollects all the parame-
ters to estimate, and 7y,;, kn; > 0 are the tuning parameter, j = 1,...,p. The optimization
problem (13) utilizes the parameter 6/ to control the sparsity of each component P H k>
and 05 to control the sparsity of Pk,lij, k' # k and | # k', k. The shrinkage of 6; gives
rise to zero function components in the final estimate. The two optimizations (11) and
(13) are equivalent in the sense that, if (ajk’to,fljk) minimizes (11), then (gj,&jkﬁto,ffj )
minimizes (13), with ajk’ = 7],}L§2/€;]»1/2||Pk/ﬁjk”7{7 and é\jk’l = UiéQ’@;]'l/QHPk/lﬁij% K1 =
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1,...,p, k', 1 # k, k' # |. Meanwhile, if (é\jaajk,tmﬁjk) minimizes (13), then (ajk,toaﬁjk)
minimizes (11). The reason of introducing 6; is to benefit the computation. The opti-
mization in (11) is challenging. By contrast, we develop an iterative procedure to solve
the equivalent optimization problem (13), where each iteration either has a closed-form
solution, or becomes a standard Lasso regression. As such, the computation is greatly sim-
plified. That is, we employ the representer theorem to obtain a closed-form estimate for
(0k.to, Hjr) given 6. We then employ the Lasso method to obtain a sparse estimate of §;
given (g 1o, Hijk)-
Specifically, for a given estimate é\j, the optimization problem (13) becomes,

2
. mln { ZRh (t; — to) [(?/w —Uj) — Qjktoli — /7_ (T3(t) — T(t)) Hj,(z(t))dt
jk, to
(14)
p R ) p P R )
g |, ORIPE Hl + > Y 0P H 3,
k'=1,k'#k k'=1,k"#£k 1=1,1%£k k

Let K;(-,-) : X x X +— R denote the kernel generating the RKHS #;, k' # k. Then
Kk/l = K} K is the reproducing kernel of the RKHS ) ® H; (Aronszajn, 1950). Let

= >h_ lk/?gk@ w I, + >0 1k £k S LIk K 9 i1 Kp; see also Wahba et al. (1995,
Sectlon 2) for a discussion on the weighted kernel. Employing the representer theorem of
Wahba (1990, Theorem 1.3.1), the solution Hjj to (14) is of the form,

@wmzz%ﬁw@wmmmwwww (15)
=1

for some ¢; = (15, ... ,cnj)T € R™. Define two n X n matrices,

Y= (Z) eRV By = /T/T{Ti(s) — T(s) }Kp, (2(t), Z(s){ Ty (t) — T(t) }dsdt,
Rto = diag{Rh(tl — to), ceey Rh(tn — to)} e R,

(16)

Write y; = (Y1j,---,Yn;) € R" Plugging (15) into (14), we reach the following weighted
quadratic minimization problem in terms of {ajk4,,¢;},

. 1 _ _ B _
min {[(yj —75) — Wrot — 2e5] T Reo[(y; — 75) — oyt — Sej] + nnjCjTECj} , o (17)

ajk,t07cj n

where t = (f1,...,%,)' € R". The optimization problem (17) has a closed-form solution; see
also Dai and Li (2022). We tune the parameter 7,; > 0 using generalized cross-validation,
following Wahba (1990).

Next, for a given estimate (@, H jk), the optimization problem (13) becomes,

p p p
(zj — GO;) " Ryy (25 — GO;) + in; Z 1 + Z Z Ojkn | ¢ - (18)

k' =1,k'#£k k' =1,k'#£k 1=1,1£k k

min

S
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Algorithm 1 Estimation and inference procedure for a given pair (j, k) € {1,...,p}.

Initialization with the values for 0 = 0, =1, for K',l =1,...,p, k' # k,l # k', k.
Obtain the smoothing spline estimate Z;(¢) from (8).
repeat

Solve (@jk,to,ﬁjk) in (14) given (/9; through (15) and (17).

~ ~

Solve 6; in (18) given (& +,, H;i) through the Lasso penalized regression (18).
until the stopping criterion is met.
Construct the confidence band by Gaussian multiplier bootstrap from (20).

subject to 6, > 0,05 > 0, where the “response” is z; = (y; — Uj) — Qjk,tot — (1/2)nnn;c;,
the “predictor” is G € R™*P=1? whose first (p—1) columns are Ek/cj with &' =1,... k—
1,k+1,...,p, and the last (p — 1)(p — 2) columns are ¥"¢; with &',1 = 1,....k — 1,k +
1,...,p, k' #1, and ¥ = (Zf{,), LA (Zfi/,l) are both n x n matrices whose (¢, #’)th entries
ave S, = [ [ {Ti(s) — T(s) K (3(6), 2(3){To (t) — T(t)hdsdt, and S = [ [ {Ty(s) -
T(s)}Kpn(Z(t),z(s)){Tw(t) — T(t)}dsdt, respectively, where i,7' = 1,...,n,57 = 1,...,p.
We employ the standard Lasso for (18) in our implementation, and tune the parameter r,;
using tenfold cross-validation, following the usual Lasso literature.

We repeat the above optimization steps iteratively until some stopping criterion is met,
e.g., when the estimates in two consecutive iterations are close enough, or when the number
of iterations reaches some maximum number. We summarize the above iterative procedure,
along with the confidence band derived in the next section, in Algorithm 1.

We remark on the computational complexity of the proposed estimation method. Specif-
ically, the computational cost is O(n? +np*), where O(n?) is due to the reproducing kernel-
type regression in (14), and O(np?*) is due to the Lasso-type regression in (18) with O(p?)
parameters. We note that this computational complexity is comparable to the ones of exist-
ing ODE estimation methods such as Dai and Li (2022) and Chen et al. (2017). Moreover,
the computational complexity of the inference method we develop in (20) is O(n?), which
is substantially smaller than that for the estimation method when n — co.

4. ODE Inference

In this section, we construct the confidence band for the regulatory effect Fjj(xx(t)) of
x(t) on x;(t) for any given pair (j,k) € {1,...,p}. Toward that end, we first construct
a de-biased estimator for aj ., since @ is obtained through the regularization in (11),
which has an ¢1-type penalty with the sum of RKHS norms and inevitably introduces bias
(Zhang and Zhang, 2014; Javanmard and Montanari, 2014; van de Geer et al., 2014). Then
based on our de-biased estimator, we employ the Gaussian multiplier process to construct
a valid confidence band. We also discuss hypothesis testing for a single pair of variables,
then multiple testing for all pairs of variables to reconstruct the entire regulatory system.
Finally, we briefly discuss the extension from a single experiment to multiple experiments.

10
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4.1 Confidence Band

As the first step, we propose the following de-biased estimator, given that the functional
Fji, is approximated by @j 4, in our localized kernel learning, to reduce the bias in the
estimate Qjj ¢,

Fj(i(to)) = Gy + % > SRy, {(yj = ¥j) — /T (Ti(t) — T(t)) Hy(Z(t))dt |, (19)

=1

where ¥;.,1 =1,...,n, is the kth row of the n x n matrix ¥ defined in (16), and fljk(f(t))
is obtained from (15). We make a few remarks. First of all, we employ the integral of the
infinite-dimensional functional H jk(Z(t)) in (19) to correct the bias in @ji4,. As a result,
the inference of the de-biased estimator ﬁjk(xk(to)) relies on analyzing the distribution
of the integral, [{T;(t) — T(t)}ﬁjk(i?(t))dt, and the measurement error introduced by
the estimated trajectory Z(t). These features clearly differentiate our de-biasing solution
from the existing ones. Second, we note that a similar approach to constructing a de-
biased solution involving an infinite dimensional object has been studied by Lu et al. (2020)
in a different context. Third, we briefly examine an alternative de-biased estimator that
uses the derivative instead of the integral in (19). The convergence of this alternative de-
biased estimator hinges on the estimation error of the derivative term, E [{dz;(t)/dt —
dzj(t)/dt}*dt, which has a slower convergence rate than its integral counterpart (Chen et al.,
2017; Dai and Li, 2022). As such, it is to have inferior inference properties, and we choose
to use the integral instead of the derivative in our de-biased estimator (19).

Next, we obtain the critical value for the confidence band based on the de-biased esti-
mator (19) using Gaussian multiplier bootstrap. Specifically, we consider the distribution
of the supremum of the empirical process, sup; 7 H,(to), where

H (t0) = Vb | Fje(as(to)) — Fiu(n(to))] . for any to €.

Recognizing that the finite sample distribution of H, (to) is unknown, we approximate the
distribution of H,(¢y) by the Gaussian multiplier process (Chernozhukov et al., 2014),

~ 0; § Rh to)Rt i
H,, L for any tg € T
( \/ nh—1 Z On (tO) ’ ’
where &1, ...,&, are independent standard normal random variables, the error variance

estimator EJZ = || A;(yj—5;)—(yj—5;)||? /trace(I,xn—Aj), with A; = Inxn—m]antgl [Inxn—
f(fTMtglf)f1 fTMtEI] € R™ " being the smoothing matrix, and My, = ZRt_OI + nnant_o2 €
R™" and 52 (tg) = n‘lzk.R?OEk., and Ry, ;.,7 = 1,...,n, being the ith row of the n x n
matrix Ry, defined in (16). We then compute the critical value ¢, («) as the (1 —a)-quantile
of the supremum of the empirical process sup; 7 ﬁn(to) given the observed data (Giné and
Zinn, 1990; Chernozhukov et al., 2014).

Finally, we construct the 100 x (1 — a))% confidence band for Fj(xx(t)) based on the
de-biased estimator ﬁ]k(:vk (to)) in (19). The de-biasing step essentially removes the impact
of regularization bias on the estimation of the individual regulatory effect, which in turn
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guarantees the validity of the confidence band. We also remark that our proposed de-
biasing is built upon but also considerably extends the existing de-biasing methods in high-
dimensional inference such as Zhang and Zhang (2014); van de Geer et al. (2014), because
our setting is more challenging, and it involves the dynamic ODE system with an infinite-
dimensional functional object as well as additional measurement error. Specifically, we
construct the 100 x (1 — «)% confidence band as,

= cn(@)an(to) 5 En(Oé)an(to)} ‘ }
Crna = 3 |Fik(zr(to) — ————=, Fj(zx(to) + ———=| | toe T ¢, 20
o= { | Batonteo) - STy 1)+ T g (20
Given the confidence band in (20), we can perform hypothesis testing for any given pair
(j,k) € {1,...,p} and any to € T that,

Hy ji. = xi(to) has no regulatory effect on x;(to)

H, ji, - xi(to) has nonzero regulatory effect on ().
We use the standardized regulatory effect as the test statistic,

Fji(ax(to))vVnh

wlte) = =25 G

which follows the asymptotic distribution H,(¢9) under the null hypothesis. In practice,
we apply this test to a set of grid points ty € T, and we reject the null that x(t) has no
regulatory effect on z;(t), if any single test rejects the null at a given ¢.

