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ABSTRACT

Neural Operators that directly learn mappings between function spaces have re-
ceived considerable recent attention. Deep Operator Networks (DeepONets) (Lu
et al., 2021), a popular recent class of operator networks have shown promising
preliminary results in approximating solution operators of parametric partial dif-
ferential equations. Despite the universal approximation guarantees (Lu et al.,
2021; Chen & Chen, 1995) there is yet no optimization convergence guarantee for
DeepONets based on gradient descent (GD). In this paper, we establish such guar-
antees and show that over-parameterization based on wide layers provably helps.
In particular, we present two types of optimization convergence analysis: first, for
smooth activations, we bound the spectral norm of the Hessian of DeepONets and
use the bound to show geometric convergence of GD based on restricted strong
convexity (RSC); and second, for ReLU activations, we show the neural tangent
kernel (NTK) of DeepONets at initialization is positive definite, which can be
used with the standard NTK analysis to imply geometric convergence. Further, we
present empirical results on three canonical operator learning problems: Antideriva-
tive, Diffusion-Reaction equation, and Burger’s equation, and show that wider
DeepONets lead to lower training loss on all the problems, thereby supporting the
theoretical results.

1 INTRODUCTION

Replicating the success of Deep Learning in scientific computing such as developing Neural PDE
solvers, constructing surrogate models and developing hybrid numerical solvers has recently captured
interest of the broader scientific community. Neural Operators (Li et al., 2021a;b) and Deep Operator
Networks (DeepONets) (Lu et al., 2021; Wang et al., 2021) encompass two recent approaches
aimed at learning mappings between function spaces. Contrary to a classical supervised learning
setup which aims at learning mappings between two finite-dimensional vector spaces, these neural
operators/operator networks aim to learn mappings between infinite-dimensional function spaces.
The key underlying idea in both the approaches is to parameterize the solution operator as a deep
neural network and proceed with learning as in a standard supervised learning setup. Since a neural
operator directly learns the mapping between the input and output function spaces, it is a natural
choice for learning solution operators of parametric PDE’s where the PDE solution needs to be
inferred for multiple instances of these “input parameters” or in the case of inverse problems when
the forward problem needs to be solved multiple times to optimize a given functional. While there
exist results on the approximation properties and convergence of DeepONets; see, e.g., (Deng et al.,
2021) for a convergence analysis of DeepONets — vis-a-vis their approximation guarantees— for
the advection-diffusion equation, there do not exist any optimization results on when and why GD
converges during the optimization of the DeepONet loss.

In this work we put forth theoretical convergence guarantees for DeepONets centered around over-
parameterization and show that over-parameterization based on wider layers (for both branch and
trunk net) provably helps in DeepONet convergence. This is reflected in Figure 1 which summarizes
an empirical evaluation of over-parameterized DeepONets with ReLU and smooth activations on a
prototypical operator learning problem. In order to complement our theoretical results, we present
empirical evaluation of our guarantees on three template operator learning problems: (i) Antideriva-
tive operator, (ii) Diffusion-Reaction PDE, and (iii) Burger’s equation and demonstrate that wider
DeepONets lead to overall lower training loss at the end of the training process.
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Figure 1: Benefits of over-parameterization on learning of DeepONets for the Antiderivative Operator:
Go(u)(z) = fox u(&) d¢. In both cases m denotes the width of the branch net and the trunk net. For
both ReLU and smooth activations, increasing the width m leads to much lower losses. Note that the
y-axis is in log-scale.

The rest of the paper is organized as follows. In Section 2 we review the existing literature on
neural operators, operator networks and over-parameterization based approaches for establishing
convergence guarantees for deep networks. Next, we devote Section 3 to briefly outline the the
DeepONet model, the learning problem and the corresponding architecture. Section 4 contains the
first technical result of the paper. In Section 4 we establish convergence guarantees for DeepONets
with smooth activations (for both branch and trunk net) based on the Restricted Strong Convexity
(RSC) of the loss. Next, in Section 5, we present the second technical result of the paper where
we establish optimization guarantees for DeepONets with ReLU activations by showing that the
Neural Tangent Kernel (NTK) of the DeepONet is positive definite at initialization. In Section 6 we
present simple empirical evaluations of the main results by carrying out a parametric study based
on increasing the DeepONet width and noting its effect on the total loss during training. We finally
conclude by summarizing the main contributions in Section 7.