Moreover, the confidence band (20) is for the inference of the regulatory effect of zx(t) on
xj(t) for a given pair (j, k). We can easily couple it with existing multiple testing procedure
for all pairs of (j, k) to recover the entire regulatory system, e.g., the Benjamini-Hochberg
procedure, while controlling the FDR (Benjamini and Hochberg, 1995).

for any tg € T,

4.2 Extension to Multiple Experiments

The localized kernel learning method we have developed so far focuses on a single ex-
periment. Meanwhile, it can be easily generalized to incorporate multiple experiments.
Specifically, let {yz(;),z =1,....n,7 =1,...,p,8s = 1,...,5} denote the observed data
from n subjects for p variables under S experiments, with unknown initial conditions
af\(s) (0) e RP;s=1,...,S5. Then we modify the localized kernel learning in (11), by seeking

Hj,, € H and @4, € R that minimize

Ly " R (it (5) _ 5o o Ti(t) — T(t)) Hap (39 (¢ dt2
EPMILICE o |(1 - 1) ~ aswati— [ (B0~ T0) @ )]

p P P ,
trg | Y P Hullw+ > DY P Hikll |
k=1, #k k=1 k' £kl I=1,1#k

where 7(%)(t) = (ic\gs) (t),... ,:J?;(,S) (t)) " is the smoothing spline estimate obtained by,

- NORRT _
:Ugs)(t):argmm —Z yw — 2t Ml %, G=1,...,p, s=1,...,8.
ZjE]'— nz:l

12
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The de-biased estimator in (19) becomes,

S n
= ~ 1 S S —(s As
Fin(on(to)) = Gnaat g > > S Ry [(y?—yﬁ- - /T {Ti(t) - ()} Hin(@) 1))t |

s=1 i=1

The rest of Algorithm 1 for estimation and inference remains largely the same.

5. Theoretical Properties

In this section, we first establish the convergence rate for the localized kernel ODE estimator,
which characterizes its estimation accuracy and is needed for establishing the properties of
the subsequent inference. We then establish the asymptotic validity in terms of the coverage
property for both the constructed confidence band and the recovered regulatory system.
Our theoretical results hold for both the low-dimensional setting and the high-dimensional
setting, where the number of variables p can be smaller or larger than the sample size n.
We also study the regime-switching phenomenon.

5.1 Statistical Convergence Rate

We begin with three regularity conditions.

Assumption 1 The kernel density R(t) is a continuous function that has a bounded sup-
port, and satisfies that fT t)dt =1 and fT tR(t)dt = 0.

Assumption 2 The number of nonzero functional components, card({k" : Fj # 0}U{1 <
K #1<p: Fjn# O}), is bounded, for any j=1,...,p.

Assumption 3 For any F; € H, there exists a random variable B, with E(B) < oo, and
|OF;(x)/0xk| < B Fj||L, almost surely.

Assumption 1 is standard in the local polynomial regression literature (Fan and Gijbels,
1996). Assumption 2 regards the complexity of the functionals. Similar assumptions have
been adopted in the sparse additive model over RKHS without interactions (Koltchinskii
and Yuan, 2010; Raskutti et al., 2011). Assumption 3 is an inverse Poincaré inequality type
condition, which places a regularization on the fluctuation in F} relative to the Lo-norm.
The same assumption has also been used in additive models in RKHS (Zhu et al., 2014; Dai
and Li, 2022).

Recall Fj(z(t)) represents the true functional in (3), and F i(Z(t)) the proposed localized
kernel estimator in (12). The next theorem obtains the rate of convergence of F i(Z(1)).

Theorem 1 Suppose Assumptions 1 to 8 hold. Suppose z;(t) € F, and the RKHS F is
embedded to a [31th-order Sobolev space with B1 > 1/2. Suppose F; € H, where H satisfies
(4), and the RKHS Hy in (4) is embedded to a Path-order Sobolev space with B2 > 1,
j,k=1,...,p. Then, the localized kernel ODE estimator ﬁ](iz\(t)) in (12) satisfies that,

_“P2
~ 2 35 log 28
min / {Fj(/x\(t))fFj(x(t)) dt = 0, <”h> TEL sy Jogp o5
T

>\nj77-nj ZO 10gn

(21)
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Furthermore, if h = O ((n/logn)~V/ 2242 then the localized kernel ODE estimator in
(12) satisfies that,

Ba
_ P2 25
n ) )

logn n

win_ [ [F@) - £ w=o, | (

Anj;Tnj 20

We first note that the convergence rate in (21) is established for the estimator E(f(t))
of the entire regulatory effect Fj(x(t)). We can further obtain the convergence rate for the
estimators of the individual effect and nuisance parameter (¢, Hj), which turns to be
the same as the rate in (21). Specifically, for the estimators (Qj ¢, ﬁljk) from (11), we have,

2P
nh \ 22+ logp _.25
i ikt — F; ]2 dt =0 — + R 28 4 T |
/\nﬁﬁzo /T (@t (@ (@) P <logn> n "

2B
~ 2 h T 2B2+1 1 _ 2B
/T | Hju(3(t)) - Hylw(t))]| dt =0, ( : > + R —in 4T

min —
)\nj,TanO logn

We next examine the sources of the estimation error in (21). There are totally four
sources. Specifically, the first source of error O, ((nh/logn)=2%/(282+1)) comes from the er-
ror in estimating the interaction terms in the true functional Fj. The second term O,(h?%?)
comes from the localized estimation. The third term O,(logp/n) comes from the bias
introduced by the Lasso estimation. The last term Op(n_wl/ (251+1)) comes from the mea-
surement errors in x(t).

We also observe some interesting regime-switching phenomenon in (22). That is, when
p is ultrahigh-dimensional, in that p > exp[{n(logn)??}!/(%2+1)] then the convergence rate
in (22) becomes Op(logp/n + n~20/CH+1) " In this case, it matches with the minimax
optimal rate for estimating the functional Fj in (3) obtained in Dai and Li (2022). Hence-
forth, we pay no extra price in terms of the rate of convergence for adopting the local-
ized estimation in this ultrahigh-dimensional setting. On the other hand, when p is low-
dimensional, in that p < exp[{n(logn)?}1/(%2+1)] then the convergence rate in (22) be-
comes O,((n/logn)~P2/(B2H1) 4 n=261/(2A1+1))  Here, the first term O,((n/logn)~#2/(B2+1)
matches, up to some logarithmic factors, with the rate as if we knew a priori that F} is
an additive model with pairwise interactions. Moreover, the rate O,((n/logn)~%2/(82+1)
in our proposed method is slower than the optimal rate O,((n/logn)=262/(252+1)) of the
kernel ODE estimator of Dai and Li (2022). Such a slower rate is due to the weight matrix
Ry, utilized in the localized estimation in (11), which increases the variance of estimating Fj
by Op(h™'), when compared to the non-localized estimation method in Dai and Li (2022).
Nevertheless, as we show next, this slower rate is sufficient to establish an asymptotically
valid confidence band.

5.2 Coverage Property

A confidence band Cy, , is said to be asymptotically valid with level 100 x (1 — a)% for Fjy,
if it satisfies that, for some constants ¢, C > 0,
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P (Fjx(7x(to)) € Chyas Vo €T) > 1 —a—Cn™". (23)

The condition (23) implies that the confidence band C,, o has an asymptotic coverage prob-
ability of at least 1 — « for a given data generating process.

The next theorem establishes the theoretical property of our proposed confidence band
Cno in (20). We introduce another regularity condition. For any t € T, let p; denote the
marginal density of x;(t), pji denote the bivariate density of (x;(t),zx(t)), and pji denote
the joint density of (x;(t), zx(t), z(t)), for j,k,l=1,...,p.

Assumption 4 The density function of x(t) satisfies that,

p p
P P
E lpje — pjprll2 < 2mm7 and sup E Dkt — pipEDL]]2 < ;;nv
L Itk
J=1,j#k J.k=1,j#k

for some constant pmin > 0, and B is as defined in Assumption 3.

Assumption 4 quantifies how weak the dependency between the signal variables can be.
Similar conditions have also been used in the inference of the high-dimensional linear re-
gression (Zhang and Zhang, 2014; van de Geer et al., 2014), and the nonparametric additive
regression (Lu et al., 2020). We show this condition is also sufficient for establishing the
validity of the confidence band in (20) in a complex ODE system.

Theorem 2 Suppose Assumptions 1 to 4 hold. If h = O(n™"), for r € (1/5,3/13), then
there exist constants ¢,Cy > 0, such that, for any o € (0,1), the confidence band Cy, o in
(20) is asymptotically valid.

Putting all the functionals {F7, ..., F,} together forms a network of regulatory relations
among the p variables {z1(t), ..., z,(t)}. The next theorem shows that the estimated system
based on our localized kernel ODE approaches the truth with probability tending to one.
Denote the set of the true and the estimated regulators of z;(t) by

S;={1<k<p:Fj#0, or Fjig # 0 for some 1 <1 # k < p},
§j:{1Sk:gp:ajmo#OforanytOGT}-

We also need two additional regularity conditions. Let s; = card(S7). Recall the definitions

of Ry, € R™"™ in (16), G € R™*®~1* in (18), and the tuning parameter Kpnj in (13). Let
GS; € R™*% denote the sub-matrix of G' with the column indices in the set S;-k.

Assumption 5 Suppose there exists a constant Cyin > 0, such that the minimal eigenvalue
of the matriz Gg,f RtoGS; is no smaller than Crin/2 as n — oo. In addition, suppose there
J

exists a constant 0 < o < 1, such that Max(j, )gsx G;RtOGs;f(G;RtOGs;)_IHE <.
J 2

Assumption 6 Let Omin = ming e, 10;kil| 2o, and nr is given in Lemma 6 in Section
B.3.2 of the Appendix. Suppose the following inequalities hold:

MRVEL e VB2 ung SGTVE

Z0...
nj min
Chin Chin 3 NKnj

nr +&ay/s5 < 1.
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Assumption 5 ensures the sub-matrix Gg; is not degenerated, and the irrelevant variables
would not exert too strong an effect on the relevant variables. It is similar to Assumptions 3
and 4 in Dai and Li (2022) except for the additional term Ry,. It is interesting to note that
the bandwidth h in the localization and R, does not affect the validity of this assumption,
as long as h — 0 when n — oo. More discussion on this assumption is given in Section C.2
of the Appendix. Assumption 6 imposes some regularity on the minimum effect 0y,;,, and
also characterizes the relationship among &g, ,j, and s;. Both assumptions are mild, and
similar conditions as Assumptions 5 and 6 have been commonly imposed in the literature
(see, e.g., Zhao and Yu, 2006; Meinshausen and Biithlmann, 2006; Ravikumar et al., 2010;
Chen et al., 2017; Dai and Li, 2022).

Theorem 3 Suppose Assumptions 1, 2, 5 and 6 hold. Then, the localized kernel ODE
estimator correctly recovers the true requlatory system, in that,

]P(@:S]’f) =1, as n— o0, forallj=1,...,p.

6. Simulation Studies

In this section, we study the finite-sample performance of the confidence band as well as the
localized kernel ODE estimator using two well-known ODE systems. In the first example,
we focus on the coverage of the confidence band for some given pairs, while in the second
example, we study the performance of recovery of the entire regulatory system.

6.1 Enzymatic Regulation Equations

The first example is a three-node enzyme regulatory system of a negative feedback loop
with a buffering node (Ma et al., 2009, NFBLB). The ODE system is given by,

dxl(t) _ 1 .21?0{1 — xl(t)} _ l’l(t)
dt {1—x1(t)}+().1 :El(t)—i-().l’

doa(t) _ L= w(ast) () o)
dt {1l —x(t)}+0.1  Taa(t) +0.1°

des(t) ol —2s()} o 2a(t)2a(t)
dt {1—$3(t>}+0.1 $3(t)+0.1'

The coefficient zy € R is drawn uniformly from [0.5,1.5]. The initial values are chosen as
(21(0),22(0),23(0)) = (0,0,0). The errors are drawn independently from Normal(O,aJQ-),
with three noise levels, o; € {0.1,0.3,0.5}. The time points are evenly distributed, ¢; =
(i —1)/20,i = 1,...,n, with the sample size fixed at n = 40. In this example, p = 3, and
there are p? = 9 functions in (24) to estimate for each j = 1,2,3, and in total there are 27
unknown functions.

In this example, we focus on the performance of the confidence band for some given
node pairs. Specifically, we examine a nonzero effect Fh3(z3(t)) that captures the regulatory
effect of z3(t) on z2(t), and a zero effect Fia(xa(t)) of x2(t) on x1(t). Correspondingly, we
construct the confidence band for Fas(x3(t)) and Fia(x2(t)), with the 95% significance level,
on 500 evenly distributed grid points on [0, 1]. In our implementation, we use a first-order
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Matérn kernel for both steps in (8) and (10) of the collocation method, where Ky, (z,2') =
(14 3|z — 2'||/v) exp(—V/3||x — 2'||/v), and v is chosen by tenfold cross-validation. We
have found the inference results are not overly sensitive to the choice of kernel functions
here. Moreover, we use the quadratic density Ry (t) = (15/16)- (1 —t2/h?)?1(|t| < h) for the
local weight function, where the bandwidth h is chosen by tenfold cross-validation. We have
carried out a sensitivity analysis in Section D.2 of the Appendix, and show that the inference
results are again not sensitive to the choice of the weight function or the bandwidth. We
compute the quantile ¢,(«) in (20) by bootstrap with 500 repetitions.

We note that there is no direct competitor to our confidence band solution in the
literature. Alternatively, we compare to three commonly used ODE solutions, the linear
ODE with interactions (Zhang et al., 2015a), the additive ODE (Chen et al., 2017), and the
kernel ODE (Dai and Li, 2022), and couple them with a confidence band that aggregates
the point-wise confidence intervals at 500 grid points on [0,1]. For a fair comparison, we
adjust the significance level at each of these 500 time points with the Bonferroni correction
(Holm, 1979), i.e., (1 — a/500)%, where o = 0.05.

We consider two evaluation criteria. One is the empirical coverage probability of the
confidence band, and the other is the area of the confidence band, defined as

/ 26, (00) (nh)~/25 (t0) o,
toeT

where the integration is computed by discretizing the interval into 1000 grids. A larger
coverage probability and a smaller area indicates a better performance.

Table 1 reports the results based on 500 data replications. We see that the proposed
confidence band achieves the desired coverage. By contrast, the confidence bands of the
additive and linear ODEs mostly fail to include the truth. This is because there is a discrep-
ancy between the additive and linear ODE model specifications and the true ODE model in
(24), and this discrepancy accumulates as the course of the ODE evolves. Meanwhile, the
kernel ODE has a much larger confidence band compared to our method. This is because
the Bonferroni correction makes the confidence band of kernel ODE overly conservative.
We report some additional results graphically in Section D.1 of the Appendix.

6.2 Lotka-Volterra Equations

The second example is the classical Lotka-Volterra system, which consists of pairs of first-
order nonlinear differential equations describing the dynamics of biological system in which
predators and prey interact (Volterra, 1928). The ODE is given by,

dra;a(t) _ 0.1(2) + 11)wgj-1(t) — 0.2(5 + 1)wj—1()22;(t),
ddt, t (25)
x;;t( ) _ 0.1(25 — 1)aaj_1(t)za;(t) — 0.2(j + 1)z (t),

for j =1,...,5. Here dxoj_1(t)/dt and dx9;(t)/dt are nonadditive functions of x9;—1 and
x5, where x9;_1 is the prey and x9; is the predator. The initial values are set as x2;_1(0) =
x2;(0). The measurement errors are independent Normal(0, sz), where the noise level o; €
{1,2,...,10}. The time points are evenly distributed in [0,100], with n = 200. In this
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Nonzero functional Fh3(x3(t))

Zero functional Fia(x2(t))

Coverage Confidence Coverage Confidence
Noise level Method probability band area probability band area
0j=0.1 Linear ODE 0.212 1.550 0.274 2.145
(0.205,0.219) (1.514,1.586) (0.266, 0.282) (2.113,2.177)
Additive ODE 0.224 1.332 0.292 2.008
(0.216,0.232) (1.290,1.374) (0.285,0.299) (1.964, 2.052)
Kernel ODE 0.939 1.270 0.928 1.848
(0.926,0.952) (1.250, 1.290) (0.916,0.940) (1.824,1.872)
Localized kernel ODE 0.974 0.102 0.957 0.217
(0.968,0.980) (0.092,0.112) (0.952,0.962) (0.210,0.224)
0;=0.3 Linear ODE 0.178 1.827 0.224 2.441
(0.167,0.189) (1.776,1.878) (0.212,0.236) (2.382,2.500)
Additive ODE 0.194 1.663 0.262 2.158
(0.184,0.204) (1.596,1.730) (0.252,0.272) (2.089,2.227)
Kernel ODE 0.914 1.381 0.911 1.856
(0.891,0.937) (1.350,1.412) (0.891,0.931) (1.821,1.891)
Localized kernel ODE 0.962 0.163 0.957 0.290
(0.952,0.972) (0.150,0.176) (0.949,0.965) (0.281,0.299)
0;=0.5 Linear ODE 0.123 3.541 0.191 2.538
(0.103,0.143) (3.456, 3.626) (0.172,0.210) (2.447,2.629)
Additive ODE 0.141 2.679 0.225 2.350
(0.122,0.160) (2.586,2.772) (0.205,0.245) (2.251,2.449)
Kernel ODE 0.876 1.637 0.902 2.031
(0.843,0.909) (1.595,1.679) (0.873,0.931) (1.980, 2.082)
Localized kernel ODE 0.956 0.231 0.948 0.401

(0.943,0.969) (0.216,0.246)

(0.937,0.959) (0.389,0.413)

Table 1: The NFBLB example:

the empirical coverage probability and area of the confi-

dence band, and their 95% confidence intervals, for the varying noise level ;. The
results are based on 500 data replications.

example, p = 10, and there are p? = 100 functions in (25) to estimate for each ODE of
x2j—1 and xgj, j = 1,...,5, and in total there are 1000 unknown functions.

In this example, we focus on the performance of recovery of the entire regulatory sys-
tem through the proposed confidence band coupled with the Benjamini-Hochberg (BH)
procedure for multiple testing correction (Benjamini and Hochberg, 1995). Since the ODE
equations in (25) only involve the linear and interaction terms, we use the first-order Matérn
kernel for the step in (8), and use the linear kernel in (10). As such, the linear and kernel
ODEs yield the same estimates. We continue to use the quadratic density for the local

weight function Rj,(t). We control the FDR at the level of 20%.

We consider three evaluation criteria, the false discovery proportion, the empirical power,
and the trajectory prediction accuracy. The false discovery proportion is defined as the
proportion of falsely selected edges in the system out of the total number of edges, and the
empirical power is defined as the proportion of selected true edges in the system. We also
evaluate the prediction accuracy of the entire regulatory effect E(f(t)) as given in (12), by
the squared root of the sum of predictive mean squared errors for Fj(z;(t)),j =1,...,10, at

18



PosST-REGULARIZATION CONFIDENCE BANDS FOR ODE

w(a)w

—*—Localized kernel ODE
—+Kernel ODE
-O- Additive ODE

w(C)w

o
~
a

o
o
o

o
wW
(32}

<
N
3,
\
\
m
|
t
\

Prediction error

False discovery proportion
o
w
o
\
Q
N

&y
%

o
o

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Noise level Noise level Noise level

Figure 1: The Lotka-Volterra example: the empirical FDR, power, and trajectory predic-
tion error for the varying noise level o;. The results are averaged over 500 data
replications.

the unseen “future” time point ¢ € [100, 200], i.e., {Z;il 12(%] [ﬁ'j (Z(t) — Fj(:rj(t))]zdt}l/z,
where the integral is evaluated at 10000 evenly distributed time points in [100, 200].
Figure 1 reports the results averaged over 500 data replications. We see that our method
successfully controls the FDR under the nominal level across all noise levels, whereas the
additive and kernel ODEs both suffer some inflations, especially when the noise level is
high. Meanwhile, our method achieves the best empirical power. In addition, we see that
the prediction error of our localized kernel ODE estimator is slightly worse than that of
kernel ODE, which agrees with Theorem 1. Nevertheless, this does not affect the inference

performance of our method.

7. Data Applications

In this section, we illustrate our method with two data applications, a gene regulatory
network analysis given time-course gene expression data, and a brain effective connectivity
analysis given electrocorticography (ECoG) data.

7.1 Gene Regulatory Network

Gene regulation plays a central role in biological activities such as cell growth, development,
and response to environmental stimulus (Peng et al., 2009; Gonzalez et al., 2013). Thanks
to the advancement of high-throughput DNA microarray technologies, it becomes feasible
to measure the dynamic features of gene expression profiles on a genome scale. Such time-
course gene expression data allow investigators to study gene regulatory networks, and ODE
modeling is frequently employed for such a purpose (Lu et al., 2011). The data we analyze
is the in silico benchmark gene expression data generated by GeneNetWeaver (GNW) using
dynamical models of gene regulations and nonlinear ODEs (Schaffter et al., 2011). GNW
extracts two regulatory networks of FE.coli, E.colil, E.coli2, and three regulatory networks
of yeast, yeastl, yeast?2, yeast3, each of which has two values of dimension, p = 10 nodes
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p=10 p =100
Localized Kernel Additive Linear Localized Kernel Additive Linear
kernel ODE ODE ODE ODE kernel ODE ODE ODE ODE
E.colil  FDR 0.182 0.212 0.241 0.206 0.191 0.194 0.231 0.232
(0.178,0.186)  (0.207,0.217) (0.235,0.247) (0.199,0.213) (0.187,0.195)  (0.191,0.197) (0.226,0.236)  (0.229,0.235)
Power 0.793 0.587 0.547 0.467 0.823 0.611 0.512 0.481
(0.789,0.797)  (0.582,0.592) (0.541,0.553) (0.460,0.474) (0.818,0.828) (0.608,0.614) (0.507,0.517) (0.478,0.484)
E.coli2  FDR 0.193 0.214 0.332 0.362 0.186 0.201 0.312 0.278
(0.190,0.196)  (0.210,0.218)  (0.325,0.339) (0.355,0.369) (0.181,0.191)  (0.197,0.205) (0.305,0.319) (0.278,)
Power 0.736 0.666 0.639 0.569 0.787 0.684 0.649 0.575
(0.733,0.739)  (0.662,0.670) (0.632,0.646) (0.562,0.576) (0.782,0.792)  (0.680,0.688) (0.642,0.656) (0.569,0.681)
Yeast1 FDR 0.181 0.203 0.214 0.336 0.195 0.193 0.224 0.288
(0.177,0.185)  (0.199,0.207) (0.209,0.219) (0.330,0.342) (0.192,0.198)  (0.190,0.196) (0.216,0.232)  (0.281,0.295)
Power 0.887 0.607 0.546 0.442 0.917 0.642 0.522 0.498
(0.883,0.891) (0.603,0.611) (0.541,0.551) (0.436,0.448) (0.914,0.920)  (0.639,0.645) (0.514,0.530) (0.49810.505)
Yeast?2 FDR 0.174 0.199 0.262 0.236 0.189 0.211 0.241 0.241
(0.169,0.179)  (0.195,0.203)  (0.254,0.270) (0.230,0.242) (0.185,0.193)  (0.208,0.214) (0.235,0.247)  (0.236,0.246)
Power 0.744 0.603 0.570 0.542 0.729 0.582 0.535 0.611
(0.739,0.749)  (0.599,0.607) (0.562,0.578) (0.536,0.548) (0.725,0.733)  (0.579,0.585) (0.529,0.541) (0.606,0.616)
Yeast3 FDR 0.184 0.181 0.189 0.248 0.190 0.208 0.196 0.223
(0.180,0.188)  (0.177,0.185) (0.184,0.194) (0.242,0.254) (0.185,0.195)  (0.204,0.212) (0.191,0.201) (0.219,0.227)
Power 0.845 0.616 0.573 0.493 0.812 0.577 0.539 0.472