2 RELATED WORK

2.1 LEARNING OPERATOR NETWORKS

Constructing operator networks for ordinary differential equations (ODE’s) using learning-based
approaches was first studied in (Chen & Chen, 1995) where the authors showed that a neural network
with a single hidden layer can approximate a nonlinear continuous functional to arbitrary accuracy.
This was, in essence, akin to the Universal Approximation Theorem for classical neural networks
(see, e.g., (Cybenko, 1989; Hornik et al., 1989; Hornik, 1991; Lu et al., 2017)). While the theorem
only guaranteed the existence of a neural architecture, it was not practically realized until (Lu et al.,
2021) which also provided an extension of the theorem to deep networks. Since then a number of
works have pursued applications of DeepONets to different problems (see, e.g. (Goswami et al., 2022;
Wang et al., 2021; Wang & Perdikaris, 2021)). Recently (Kontolati et al., 2022) studied the influence
of over-parameterization on neural surrogates based on DeepONets in context of dynamical systems.
While their paper studies the effects of over-parameterization on the generalization properties of
DeepONets, an optimization analysis of DeepONets is a largely open problem.

2.2  OPTIMIZATION: NTK, ETC.

Optimization of over-parameterized deep networks have been studied extensively (see, e.g., (Du
et al., 2019; Arora et al., 2019b;a; Allen-Zhu et al., 2019; Liu et al., 2021a)). In particular, (Jacot
et al., 2018) showed that the neural tangent kernel (NTK) of a deep network converges to an explicit
kernel in the limit of infinite network width and stays constant during training. (Liu et al., 2021a)
showed that this constancy arises due to the scaling properties of the hessian of the predictor as a
function of network width. (Du et al., 2019; Allen-Zhu et al., 2019) showed that gradient descent
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converges to zero training error in polynomial time for a deep over-parameterized model, with (Du
et al., 2019) showing it for a deep model with residual connections (ResNet) while (Allen-Zhu et al.,
2019) showed in context of feed-forward models, CNNs and ResNets. (Karimi et al., 2016) showed
that the Polyak-Lojasiewicz (PL) condition, a much weaker condition than strong convexity can be
used to explain the linear convergence of gradient-based methods.

3 LEARNING DEEP OPERATOR NETWORKS

Learning neural operators (Li et al., 2020; Lu et al., 2021) is a fundamentally challenging problem as
it requires learning parametric maps between two infinite-dimensional function spaces which is in
sharp contrast to classical deep learning which learns parametric maps between two finite-dimensional
vector spaces. A succinct review of learning in infinite dimensions is provided in Section A.1 in the
Appendix. Here we focus on the DeepONet model and outline its main features.

3.1 DEEPONET SETUP

In what follows, we use the notation f(6y; ) to denote a deep network fp, : R™ — R™ where u
denotes the input and 8 the learnable parameters. A DeepONet is an operator network that learns a
parametric map Gy such that Gg(u) a~ GT(u), where u denotes the input function, and G denotes
the “true” operator whose approximation we wish to learn. Following (Lu et al., 2021) a DeepONet
predictor can defined as the inner product of two deep networks: f = { fk}le known as the branch

net and g = {gx } 2, the trunk net, namely

K
Go(u)(y) ==Y _ (05 u)gk(0,; ), (1)

k=1

where u € R% is the input function and y € dom(Gg(u)) C R the output locations'. The training
data comprises of n input functions, that is {u("}?_, and ¢; output locations for each G(u"), i.e.
{{y](l)}gzl »_, with y](i) denoting the j-th output location for Gg(u(?)). The branch net f has
parameters @ € RP/ and the trunk net g has parameters 8, € RPs. The entire set of parameters for
the DeepONet is given by 6 = [0 6,17 € RPs*Ps. Further, let {z,}/.; € dom(u) C R*Vr €
[R] and u)(x,) € R, For scalar functions () € R the branch net takes input {u("(z,)}E |,

which implies f : R® +— RX. Similarly, for scalar output locations y@ € R we have g : R +— RE,

The DeepONet learning problem can then be cast as the minimization of the following empirical risk:

1 n 1 &
HHMﬁyM%mMNW—nzquwwwmw—@MW@w7<m

with

K
Go(u) (") = Y fi (05 {uP (@)} ) v (630" ©)
k=1

and /(z) := 1/2(2)? denoting the mean-squared error (MSE) loss. Note that the “true” operator G'f
whose approximation is sought in (2) can either be explicit, e.g. integral of a function, or implicit, e.g.
the solution to a nonlinear partial differential equation (PDE).