(0.841,0.849)  (0.612,0.620) (0.568,0.578) (0.487,0.499)  (0.807,0.817) (0.573,0.581) (0.534,0.544) (0.468,0.476)

Table 2: The gene regulatory network example: the empirical FDR and power, and their
95% confidence intervals, for 10 combinations of network structures from GNW.
The results are based on 500 data replications.

and p = 100 nodes. The system of ODEs for each extracted network is based on a thermo-
dynamic approach, and the resulting ODE system is non-additive and nonlinear (Marbach
et al., 2010). For the 10-node network, GNW provides S = 4 perturbation experiments,
and for the 100-node network, GNW provides S = 46 experiments. In each perturbation
experiment, GNW generates the time-course data with different initial conditions of the
ODE system to emulate the diversity of gene expression trajectories (Marbach et al., 2009).
All the trajectories are measured at n = 21 evenly spaced time points in [0,1]. We add in-
dependent measurement errors from Normal(0,0.0252), which is the same as the DREAM3
competition and the data analysis in Henderson and Michailidis (2014).

We apply the proposed confidence band approach, coupled with the BH procedure at the
20% FDR level, to this data. Table 2 reports the empirical FDR and power for the recovered
regulatory network for all ten combinations of network structures, and the results are based
on 500 data replications. We compare with the alternative methods of linear, additive, and
kernel ODEs, similarly as in Section 6.1. We see clearly that the proposed method performs
competitively in all cases. This example also shows that the proposed method can scale
up and work with reasonably large networks. For instance, for the network with p = 100
nodes, there are p? = 10, 000 functions to estimate.

7.2 Brain Effective Connectivity Analysis

Brain effective connectivity refers explicitly to the directional influence that one neural
system exerts over another (Friston, 2011), and is of central interest in neuroscience research.
Effective connectivity analysis uncovers such directional influences among different brain
regions through imaging techniques such as electrocorticographic (ECoG), and modeling
techniques such as ODE (Zhang et al., 2015a). The data we analyze is an ECoG study of
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low-risk

Figure 2: The brain effective connectivity example: the connectivity patterns during the
low-risk and high-risk games. The colored nodes correspond to different cytoar-
chitectural regions of orbitofrontal cortex. Green: Fol; yellow: Fo2; blue: Fo3;
purple: other regions. The left panels are for the entire brain, and the right panels
for the enlarged areas.

the brain during decision making (Saez et al., 2018). It consists of the ECoG recordings
of p = 61 electrodes placed in the orbitofrontal cortex (OFC) region of an epilepsy patient
when performing gambling tasks with different levels of winning risk. The patient performed
72 rounds of gambling games in total, half of which are low-risk games, and half are high-
risk games. We analyze the low-risk and high-risk games separately, with S = 36. The
length of the ECoG signals for each round of game is n = 3001. See Saez et al. (2018) for
more details about the data collection and processing.

We again apply the proposed confidence band approach, coupled with the BH procedure
at the 20% FDR level, to this data. To identify the nodes that show different connectivity
patterns under two risk groups, we focus on those nodes whose total number of inward and
outward edges is no more than 2 in one risk type, but no fewer than 9 in the other risk type.
This results in node 1 that is located in the cytoarchitectural region of OFC called Fo2,
node 4 located in Fo3, and node 54 located in Fol (Henssen et al., 2016). Figure 2 plots the
estimated connectivity patterns of these three nodes, first on the entire brain, then in an
amplified area. We see that, for nodes 1 and 4, there are many more outward edges during
the low-risk games than the high-risk games, whereas for node 54, there are many more
outward edges during the high-risk games than the low-risk games. Note that both Fo2 and
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Fo3 belong to the posterior OFC, which is more involved in simple reward type decision
making, whereas Fol belongs to the anterior OFC, which is involved in abstract reward
(Kringelbach and Rolls, 2004). Our results suggest that the posterior OFC is more active
during the low-risk games, in which the reward is relatively simple and clear. Meanwhile,
the anterior OFC tends to more actively influence other nodes during the high-risk games,
which involve more calculations and harder decisions. We briefly comment that, the arrow
direction in the plot indicates if the estimated effect is from node x(t) on z;(t) or from
xj(t) on zx(t), j,k = 1,...,p. In our analysis, we primarily focus on the total numbers of
inward and outward edges.

8. Discussion

In this article, we aim at a central question in ODE modeling; that is, to infer the significance
of individual regulatory effect of one signal variable on another. This question is challenging
for ODE with unknown regulatory relations and noisy data observations, and remains largely
untapped in the literature. We propose a new post-regularization confidence band method,
which provides both an uncertainty quantification for the individual regulatory relation,
and also a sparse recovery of the entire regulatory system when coupled with a proper FDR
control. Our proposal involves two key ingredients: a new localized kernel learning approach
that combines reproducing kernel learning with local polynomial learning, and a new de-
biasing method that tackles infinite-dimensional functionals and additional measurement
errors. We establish the theoretical guarantees, and demonstrate the efficacy of the proposed
method through numerical analyses.

An interesting extension of the proposed method is to tackle the scenario of multiple
experiments or subjects. In this article, we have primarily focused on the scenario of a single
experiment or a single subject, and we propose to sum together the objective functions for
multiple experiments in Section 4.2. However, in numerous applications, e.g., neuroscience,
there may be considerable experiment-to-experiment, or subject-to-subject variability. How
to effectively account for such variability is important, and warrants future research.
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Appendices
Appendix A. Parameters

We present a list of main parameters in Table S1, along with their meanings and dimensions.

parameter definition dimension
z(t) = (21(1),. .., 2p(t) " p variables of interest RP
F={F,..., F} p functionals of regulatory relations RP

bj0 global intercept R!

Qi to regulatory effect of x4 (t) on x;(t) at t = to R!

Hjy, nuisance terms of evaluating effect of x4 (t) on x;(¢) R!

cj = (Cjy-rCnj) parameters in the optimization (17) R

0j = {ij/}k/;ék U {gjk/l}k/#k;l;ék/_’k parameters in the optimization (18) R(p71)2

Table S1: List of parameters of the proposed ODE modeling.

Appendix B. Proofs
B.1 Proof of Theorem 1

We divide the proof of this theorem into two parts. We first present the main proof in Section
B.1.1, then give two auxiliary lemmas useful for the proof of this theorem in Section B.1.2.

B.1.1 MAIN PROOF

Proof For j = 1,...,p, write @(f(to)) = Ajo + Qg .t + ﬁjk(f(to)) for any tg € T.
erte Fj(x(t )) = 9]0 + jkto + Hik(z(to)). Considering @-0 that is given by (9), where
fjo =75 — [+ T( (t))dt, its convergence rate is the same as that of a4, + ij (Z(t0)).
Therefore, we focus our attention on &4, and H ]k( (to)) in the subsequent proof.
Recall that a4, and q jk are obtained from

mln { Z Rh — t() |:yij - O‘jk,tofi —

A5k, tov

ti

2

where J(Hjj) = ile,k/;ék | P H k|13 + Zz,zl?k,?ék’l Ele’l#k |P*¥ U H k|34, and & = ¢; —
n~t3""  t;. Then we have that,

2
72Rh —t() {a]ktotz / ij dt—i—e” a]ktotz / ij ())dt}

~

+ Tan(ij)

2
7ZRh —to {Oé]k totz / dt—i—em Qjk, totz / (t))dt}

+ Tan(ij).

IN
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With the rearrangement of the terms, we have that,

% éRh (ti — to) [(ajk,to — Qj,to)bi + /O ’ {ij(a:(t)) - fljk(af(t))} dt] 2
+ Tan(ﬁjk)
<2 >t~ to) [(ajk,to ~ agka)fi + /0 {EuG0) - Hu@o)) dt} (5D

+ - ZRh ti —to) [/ {Hji(x Hjp(z ())}dt]2+ran(ij),

By Assumption 2 and the Taylor expansion,

~

(Hjp — Hjp)(®) = (Hj, — Hjp)(2) +

~

0 N ~
g = @)@ =) + o, (o 13—l )

EEARS)

where the Fréchet derivative of any Hj,(-) € H is defined as,

0

OH,(x)
g k(@ Z ka Tk = o).

Then the first term on the right-hand-side of (S1) can be written as,

. ; Rt = o) e (@, = )i+ [ {0 — G0 o]
= % th (ti — to) €4 [(&jk,to = Qo) + /Oti (ﬁjk — ij)(x(t))dt}

+ZZRh o) € [/ (% Hyp — Hjp) (z(0){Z(t) — z(t) }dt + o, (ln%ax |z —ﬂil”L2>]

EERRE)

Meanwhile, by the Taylor expansion, the first term on the left-hand-side of (S1) can be
written as,

leiZZ;Rh (ti —to) [(ajk,to — Qg )i + /Oti {ij(a;(t)) - ﬁjk(ﬁc\(t))} dt] 2

- Z B, (t: — to) [wto ~ G+ [ " {Haot) - (e} ae

t1 R 2
[ BN alt) - 30t + 0p (max [~ s )|

=1l,...

The right-hand-side of the above equation can be rewritten as
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LS Rt 10 [(esmas  pait [ () ~ ot ]
2 mw | [ 2 oo - swa]
+ % Z Ry, (ti — to) [(ajk,to — Qg )i + /0 ’ {ij(w(t)) - ﬁjk(w(t))} dt]

<[ BBy 0 - s+ Ry
E£1+A2+A3+R1,

where the remainder term R; is of the form,

= 52 mute—t0) (o oy, =l ) = (oo, 150, )

. [<ajk,to—ajk,to>tz+ /0 ti{ij@(t))—ffjk(x(t)) GO0 ~ o) fat] ).

2
Denote Ag =n"13"" | Ry, (¢ [fo {H; — H;,(z(t))} dt} . Then (S1) becomes,

AL+ Ao+ As+ Ry + Tnjj(ﬁjk) < Ay + A + Az + 7 (Hjz) (S2)

Our proof strategy is to derive the upper and lower bounds for the left and right-hand
sides of (S2), respectively, then put them together. We first study the convergence rate of
the estimator of the nuisance parameter Hj,. We then apply a similar proof procedure to
obtain the rate of the estimator of the individual effect oy ;,. Together, we obtain the rate
for the estimator of the entire regulatory effect Fj(x(t)).

Step 1: Bounding the right-hand-side of (S2). We first bound the three terms
A1, Ay, Az on the right-hand-side of (S2).
For A1, by Lemma 4 and the Minkowski inequality, we have that, as h = o(1),

~ 2 ~
A < Op{ Hij — ijHL2 log*Q HHJ}C — ij‘ L + h2P2

2839
h \ 25241 ] 1 ~
+< = > Y Y -1 (‘ij—ij‘ }
logn n n Ly

For Ag, since B2 > 1, 0K (x,-)/0z) € H, and by the reproducing property, we have,

d(Hji, — Hy,) () _ <f[ H. 8K(x,)> < [|Hjp —
H

1/2
< 00.

oxy.

1/2

ik — k ik
a$k J VL 833]4; .7 || ”

Henceforth, 8( ik — Hji)(x)/0x), € H for k= 1,...,p. By Assumption 3, we have,

max {\a( = Hi)(z )/axk|}§B||ijk—ij||L2, almost surely.

EAREE)
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By the Cauchy-Schwarz inequality, we have,

2¢ LINPN .
Do < 255 eyl R (1 — to) / B[ Hju((t) — Hy(w(t)l|L, max [F4(t) — zi(t)]dt
n i1 0 k=1,...,p

+ op (”_1/2 max |zp — fk:H%g)

=1,...,

< 2¢ max ||Tp — x|z,
k=1,....p

ERD)

Hye(a(®) — Hinlalt) |, =" leisBIRn (t — to)
=1

+ op (”_1/2  max |zp — kaﬁ)

=L,..,p
B1

= Op (nwl+1 ||H k( ( )) - ij(x(t))HLz) )

for some constant ¢, where the last step is due to the strong law of large numbers and
Theorem 3 of Dai and Li (2022).
For Ags, by the Taylor expansion and Assumption 2, we have,

< £ Mttt [ [ a0 - 50} +0, (max Lo~ 3l ) ]

=1,...,

3ee

—281
< || Hypllf, max |rmk—fkr\%2+c'op( max ||xk—xk||%2) =0p< )
k=1,...p k=1,...p

S3)

for some constant ¢, ¢/, where the second step is by the Jensen’s inequality.

Step 2: Bounding the left-hand-side of (S2). We next bound the terms A1, Ay, Ag
and Ry on the left-hand-side of (52).
For A1, by Lemma 5, with probability at least 1 — 2p~“, for some constant C > 0,

04 = B o

285
h \ 2+1 ]
+< - ) ’ +0gp+n—1/2@—p}.
logn n

For ég, we can drop this term, because 52 > 0.
For Az, by the Cauchy-Schwarz inequality,

. 1/2
Rs> —2 (; 3 UO [ Bt — o) [Hjn(e(t) — Hyu((t)]} dtD

o\ 1/2
( S [ [ G - <t>}dt]> -
Roz —2|[Ey(at) - Fye®)||, 1Fln max [loy - 5z,

L2> ’

+ h?P2

i = Hi 8 |~
H J T 1,

(54)

Henceforth,

Fy(a(t) = Fy(x()]

-5
=0 [ n2+t
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where the second step is due to the Minkowski inequality.

For the remainder term R; on the left-hand-side of (S2), by Assumption 2 and the
Cauchy-Schwarz inequality, we have,

Ri=op <k:H11%?fp ok — Zillro || Hjk — H]kH + nax |z — Zw||Z, Hij:|?-t>

=B ||~ =281
— 2B81+1 A . 281 +1
=o0p [ N Hjy, ijHh + op | 21 ,

where the second step is again due to the Minkowski inequality.

Step 3: Putting the two bounds together. Combining the bounds for each term in
(S2), we obtain that, for any ¢; > 0 and c¢o > 1, with probability at least 1 — 4p~, there
exists a constant C' > 0, such that

~ 2
[t = e

-2 3
log HHJk _ ij‘
2 Lo
__4B2
<C ey 2021

_ 289
nh ) 262+1

77 2 2 Ty 4/3ﬁ-2i—1
A S s
jk Jk Lo 0g Jk jk Lo +c logn

+(1+1—+\/ 1+ 1) ngHJk— JkL

ij ij’ L +n2ﬁ1+1 +Tnj {J(ij) — J(f‘jjk>}:| .

+ h?P2

+n"2e7P 4 n231+1

Taking cp large enough such that Ccz_4ﬁ2/(262_1) < 1/2, then we obtain that,

282
~ 2 ~ A h \  282+1
Hij —ijHL log 2 Hij —ijHL <2C cgﬁz“ ( n >
2 2

logn
lo
+(c1+1—+\/ c1+1) ng jk + h?P2
—28 —~
2P 4 7 || - ij‘ L nFH 41, {J(ij) - J(ij)}] .
Therefore,
2 B\ " ] 2
~ n 2B2+1 2 ogp _ 1
[iao) -~ e )], =0, () T # e KB s s

Step 4: Estimation of o ;,. We now apply a similar proof procedure in the above Steps
1-3 to estimate a4, First, by Lemma 4 and the Minkowski inequality, as h = o(1), the
right-hand-side of (S2) is bounded by

A1+ Ag+ Az + Tan(ij)

2839
a nh \ 2%2+1  lo
< Op{ |@jns — Fyp(@(t)]2, +h2% + <1> N gp}_

ogn n
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Second, by Lemma 5, with probability at least 1 — 2p~“, the left-hand-side of (S2) is
bounded by, for some constant C' > 0,

31 + 32 + 53 + R —l—Tan(ﬁjk)

289
. nh \ 2%2+1  logp _ _
> |kt — ij@(ﬂ)”i - {hgﬁQ + <logn> t— - tn %e p}

—B1 . —2B1
o, <n |G — F, <x<t>>HL2) o, (n |

Then, putting the above two bounds together, we have that

282
~ nh '\ 282+1 log p _ 28
e o B e ST

Step 5: Estimation of Fj(z(t)). Combining the bounds (S5) and (S6), we obtain that

| P ) Byt

289
2 2241 8
_o, ( nh ) B gpes ) losp -2
Lo logn n

This leads to the desired upper bound. Letting = O ((n/log n)_l/(w?“)), then the
localized kernel ODE estimator in (12) satisfies that,

B2
2 - 28
— Op n Pt + IOﬂ + nf Qﬁl*lf’l
Lo logn n

)

| @) - Fia)]

This completes the proof of Theorem 1. |

B.1.2 AUXILIARY LEMMAS FOR THEOREM 1
For any g € H, define the norm, ||g(x(t))|l, = /(1/n) Y ¢*(x(t;)).

Lemma 4 Suppose that Hj;, € H, and the errors {€;;}1-, are i.i.d. Gaussian. Then there
exists some constant C > 0, such that, for any ¢y > 0 and co > 1, with probability at least
1-2p™©,

% > Ry (ti — to) e Hyp(2(ts))
=1

_ _2B2
nh > 285+1

1 2 -2 2
< Ch™ Q[ HiwlIZ, Jog™ | Hijell 1, + h2% + <1ogn

lo log p _ _
+ Tgler I Hkllz, +n e p}-
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Proof Recall the RKHS H as defined in (4). For notational simplicity, we denote Fj; = Fjy,
for I = 1,...,p. Recall that Fj,, € H; ® H,, [, # k and the corresponding reproducing
kernel is K. Let A\, (K) denote the vth largest eigenvalue of a positive definite operator
K. Note that A, (Kj,) = O{(vlog~tv)=2%2}, for v > 1 (Bach, 2017). By the Sobolev’s
embedding theorem, (Kj.Rp,)(L2) can be embedded to a Sobolev space W that corresponds
to a reproducing kernel K* (Cucker and Smale, 2002). Moreover, A\, (K*) = O {\, (K}
Let {e, : v > 1} denote the eigenfunctions of K*; that is, K*e, = \,(K*)e, for v > 1.
Denote by &, and £ the linear space spanned by {e; : 1 < s < v} and {es : s > v+ 1},
respectively. By the Courant-Fischer-Weyl min-max principle,

. 1/2 51/2 . * *
Ao (Ko Ri) = min |5, Ry el[1, /llell7, > O min || (1) 2el|7, /|lel|3, > O\ (K”)
for some constant C' > 0. On the other hand,

. 1/2 51/2 . % *
MK ) < min 4Rl /el < € min () 2l /el < C'A(K7)
e e

v—1 v—1

for some constant C’ > 0. Henceforth, together with Assumption 1, we have,
MK F) = 0 {0 (K} = 0 { (vlog™ 1) 722} (S7)

Since {€;;}1; are i.i.d. Gaussian, by Lemma 2.2 of Yuan and Zhou (2016) and Corollary
8.3 of van de Geer (2000), we have that, for any ¢; > 0, with probability at least 1 — p~,

% S" Ry (ti — to) e Hyp(a(t:)
=1

p 1 1
<2012 N (1Eju Rulln log ™t 1Ftr Rulla) '~ (I Fjir Rullae log ™ || Fiur Rulla) 7
lr=1;l,r#k
p P
+20107 Y2 /(¢e; + 1) logp Z | Fjtr R || + 2Cin~2eP Z | Fjir Rn |2
lLr=1;l,r#k lLr=L;l,r#k

= 201(A4 + A5 + A6>,

(S8)
for some constant C7. Next, we bound the three terms Ay, As, Ag on the right-hand-side
of (S8), respectively.