3.2 DEEPONET ARCHITECTURE

We now briefly outline the architecture used throughout the analysis in Sections 4 and 5 and in the
numerical experiments in Section 6. We adopt fully connected feedforward neural networks (FNNs)
for both the branch and trunk nets which is also the baseline DeepONet model in (Lu et al., 2021).
Figure 4 in the Appendix shows a schematic of the architecture and the notation used throughout this
paper. For the architecture we adopt the unstacked configuration (see, Fig 1d in (Lu et al., 2021)).

!"The original DeepONet paper puts forth the above model and another one with a bias term added to the
inner product. For definiteness, we restrict our attention to the model without bias
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Remark 3.1 (DeepONet Training Tuple). As mentioned in the prequel, each DeepONet training data

comprises of the tuple D) := ({u(i) (v )}, {yjl)} LG )(yj(l)}?‘:l) O
Remark 3.2 (Training Dataset). The entire training dataset D is then simply given by the collection
of all tuples {D®}7_,. O

Remark 3.3 (Widths m; and m,). We denote the width of the branch net by m ¢ and the trunk net by
mg and use my = mgy = m interchangeably through Sections 4-5. Similarly, for the experiments we
use my = m, unless otherwise stated. For the latter (i.e. when m; # m,) the analysis in Section 4

still holds with m = min(my, my) O
Remark 3.4 (Last layer of the branch and trunk net). Note that the last layer of the branch and trunk
net is simply a linear layer and does not have any nonlinearity/activation. O

4  OPTIMIZATION GUARANTEES FOR DEEPONETS: SMOOTH ACTIVATIONS

In this section, we focus on DeepONets based on smooth activation functions. To build up to the
optimization analysis, we first establish a bound on the spectral norm of the DeepONet predictor,
in particular showing that || V2Gg(u)(y)||2 = O(\/—%) where, again, m = my = mg,. The spectral
norm bound is then used to establish a form of Restricted Strong Convexity (RSC) of the DeepONet
loss (2), which in turn is used to establish geometric convergence of gradient descent (GD). For the

analysis, analogous to (Liu et al., 2021b), we consider a FNN for the branch net:
59— 50— g, < Wa),@(ll)) MielL_1], B =g
i WV [L=1], 5 7P @

L
fo=B8, VkelK],

where m; = m and L denote the width and depth of the branch net respectively, [K] := {1,..., K},

¢y is the activation function at layer [, B are the outputs at layer [ and W(l) = ( ) denote the

weight matrices at layer /. Similarly, we c0n51der a fully connected feedforward network for the trunk
net:

1
(0) _ O — g (Lo ga-n L_11 BE) — (D) gr-1)
/Bg y7 /Bg ¢l (\/nTg g Bg ) ?VZE [ ]7 Bg g Bg (5)

gk_ﬂgka VkG[K],
(0 —

where, again, m, = m and L denote the width and depth of the trunk net respectively and Wy

wgg denote the weight matrices at layer [ of the trunk net. In order to aid our analysis, we make the

following assumptions on the activations, the loss and the weights:

Assumption 1 (Activation functions). The activation functions ¢; at each layer | are 1-Lipschitz and
By-smooth (i.e. ¢' < ) for some By > 0.

Assumption 2 (Loss function). We assume the loss {; ; is (i) strongly convex, i.e., l!] . = a>0, (i)
;, j ’ < )\, where we make use of the following notation

smooth, i.e., K;’J < b, and (iii) Lipschitz, i.e.,

tg =1 (Gow®) ") - GT )W), 6, =0 (Gou®) ) - G w)),

oy =0 (Golu®) ") = GHuD) ™))
(6)
Assumption 3 (Initialization of Weights) All weights of the branch and trunk net are initialized as
w;lz lt=0 = wa ~ N(0,03) and w97 lt=0 = wg(,? » ~N(0,03) forl € [L—1] and some constant
o9 >0 respectlvely Furthermore, in order for the model (1) to have a suitable scalmg in our analysis,
we initialize the weights in the last layer of the branch and trunk nets as wf ~N(0,1/(mK))
and wQO, ., ~N(0,1/(m K)) respectively.