For A4, by the Young’s inequality, there exists co > 1 such that,

489 p
T 985—1 _ 2
Ay<e, ™ > (IFjnBalinlog™ || FjirRalln)
Lr=Tilrk
22’% — 2By 2 2 1 o
+ey P T IEI T IRI N (||Fyypllglog T ([ Fyella) 7P
lLr=1l,r#k
Note that
p 9 p 0
> (IFllalog ™ 1Fjwlla) 2T <y > (1 Frllaclog™ [[Fjirlla)” < Co,
Lr=1lr#k lr=1l,r#k
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for some constants C%, Co, where the last step is due to Assumption 2 that the number of
nonzero functional components of Hjj, is bounded. Henceforth,

_22531 z -1 2 74[;2’811 _ 28y 2
A< e S (IFuRullnlog™ [ EpeRilla)® + e Tn TR Ay (S9)
lr=1;l,r#k

By (S7), Theorem 4 of Koltchinskii and Yuan (2010) and Theorem 3 of Fan (1993), there
exists some constant Cs > 0, such that, with probability at least 1 — p~¢,

p p
— 2 _ 2
Y (IFuRallnlog  1FuRalla)” <265 Y (I1Ejirllzz log™" | Ejirllz.)
lr=1l,r#k lLir=1;l,r#k
h\"TT (a4 1)1 P
n 2 C1 (0} _ 2
+2020282 4 902 | — T ) 08P > (IFullalog™ [ Firlla)” -
IOg n n lr=1;l,r#k

Note that there exists some constant c3 > 1, such that

p

_ 2 _ 2
> (IFellz, log | FiirllL,)” < s (I1Hkllz, log ™ | Hjkllz,)
lLr=1l,r#k

where we recall that Hy((t)) = 27— sy, Fiir(2i(t), 2,(t)). Moreover,

p p
_ 2 _
) (IEjmllnlog ™ 1 Fjmalle)” < > (1Fjuwllalog ™ [ Fjirlla)° < Co.
Lr=Ll,r#k Lr=Ll,r#k

Then, we have

_ 2 _ 2
> (I1FjuBallnlog™ || Fir Ralln)” < 2C3es (| Hjkl| 2, log™" || Hjkl|z,)
lir=1;l,r#k
_ 282
nh > 2B +1 N (c1+1)logp

+2C2n%P2 4 20,02 <
logn

n

Inserting into (S9) yields that

_4Bs 482

- = _ 2 T 28,1
Ay < 2C5esey 27 ([ Hikllz, log ™ [ Hykll,) ™ + 2C5 ¢, 727" h2P2

289
482 — 53T 489
— 5527 nh 2Pa+1 cg+1)lo 2 28 __ 2
20,Ce, T (YR et Wlown | g i it
logn
Since B2 > 1 and h = o(1), we have n~ 252+1h 2hH1 < (lgﬂ) 2+
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For As, by Theorem 4 of Koltchinskii and Yuan (2010) again, there exists a constant
Cy > 0, such that

P

S IFuRull

lLr=Ll,r#k

p

__bB2 p

nh 2B2+1 c1+1)logp

<O Y IRl Ca e () T [T IRER S
lr=1;l,r#k & lLir=1;l,r#k

P
< Cy Z | Fjir||, + CahP2 + CoCy (

;
nh >_2B22+1 N (c1+1)logp
lr=1;l,r#k

logn n

Define the set Q1 = {l,r =1,...,p;L,r # k|| Fjip||n, > n*llogp}. By the Cauchy-
Schwartz inequality, we have,

1/2
Y N Frlee < card Q) - [ Y 1P,
l,reQ: l,reQ;
» » 1/2
< D FRl%- > Ewli, < Coeal|Hjgl| Lo
lr=1l,r#k lr=1;l,r#k

The constant ¢4 > 1 satisfies that Z?rzl;l’#k 1Fjirll7, < cillHjxll7,, where we recall that
ij( (1) = fr vk Fjtr(@i(t), @, (1)), Next, define the set Qp = {l,r =1,...,p;l,r #

k|| Fjullz, < +/n~tlogp}. By definition,
logp logp p log p
> IFl, < D IF ZTHLZ\/ 1 Fjir Bil2, < Coyf m—

I,reQs l,reQs l,r= 1,l,r7$k

Combining Q1 and Qs gives that,

p
log p
Yo IFule. < Y 1Fwlee + Y IEjwllz, < Coca Hjkllr, + Cayf —
lLr=1l,r#k l,reQ; l,reQs

Henceforth, we can bound Aj as,

B2
1 h \ 282+1 /] 1
A < v/ 01 +1 C4 Cheq o8P Hij”Lz +Cgh/82 + Cy ( i > ’ in + Cy in

logn

For Ag, it can be bounded as,

p
Ao <n e N ||Fll < Con e,
lLr=Ll,r#k
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Combining the bounds for A4, As, Ag, and applying the Cauchy-Schwarz inequality com-
pletes the proof of Lemma 4. |

Lemma 5 Suppose that Hj, € H. Then there exists some constant C' > 0, such that, for
any c1 > 0 and co > 1, with probability at least 1 — 2p~°t,

48, 48, 252
1/9 nh 2B2+1
el < VR + ey ™ T, o el + 1% 4 57 (2]

logn
l lo
Ve F 12 (e + )2 R (| Hypl g + 1) + 072677,

Proof Note that

1/2)2

1/2
I, — B2 < s (gl — IoB%I2) . (S10)

9EH,Ilgll5, <IHjxll,
lglly <IHjkllL,

By the Talagrand’s concentration inequality (Talagrand, 1996), with probability at least
1 — e %, we have that,

2 1/2
s (llgllZ, - lgB,*I12)
9EH,Ilgll3, <1 Hjll,
llglley <IIH. k”Lg

1/2 c1 16¢y
< 2E m>w0waww/m+w%mm +
k

9€H, |99, <IIH n
1902y <N Hjkll Ly

(S11)

By the symmetrization inequality for the Rademacher process (van der Vaart and Wellner,
1996) and Theorem 3 of Fan (1993), there exists a constant C1 > 0, such that,

2 1722
E s (lgl, - lgByI?)
9EH,[lgll%, <I1Hjll,
lgllzy <IHjkllL,

<E sup {1 ZwiRh(ti)QQ(a:(ti))} + Clh2ﬁ2
k“o 1

9€H,llgll9 <IIH; gt (S12)
lgllLy <IHjkllLy
1 n
< CiE sup { ZwiRh(ti)g(a:(ti))} + Ch*%2,
g1, llgl9 <l Hklly, (™ i
Hg||L2SII kHL2
where w, . .., w, are independent random variables drawn from the Rademacher distribution;

ie, Plw; =1) =Pw; = —1) = 1/2, for i = 1,...,n. The last inequality in (S12) is due
to the contraction inequality, and the fact that ¢? is a Lipschitz function. Henceforth,
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with Talagrand’s concentration inequality, there exists a constant C > 0, such that, with
probability at least 1 —e™“1,

1 n
E sup { Z wiRh(ti)g(l‘(ti))}
g€, llgll9 <l H;kll, (™ i
llgllzy <l HjxllLy

c1 c1

<Oy sup Z { szRh )gur (x(t z))} +erh™ | Hipllpoy /= + —

g€M,Ngll%, <I1H NS, [z nen
||9||L2S||ij||L2

(S13)
By Lemma 2.2 of Yuan and Zhou (2016), and the result that the vth eigenvalue of the
RKHS H is of order (vlog™ v)=2%2, for v > 1 (Bach, 2017), there exists a constant C3 > 0,
such that, with probability at least 1 — d~“

z{ S Rt o <>>}

l,r=1 i=1

p 1 1

_ _ L _ 1—-L

< C3n~ Y2 E {(”gerhHHlOg "N Rull#)®® (lgirRallzs log ™" lgwr Rullz,) 27
l,r=1

llgur Rill o /Cer 1) Tog p+ e Pllgiy Rullae}

Following the arguments for bounding A4 in (S8), there exists a constant Cy > 0 and for
any cg > 1, such that,

p

_ _ 1 _ 1—-L
n=1/2 sup > (lgiwRullslog™" lg Rall2) 2 (g BallL, log™ g BallL,) >
9€H NglI%, <IHjkll% | r=1
lglley <IHjkll L,
2839

p
_ 2 nh 26241 log p
< Cy Sup Z (HgerLz log™" ”ngHLz) +Cah™™ 4 Cy (1 > +Ca

g, lgl%, <IN H1I19, (5= ogn "
lglly <1511,

_ nh \ 282+1 lo
saﬁwmim2umm+@ch4Mw) 1)

. _ 2 _ 2
Here the last step is due to 37 (lgirllz.log™" lgirllz.)” < Cs (I Hjullz, log™" [ Hjkll o)

for some constant C5 > 1. Following the arguments for bounding Ajs in (S8), and by
Theorem 3 of Fan (1993), there exists a constant Cg > 0, such that,

p
lo
> g RullL, < Cé {\/ B I HklL, + h62}-

l,r=1
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Henceforth, for some constant C7 > 0,

sup Z { Z%Rh )gir (2 (Z))}
9€H g1, <IH;k 19 1 r=1
||9||L2<H klng

489

209
_aty - nh '\ 28241
< 0o d & P o~ [l + 12 4+ 0 <logn>

1)1 1
+ 07\/(01 +n) 8P {\/ %8P | Hjkll L, + hﬂQ} + 2P,

Together with (S11), (S12), and (S13), we have, with probability at least 1 — 2e™“1,

2 1/22
s (llgllz, — IRy *I2)
9EH,Ilgll%, <l H [l
||g||L2<H k||L2

489

289
- = _ nh T 28241
< Cud Tl o Al 7%+ 2T (1) (514)

1) L 1
+08\/(Cl+n) ng{\/ogpﬂl kHL2+hﬂ2}+cgn—l/2e—P,

for some constant Cg > 0. Combining (S10) and (S14) completes the proof of Lemma 5. B

B.2 Proof of Theorem 2

Proof Define the empirical process,
Zn(to) = Vnh - 57 (ko) | Fj(zx(to)) — ij(a:k(to))] , Yt eT.

Define VZ = SUDyeT Zn (to). We divide the proof of this theorem into four steps.

Step 1. We aim to prove the following statement: There exists a Gaussian process }ﬁln(to),
such that E[sup, 7 Hy(to)] < Cv/logn, for some constant C' > 0, and a sequence of random
variables W9, such that W0 = suptoeT]ITHn(to) and P (ng —VZ > eln) < O1p, for some

(€1n,01n) — 0, as n — oo. N
We construct the Gaussian process H,(t9) as

—tp) R
H (tO nh 1 ZE'L

Un tO)

tQ’L

where ¢; is the error term in (2). Then H,(to) is a Gaussian variable conditional on
{t1,...,tn}. By the Jensen’s inequality, there exists some constant C' > 0, such that,

exp [SE(WS)] < Eexp (SWS) =E { sup exp [sﬁn(to)} } < nexp (032) ,
to€T
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for s > 0, where the last inequality follows from the definition of the Gaussian moment
generating function. Rewriting this inequality, we have E(W?) < logn/s + Cs. Setting

s = y/logn/C, we obtain that,
E [sup ﬁn(to)] < y/Clogn.

to€T

By the Cauchy-Schwarz inequality, there exists a constant ¢ > 0, such that,

Zalto) ~ Fa(to) < O (VN{EIB(X)]}?) + 0, (N ). (S15)

Define V,? = sup; o7 H, (to). Recall that VZ = SUDPy, T Zn(to). Then by (S15), there exists
some constant C' > 0, such that,

P (‘Vﬁ, - T/Z‘ > CN*C) <P (félfp

Hy () — EN(:C)‘ > cwc) < N7% (S16)

Setting ey = CN~¢, §1y = N~!, and W](\), 4 V]{), completes the proof of Step 1.

Step 2. We aim to prove the following anti-concentration inequality for any € > 0,

< E] < Céy/log N.