Remark 4.1. For Assumption 1, our analysis straightforwardly extends to general ¢-Lipschitz
activations, with constants depending ¢. For Assumption 2, the Lipschitz loss assumption can be
dropped by assuming that the true responses G (u)(y) are bounded and showing that the prediction
responses G (u)(y) are bounded with high probability. O
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Definition 1 (Norm ball). Our analysis focuses on the standard Euclidean norm ball around the
initialization 0y, i.e. By (6y), where

BE(8) = (0. B o - ], < o). o

4.1 SPECTRAL NORM OF THE HESSIAN OF BRANCH AND TRUNK NETS

The convergence analysis makes use of the gradients and hessians of the total loss (2) and the predictor
(1) with respect to the parameters €, namely,

VoL(0) = [Ve,L;Ve,L], and VgL=H(0)= [ Hf; Hy, } ’ )
g 99

where Vg, L£(0) € RP/ and Vg L(0) € RPs. Note that we make use of the notation Vg, (-) to
denote the derivative wrt the parameters 8 and this is not a functional gradient. Similarly, the
individual blocks in the 2 x 2 block hessian H (0) are given by

0%L o2L .o o2L

90,2 10 o608, T e o

96,00, 97 99,2 2

Hyp =

where Hyy € RPI¥Pi, Hyy € RP9*Po, Hpo € RPF¥Po, Hyp € RP9*Ps and the argument 6 is
ignored for clarity of exposition. Using (2) and rewriting the derivatives in (8) and (9), we get

oL 11 (i) () oL 1 (i)
THf_EZ ;ZIJZ 9 Ve, f,’ and a—eg—g; jzlf ka Ve gzma (10)

for the gradients, and

PL 11K, o I, [ o ) (i) 0T
W:EZEZ‘@L’JZ k]va k +EZ;Z€Z7J Z gk;]g v fk v f I
i=1 1" j=1 k i=1 1" j=1

k=1
2L K .
FeERE IO SIIN SL NERED 3PS oI D SN L L A
g =1 " j=1 k,k=1

L 0T, I~ 1y @) (o ) i
00706, 772 Zé’,JZvaffk>v g+ D 2 Z 931 Ve, £V e,
i=1 7" j=1 i=1 1" j=1

k=1

—_gWm _g
fa —Hfg

(1)

for the individual blocks of the hessian (8) where, we make use of the notation g,(jg = gx(0y; y](-i))
and £ = fi(67;u).

Lemma 4.1. Under Assumptions 1, 2 and 3, and for € BE“C(HO), with high-probability we have
forall k € [K]

B () @ c(9)
max ng PR | IS , and max max V 0,9k, < (12)
i€[n] mf i€[n] j€[q:] ’ Vg

Ve, fill, < o), and ||Vg,gr|| < o9, (13)

where c(), (9 o) o9 are suitable constants, Vg, (-) = 9(-)/06, Vg, (-) = 9(-)/086,,
V3 (1) = 62(-)/06% and V3, (-) = 6°(-)/062.

Proof. The proof follows directly from Theorem 3.2 in (Liu et al., 2021a). O
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4.2 GEOMETRIC CONVERGENCE BASED ON RESTRICTED STRONG CONVEXITY

We now focus on establishing the convergence of gradient descent (GD) by using the Hessian spectral
norm bound. The convergence analysis is based on a generalization of the notion of restricted strong
convexity (RSC) of the loss (2) (see (Negahban et al., 2012; Negahban & Wainwright, 2012; Zhang
& Cheng, 2015; Zhang & Yin, 2013; Lai & Yin, 2013) for a review of RSC and its applications in
high-dimensional statistics for linear models). In order to further aid clarity of exposition, we state
the main results along with their implications in this section and leave the details of the proofs to
Section A.3 in the Appendix.

Definition 2 (Restricted Strong Convexity (RSC)). A function L is said to satisfy a-restricted strong
convexity (a-RSC) with respect to the tuple (Q, 0) if for any 8’ € Q C RP and some fixed 0 € RP?,

we have L(0') > L(0) + (0" —0,VoL(0)) + 5 ||0' — 6 ; with o > 0.