This is true due to the result of Step 1 and Corollary 2.1 of Chernozhukov et al. (2014).

s [t -

supP [
toeT

seR

Step 3.We aim to prove the following statement: Letting c,(a) and ¢,(a) be the (1 — «a)-
quantiles of VZ and V0, respectively, there exist 7,, ,,d, > 0, such that,

]P’[En(a) < cpla+1,) — en] < én, ]P’[En(a) > cp(a— 1) + en] < On,

and (7, €n,0,) — 0 as n — oo.
Recall the Gaussian multiplier process H,,(t9) in Section 4.1, which is defined as,

~ 1 n ath(ti — tQ)R;r i.Zk.
H,(ty) = & - — 9 , foranytyeT,
)= D —
where &1, ..., &, are independent standard normal variables. We consider the process,

oiRu(ti — to) R} ;. k.

to,t-

~ 1 n
(1) — E .
Hn (tO) Th*l — g’L an(t(])

Let V, = suptoeTﬂn(to), and VM = suptoefrﬁg)(to). Denote AHW (o) = IF]L(II)(tO) —
}ﬁln(to). By the triangle inequality,

sup |AH(1)(to)| < ‘aj - Ej} sup Vh - o, (to) [sup T (tg) + sup Zi(to) | (S17)
toc€T toeT toeT to€T
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where

1 n
T (to) = - Z Ry (t; — tO)’R;l(—),i-Ek~ — Fj(z(to))
=1

T (t0) = - 3 Rulti — t0) ().
=1

For I%ﬂ(to), by the Cauchy-Schwarz inequality, we have that,

n 1/2 1/2
1 ~
sup |Z{ (to)| < sup <ZRh(ti —t0)(] (0 — 9z))2> < ZKh i1 z) )
toeT toeT n _
< C inf <10g( n/p1(2)) )1/2 /mlog (dm) /10g l/h
to€T pl( )
1/2
= 0(r,}).
For Z8'(ty), we have that,
sup [Z3'(to)] < Sup. *H‘I’TW 1[2,00[16= 111
to€T toe
< sup *HWUZ‘I’ LW W2 20|
toGT n
< €. sup V(@) - vim = O(1/m).
m toeT
Therefore, we have that,
P ( Vi, — ‘/}TSI)‘ > C\/ﬁml/‘l) <n Ll
We next bound |aj O']| for j =1,...,p. We start with an upper bound on |3]2- - 0']2-|.
Let €; = yij — fo j(Z(t))dt, i =1,...,n. Using the triangle inequality, we have that,

Lye Ly Ly~ g2 =5 +1 S18

’0’ —a‘ nZ;eij_nz;eij—I_nZ;e” O' =10+ . (S18)

To bound I, we have that,

J IR R .
flﬁﬁz & — € S5Z\€ij—fz‘j|(|ez’j—Ez'j!+2\€z‘j!)
=1 =1
1 1/2 L 1/2 Lo 1/2
<(33m-ar) < [2(234) {dS - ar)
1=1 =1 =1

Since E(e?j) = ajz < 00, we have that,
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__1 2B
Let ry; = Tnij % + Tnj + h2P2 4 10% +n” 291+1, By Theorem 1, we have n=! >0 | [6; —

€ij]*> = Op(rn;). Therefore,
I < 0,(r/3). (S19)

nj

To bound Iy, we have that,

E(I3) < n™'E(e;) = O(n™),

where the last step is due to that ¢; is a normal random variable and hence ¢;; has a
bounded fourth moment. Therefore,

I, < Oy(n~1?%). (S20)
Combining (S18), (S19), and (S20), we have that,

G —0a;=0 (32~ 0?|) < op(r;f).

By (S17), we have that,

sup |AHO (to)| < O, (r?)
toGT

Then there exists a constant C' > 0, such that,

P ("7” - ‘771(1)‘ > C’rl/.2) <P (sup |AHM (t0)] > Crl/.2> <n7 % (S21)

nj nj
to€T

Since o€ 4 (€1j,- -, €nj) ", we have suptoefr]f-\]lq(ll)(to) 4 SUP; T ﬁn(to). That is, YA/n(l) 4 VY.
Combining (S16) with (S21), we have that,

P <‘17n - VnZ} > Cn_c) <n %
Therefore, by the definition of ¢y (),
P (‘7”2 < ep(a) + C’n_c> >P (‘A/n < En(a)> —P <|‘7n - an‘ > Cn_c> >l—a—n"t,
which implies that the estimated quantile is lower bounded as,
Gu(a) > cpla+n1 —Cn~¢,  for some ¢ € (0, cmin)-

Similarly, we also have ¢,(a) < c,(a —n™1) + Cn=¢. Setting 7, = n %, €, = Cn~¢, and
8, = n~! completes the proof of Step 3.

Step 4. By verifying the statements in Steps 1 to 3, we now apply Corollary 3.1 of
Chernozhukov et al. (2014) and obtain that,

P (F]k(xk(tO)) € Cn,a, Vit € T) >1—a—-Cn"¢

Therefore, the confidence interval CI( fo(x)) is asymptotic honest. This completes the proof
of Theorem 2. |
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B.3 Proof of Theorem 3

We divide the proof of this theorem into two parts. We first present the main proof in
Section B.3.1, then give an auxiliary lemma useful for the proof of this theorem in Section
B.3.2.

B.3.1 MAIN PROOF

Proof We use the primal-dual witness method to prove that the localized kernel ODE
approach selects all significant variables, and includes no insignificant ones. Recall that, by
the representer theorem (Wahba, 1990), the selection problem becomes (18); i.e.,

P P P
néin %(Zj — G@j)TRtO (Zj — G@j) + Knj Z O + Z Z 0111 ,
K =1,k'#k k=1, £k I=1,1£K' k
(S22)
subject to ;57 > 0,0, > 0, where the “response” is zj = (y; — ;) — Qjktot — (1/2)nnm;¢5,
and the “predictor” is G € R (P=1)*  The vector 6; solves (S22), if it satisfies the Karush-
Kuhn-Tucker (KKT) condition,

2 .
EGTRtO(Gﬁj —2j) + knjgi =0, j=1,...,p, (S23)
where G contains errors in the variables due to the estimated z(t), and
g; =sign(f;), if6; #0, and |gj| <1, otherwise. (S24)

__ To apply the primal-dual witness method, we next construct an oracle primal-dual pair
(05, 9;) satisfying the KKT conditions (S23) and (5S24). Specifically,

(a) We set é\jk’l = 0 for (K,1) ¢ S;, where S; is as defined in Section 5.2, and s; =
card(S7y).

(b) Let 55; be the minimizer of the partial penalized likelihood,

p p P
(Zj - st* 95}5)TRt0 (Zj — Gs;@s]*) + NKnj Z ij/ + Z Z ij/l
k'=1,k' #k K/=1,k'#k,l I=1,l%k
(S25)
(c) Let S§ be the complement of S¥ in {(¥,0) : ¥',l =1,....,k =1,k +1,...,p}. We
obtain §5]c_ from (S23) by substituting in the values of §J and ﬁg;.

Next, we verify the support recovery consistency; i.e.,

~

2
Okt — il e < gemm,

max
(kDeSs;

which in turn implies that the oracle estimator é\] recovers the support of 6; exactly.
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Note that the subgradient condition for the partial penalized likelihood (S25) is
2ng RtO(GS; 55; —zj) + nmnjﬁs; =0,
which implies that
2G5 Ry, (Gs; Os: — Gs:0s:) + 2G . Riy(Gs;0s; — 25) + nrinsgs; = 0.

Define Rg: = 2G L. Ry Gs: 05 — 2G L« Ry 2. Then,
J J

Os; — 05, = — (265 RiyGs: ) (Rs; + nringGisy). (S26)
For each (k,l), denote the corresponding column of G' by Gy;. Then for (k,l) € ST,
Ryt = 2G ReyGis:Os: — 2Gy Rey2j. (S27)
By Lemma 6, we have || Ryll¢, < nr for any (k,1) € S}. Then,
[Rsxlley < mry/55- (S28)
By Assumption 5, we have that Ay (GE; Ry, G5;> > Chin/2, for some constant Chyin > 0.

Henceforth,
1

Amax { (265 Ry Gs; ) 1} = Con

Note that for any (k1) € S7, [|gjxlle, < 1, which implies that,

95 lles < /55 (S29)
Therefore, we have that,

NRA/Sj 2
VT : Z Ormin.
Omin +n/{n] Cmin 3 e

max |0 — 0, < ||Bs: — Og+]lg, <
T 16kt = Ojkille, < [0z = Os:le, <

where the last inequality is due to Assumption 6.
Next, we verify the strict dual feasibility; i.e.,

max |g.] <1
(k,l)é;!gykl\ ,

which in turn implies that the oracle estimator GAJ satisfies the KK'T condition of the localized
kernel ODE optimization problem.
For any (k,l) ¢ S, by (S23), we have,

2G;—lRto(GS]’-‘ Os: — zj) + nkn;gjr = 0,
which implies that

QGLRtO (GS;GS; — Gs;f 95;) + QG]LRtO (GS; 95; — Zj) + n/-injﬁjkl = 0.
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y (S26) and (S27), we have,
nlﬁnjg}\jkl = G;}RtOGs}f (ng GS;_‘)_l(RS;‘ + n/fnjﬁg;) — R
By Assumption 5 again, and by (S28) and (S29), we have that,

(a + )f

nj

|Gjrt| <

r +&av/55, (K1) € S5

By Assumption 6, we obtain that, |gji| < 1, for any (k,[) ¢ S

Finally, the selection consistency for ST implies the selection consistency for §j. This
completes the proof of Theorem 3. [ ]

B.3.2 AUXILIARY LEMMA FOR THEOREM 3

The next lemma gives a bound similar to the deviation condition in Loh and Wainwright
(2012) and Dai and Li (2022). The difference is that, the noise in the variable Z(t) in our

setting involves a nonlinear transformation through the kernel K (Z(t),Z(s)). Besides, we
have adopted the localized learning.

Lemma 6 Forj=1,...,p, we have,

IGi Ry Gs:0s: — Gl Ruozjlle, < 11,

n - 2(/3[;2+1) logp 1/2 __ B
=0, + o T
logn n

Proof Similar to the “predictor” G_defined m (18) in Section 3.2, we first construct a
noiseless version of the “predictor”, G € R’ , whose first p columns are K cj, the last
p(p — 1) columns are SF le;, and L (Ek/) SR — (Efil) are both n x n matrices whose
(i,4")th entries are,

where

s :/ /{T () K (z(t), m(s)){Ty (t) — T(t)¥dsdt, 1<k <p,1<i,i <n,
S —/ /{T ()} K u(@ (), 2(s){Tu (£) — T(O)}dsdt, 1<K <1<p1<i,i' <n.

Next, we consider the term HGglRton — G;}RtOGS}« 95; .

, which can be bounded as,

HGLP%O <zj — GS;QS;) . < HG;R,:O (E[Zj] — C:’S;HS;) . + HGleRto (és; - Gg;) Os 0
+ | e @ - B,
= A7+ Ag + Ag.

(S30)
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We next bound the three terms A7, Ag, Ag on the right-hand-side of (S30), respectively.
For A7, by the Cauchy-Schwarz inequality and Theorem 1, we have,
2

st < o], e (8- )

12

2 “Am 1
n 2(B+1 0

2 logn n

for some constant C; > 0, where the last step is by (S4).
For Ag, again by the Cauchy-Schwarz inequality, we have,

< Cy || Ry, (Blzj] - G 05;)

N T2 ~ 2 ~ 2 2 _ 28
Ag < Hle . Ry, (Gs; — Gs;) Os: . < Cy HRto (Gs; - Gs;)Hoo H9s; "= Op (n 2+t ),
for some constants Cy > 0, where the last step is by (S3), and the fact that HQS; g 18
bounded.