Note that £ being a-RSC w.r.t. (S, 8) does not need L to be convex on RP. Further, let {6;}:>0
denote a sequence of iterates obtained from GD, i.e.,

0t+1 = Ot — T]tVQE (Ot) . (14)

Since 0, = [HT HT .] T, we will use dynamic restricted sets Qf. C RP, where p = p + + Dg, to show
RSC of the DeepONet loss Note that these sets are parameterized by a constant x which measures
the absolute cosine similarity between suitable vectors (see Section A.3 and specifically Proposition 1
in the Appendix for a detailed discussion on these sets). Further, our optimization for DeepONets is
based on a second order Taylor expansion of the loss (2) w.r.t. 6; = [0, 8, ]

1 ~

L(0) = L(6:) + (0 — 6,,VoL(6,)) + 5(9 —6,) H(0)(6-6,), (15)

where, Vg £L(0;) and H(é) are as in (8), (9), (10), and (11), and = 76 + (1 — 1)@ for some
T €[0,1].

Definition 3 (Q. sets.). For an iterate 0; = [GL Hgt]—r, consider the singular value decomposition

K _ _ q
DI WD RN LI AR et 16
Yj=1 k=1 h=1

where ¢ < qk, and o, > 0, ap, € RPf by, € RPs respectively denote the singular values, left singular
vectors, and right singular vectors. Further, let

Il gn1 & G
=3 =N Go(u) () . 17)
i j=1

Then, for some suitable r € (0, ], we define the set:

Q= {BI [07:05] : | cos(6” — 6:, VoG, )| > r,

q (18)
Z%(B} —0f.1,an)(0, —0y4,by) >0, Vh € [q] } :

Remark 4.2. Note that p¢, p, are respectively the number of parameters in the branch and trunk nets
and the models can be sufficiently over-parameterized such that they are larger than the number of
training examples ¢ = Y ", ¢;. O

Remark 4.3 (Q% sets). The specifics of the restricted set Qf, € RP/*Ps stem from technicalities in
the analysis. For a detailed outline of these sets we refer the reader to Section A.3 and specifically
Proposition 1 in the Appendix. O
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Theorem 4.2 (RSC of the loss). Under the assumptions Assumptions 1, 2 and 3, V@' € B}fi =
Q! N BE"(6y) with high probability we have

o ~ c
L(8)) = L(8:) (0 — 6, VoL (6)) + 6/ 0y, where ;= e[| VoGl - 7% :
19)
where G, = 137" ql ol , Go, (ul ))(u( )) and ¢1, ¢y > 0 are constants. Thus, the loss £(6)
satisfies RSC w.r.t (B, 6;) whenever a; > 0.
Proof. A detailed proof is presented in Section A.3 in the Appendix. O

Theorem 4.3 (Smoothness of Loss). Under the assumptions Assumptions 1, 2 and 3, with high
probability, for & € B"(6y), L(8) is 3-smooth with 3 = bo® + % with ¢ = max(c(), ¢9)), o =
max (o), 0(9)) with ¢, ¢(9) o(F) o(9) as in Lemma 4.1.

Proof. We again refer the reader to Section A.3 in the Appendix for a detailed proof. O

Lemma 4.4 (RSC = Restricted PL). The RSC and Smoothness of the Loss together imply a
form of Polyak-t.ojasiewicz (PL) condition w.r.t. the tuple (B, 6;), unlike standard PL which holds
without restrictions (Karimi et al., 2016).

Proof. For a detailed outline of the proof, we refer the reader to Section A.3 in the Appendix. [

Theorem 4.5 (Global Loss Reduction). Consider the same conditions as in Theorem 4.3 and a;; > 0
for ¢t € [T for a gradient descent update 0; 1 = 60, —n; Vo L(0;) with n; = % for some w; € (0,2),

where §3 is defined as in Theorem 4.3. Then, with high probability, VO € arginf L(0) with

0€BE(8,)
0<y:= % <land @, € arginfgc e NBEue (6, ) £(0), we have
- arwe (1 — _
L(0:1) — L(B) < (1 & f<ﬂ %)(2—%)) (£(6,) — L(D)). (20)

Proof. We refer the reader to Section A.3 and in particular Lemma 1 in the Appendix for the
proof. O

Remark 4.4. A direct consequence of Theorem 4.5 is global reduction in the loss in R? and thus the
convergence of gradient descent for the DeepONet optimization problem. O

5 OPTIMIZATION GUARANTEES FOR DEEPONETS: RELU ACTIVATIONS

We now present an alternative optimization analysis”, based on the Neural Tangent Kernel (NTK) (Ja-
cot et al., 2018), to establish guarantees for the convergence of gradient descent and its variants for
DeepONets. Although the NTK convergence theory holds for both smooth and ReLU activations (see,
e.g. (Allen-Zhu et al., 2019; Du et al., 2019)), we present this in context of the latter. Further, in this
work we only present a proof for the positive definiteness of the DeepONet NTK at initialization. This
allows one to readily transcribe analogous existing arguments for deep networks, for the convergence
of gradient descent, to the DeepONet model. (Allen-Zhu et al., 2019; Du et al., 2019; Nguyen et al.,
2021) Now, recall the DeepONet predictor