For Ag, by Lemma 5, we have,
__ 2B
logn n
Combining the above three bounds, we obtain that,
T n _2(/3[;2-&-1) log p 1/2 7%
HleRtO(zj—Gg;OS;) o= | (o (= T |
which completes the proof of Lemma 6. |

Appendix C. Additional Theoretical Discussions

In this section, we discuss more on the averaging operator introduced in Section 2.1. We
also analyze Assumption 5 in Section 5.2 in more detail.

C.1 Averaging Operator

Consider a standard one-way ANOVA model, Y;; = f; + €, where f; denotes the treatment
mean at treatment level £t =1,...,T,i=1,...,n indexes the sample observations, and e
is an independent normal error. The ANOVA decomposition is written as,

ft =00 + au,

where 6 is the global mean, and a4 is the treatment effect at level . The parameters 6y and
oy are identifiable through a side condition, where a common choice is that Z;‘FZI a = 0.
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Similarly, the one-way ANOVA model on a continuous domain 7 can be cast as Y; =
f(ti) + €, where t € T. The ANOVA decomposition is written as,

ft)=Af+ - A,

where A is an averaging operator that “averages out” the covariate ¢ to return a constant
function and [ is the identity operator. For instance, with Af = fT t)dt, one has

fT t)dt + {f fo(t)dt}, corresponding to thl oy = 0 in the standard one-
Way ANOVA model Note that applying A to a constant function returns that constant,
hence the name “averaging.” It follows that A(Af) = Af, or simply, A? = A. Write the
constant term 6y = Af, which denotes the global mean. Write the term f = (I A f,
which denotes the treatment effect that satisfies the side condition A f = fT t)dt = 0.
Following this reasoning, we define the averaging operator for our model (3) as

) = /T F (1))t

Then in the construction of the RKHS # in model (4), a sufficient side condition is the zero
marginal integral for each k =1,...,p, such that

/ij(xk(t))dt—o, forany k=1,...,p
T

Such an averaging operator has been commonly used in the RKHS literature; see, e.g.,
Wahba et al. (1995); Gu (2013); Lin and Zhang (2006); Dai and Li (2022).

C.2 Discussion on Assumption 5

We further study Assumption 5, and show that the bandwidth h in the localization and Ry,
does not affect the validity of this assumption, as long as h — 0 when n — co.
We start with the first part of Assumption 5. Note that,

Awin (Gg;RtOGS;) - [amm (R/ 2Gs*)} i
> [Umin (Ri0/2> Umin(GSj)} i = Amin(Rto)Amin(G;‘rj GS;)'

Here opmin denotes the minimum singular value and A, denotes the minimum eigenvalue.

Since the bandwidth & — 0 as n — oo, we have that Ry(t; —to) = = 1

limy, o 'R(h™1) > 0 is a constant. Therefore, as n — 00, Ayin(Ry,) = min; T~ Cr >0,

which does not depend on the bandwidth h. On the other hand, Assumption 3 i 1n Dal and

Li (2022) states that Amin(G}f GS;) is lower bounded by a constant. Together, it implies

that the bandwidth % does not affect the validity of the first part of this assumption.
Similarly, for the second part of Assumption 5, we have that,

i CR> Where CR =

HG;;RtOGS;(GE;RtOGS;)—I < [Amin (GE;RtOGS;)]*l “G;RtOGS; ,

lo

-1
< AmaX(Rto) [Amin(Rto)]_l [Amln(Gg;‘ GSJ* )] HGQZGS; l5
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Figure S1: The true (black solid line) and the estimated (blue dashed line) trajectory of
x3(t), with the 95% upper and lower confidence bounds (red dotted lines). The

results are averaged over 500 data replications. (a) Localized kernel ODE; (b)
Kernel ODE; (c) Additive ODE; (d) Linear ODE.

Since Ry (t; — to) — ﬁcR, Amax(Ry,) [Amin(RtO)]_l < max; j Z:’ig as n — oo, which does

not depend on the bandwidth h. Again, Assumption 4 in Dai and Li (2022) states that
-1
maX(k,l)QS}? G;—IGS]’.‘ (Gg;GS;)_l“g < {Amin(Grgr;GSj)} HGl—lc—lGS;
2
&q. Together, it implies that the bandwidth h does not affect the validity of the second
part of this assumption 5.

, is upper bounded by
2

Appendix D. Additional Numerical Analyses

In this section, we report some additional numerical results for the simulation study in
Section 6. We also carry out a sensitivity analysis to investigate the effect of the choice of
the local weight function and bandwidth.

D.1 Additional Results about Enzymatic Regulation Equations

Figure S1 reports the true and estimated trajectory of x3(t), with 95% upper and lower
confidence bounds, of the four ODE methods. The noise level is set as 0; = 0.1,j = 1,2, 3,
and the results are averaged over 500 data replications. It is seen that the localized kernel
ODE estimate has a smaller variance than its counterparts, including the kernel ODE
method. Additionally, the confidence intervals of localized kernel ODE and kernel ODE
achieve the desired coverage for the true trajectory. In contrast, the confidence intervals of
additive and linear ODE models mostly fail to include the truth.

Figure S2 reports the coverage probability and confidence band area for the varying
noise level of different ODE methods, and is a visualization of Table 1 in Section 6.1. We
see that the inference method based on the localized kernel ODE clearly outperforms the
alternative solutions with a larger coverage probability and a more tight confidence band.

Figure S3 reports the empirical FDR, power, and trajectory estimation error for the
varying noise level when we aim to recover the entire regulatory system through the proposed
confidence band coupled with the BH procedure for multiple testing correction at the FDR
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Figure S2: The NFBLB example: the empirical coverage probability and confidence band
area for the varying noise level o;. The results are averaged over 500 data
replications. (a)-(b): Nonzero functional Fhg(x3(t)); (c)-(d): Zero functional

F12 (.2172 (t) ) .
a b C
_ (a) 0.60 (b) 100 (c)
—¥—Localized kernel ODE A :
055 Kernel ODE -l - —
& Linear ODE - £ 0.50 e 090 U= Bememo
5 080 [|-o- Additive ODE -7 <8 s s
£ |9 0.40 e
© (.45 s T ol 0:80
s > e B T
2 © 0.30 - 5 S~
g0.40 3 e $0.70 iq._ RSN
= 2 -7 e S~o
@ £0.20 T Se-
(2 ~. -
035 S I S S ol 060 Tl -
[7] B--—-—"""" ) ~~__
0.30 3 0.10 * * e of
- 0.50 g
0.25
0.1 0.3 0.5 0.1 0.3 0.5 0.1 0.3 0.5
Noise level Noise level Noise level

Figure S3: The NFBLB example: the estimation and sparse selection performance for the
varying noise level o;. The results are averaged over 500 data replications.

level of 10%. Here, the empirical FDR and power are the same as defined in Section 6.2. The
estimation accuracy of F;(Z(t)) is defined as the squared root of the sum of mean squared

_ 1/2
errors for Fj(z;(t)),j = 1,2,3, at ¢ € [0,2], i.e., {Z;ll J2IE; 3(1) —Fj(xj(t))]th}
where the integral is evaluated at 10000 evenly distributed time points in [0,2]. We see

that the inference method based on the localized kernel ODE successfully controls the FDR
under the nominal level, and outperforms the three alternative solutions in terms of the

)

empirical power and the estimation error.

Figure S4 reports the prediction accuracy of the entire regulatory effect ﬁj(f(t)), as
well as the individual regulatory effects Fhs(5(t)) and Fiao(Z2(t)). For the entire reg-
ulatory effect, the predictor error is computed as the squared root of the sum of pre-
dictive mean squared errors for Fj(z;(t)),j = 1,2,3, at the unseen “future” time point

~ 1/2
t € (2,3], Le., _ i(z;i(t)) — Fi(x;(t t , where the integral is evaluate
2,3], i S S IF (3 Fj(z(t))]%d here the i 1 is evaluated

at 10000 evenly distributed time points in [2,3]. Similarly, for the individual regula-
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Figure S4: The NFBLB example: the prediction error for the varying noise level ;. The
results are averaged over 500 data replications. (a) Entire regulatory effect
ﬁj(x(t)),j = 1,2,3; (b) Individual regulatory effect Fy3(Z3(t)); (c) Individual
regulatory effect Fyo(Za(t)).

~ 1/2
tory effects, the predictor error is computed as {f;’[Fgg(EEg(t)) — F23($3<t))]2dt} , and

{f;’ [Fio(Z2(t) — Flg(xg(t))]th}l/Q, respectively. We see that the prediction error of the
localized kernel ODE estimator for the entire regulatory effect is comparable with that of
kernel ODE, which agrees with Theorem 1. Moreover, Figure S4(b) and (c) show that the
proposed method outperforms the kernel ODE estimator in predicting the individual reg-
ulatory effect. This is because the kernel ODE estimator primarily targets the sum of all
individual effects, whereas our proposed method directly estimates the individual functional
that measures the regulatory effect of one signal variable on another.

D.2 Sensitivity Analysis

We carry out a sensitivity analysis regarding the local weight function Ry () and the band-
width h using the enzymatic regulation equations example in Section 6.1. We show that
the inference results are not sensitive to the choice of the weight function or the bandwidth.

First, we consider three different local weight functions: the quadratic weight, the cubic
weight, and the Gaussian weight,

RV = (15/16)- (1 - 2/h)%1(t| < h),
RO = (1—¢2/m3P1(t) < h),
Rg?’)(t) = exp(—t?/2n?%).

We couple them with the proposed localized kernel ODE method, while we continue to
choose the bandwidth h using tenfold cross-validation. We couple the proposed confidence
band with the BH procedure at the FDR level of 10%. We consider three evaluation criteria,
the false discovery proportion, the empirical power, and the estimation error, the same as
those used in Figure S3. Figure S5 reports the performance of the localized kernel ODE
method with the three local weight functions, denoted as Local-KODE-1, 2, 3, respectively,
plus the kernel ODE, linear ODE, and additive ODE methods. We see that the performances
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Figure S5: Sensitivity analysis: the estimation and sparse selection performance for local-
ized kernel ODE with three different local weight functions, plus kernel ODE,
linear ODE, and additive ODE. The results are averaged over 500 data replica-

tions.
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Figure S6: Sensitivity analysis: the estimation and sparse selection performance for local-
ized kernel ODE with two different choices of kernel bandwidth. The boxes
range from the lower to the upper quartile, and the whiskers extend to the most
extreme data point that is no more than 1.5 times the interquartile range from
the box. The results are collected over 500 data replications.

of the three localized kernel ODE methods are fairly close. The false discovery proportions
differ at most 0.7%, the empirical powers differ at most 1.7%, and the estimation errors
differ at most 4.2%, across different noise levels. Besides, they all outperform the alternative
solutions. These results show that the proposed localized kernel ODE method is relatively
robust to the choice of the local weight function.

Next, we consider the selection of bandwidth h. We experiment with fivefold cross-
validation and tenfold cross-validation of minimizing the residual sums of squares. We use
the quadratic local weight function, and fix the noise level of the enzymatic regulation
equations example at o; = 0.1,57 = 1,2,3. Figure S6 reports the estimation and sparse
selection performance of the localized kernel ODE method. We see that the performances
under these two different choices of the bandwidth A are close. For the medians, the false
discovery proportions differ at most 0.15%, the empirical powers differ at most 0.3%, and
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the estimation errors differ at most 1.8%. These results show that the proposed localized
kernel ODE method is relatively robust to the choice of bandwidth.
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