Go ( (’)) ka (9f U(z)) Gk (eg;y](i)) ; (21

The hessian-based analysis presented in Section 4 constitutes a sufficient condition and is not directly
applicable for the case of ReLU activations. In contrast, the NTK analysis presented here applies to both smooth
and ReLU activations.
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and its corresponding gradient with respect to the parameters 6,

5 | gn <997y] )v"ffk (05;u®)

VeGo(u)(y;") = (22)
’ = | fr (ef?“(l)) Vo, 9k (eg;yg(‘ )>
This allows us to write the NTK (@) of the DeepONet, which is a ¢ x ¢ matrix as:
K0) = [{VoGo(u™) ") . VoGou)w))] . (23)

where, again, ¢ = >, ¢;. Given the branch and trunk nets are initialized using standard initial-
ization techniques, as typically done in practice for deep networks, (Arora et al., 2019b; Du et al.,
2019) with the addition of Assumption 3, the resulting branch net NTK K ;. and trunk net NTK
Kg,k, namely

Kex = [<Vef W B <9f’ ) Vo fr (af ul )ann

K%k:[<vawﬂk(Qp% ) V%kgk(gﬂh )H

can be shown to be positive definite with high probability for each k& € [K] (Nguyen, 2021; Liu et al.,
2021a; Du et al., 2019). In particular, with high probability, for k& € [K], we have

Amin(lcf,k) > )‘O,f ’ and )\min(Kg,k) > )‘O,g Vke [K] ’ (25)

where A\yin (Kfx) and Amin (ICq ) are the minimum eigenvalues of the branch and trunk net NTKs
respectively, and Ao r, Ag,4 > O are positive constants (see, e.g., Theorem 4.1 in (Nguyen, 2021)).

(24)

axq

Theorem 5.1 (X(0) is positive definite at initialization). Given standard initialization for the branch
and trunk nets, and granted that the individual branch and trunk net NTKSs are positive definite
(24)-(25), the NTK of DeepONet is positive definite at initialization, i.e.

o 'E[K(8)]a > ¢ >0, (26)

where a denotes an arbitrary block unit vector with n blocks, and «; ; corresponds to the j-th entry
in the i-th block and c denotes a positive constant.

Proof. We refer the reader to Section A.4 and specifically Propositions 2, 3 and 4 O

Remark 5.1. A direct consequence of Theorem 5.1 is that the DeepONet NTK is positive definite
at initialization. It is then straightforward to invoke standard NTK analysis to show convergence of
gradient descent during training, see, e.g. (Jacot et al., 2018; Du et al., 2019; Arora et al., 2019b;a;
Allen-Zhu et al., 2019; Nguyen et al., 2021). ]

6 EXPERIMENTS

We now turn to an empirical evaluation of the effect of over-parameterization on the training perfor-
mance of DeepONets, as measured by the empirical risk over a mini-batch B of the training dataset
(3.2), for three canonical operator-learning problems. The results for smooth activations empirically
verify the analysis in Section 4 whereas the ones for ReLU activations verify the analysis in Section 5.
In all the examples described below, we consider FNN architectures for both branch and trunk nets
which are similar to the ones chosen in (Lu et al., 2021). For definiteness, we set the width in each
layer of the branch and trunk net to be the same (i.e. my = mgy = m) and then increase it uniformly
from m = 10 to m = 500. We monitor the training process over 80, 000 training epochs and report
the resulting average loss over each mini-batch with size np,

1 B 1 qi ‘ ) ‘ 4
=—) = D) (D) — Gt () (P
Loy : nB;qi;£<G9(u )(y;”) = GT(™)(y )), 27)

where np denotes the number of input training functions (u*) in the batch B. We refer the reader to
Section A.5 in the Appendix for specific details of the setup. Figure 2 shows the training loss (27) as
a function of the epochs for DeepONets with smooth activations and Figure 3 shows the same for
ReLU activations.
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Figure 2: Training progress of DeepONet with a smooth activation function selu (Klambauer et al.,
2017) for (a) Antiderivative Operator, (b) Diffusion-Reaction Equation and (c) Burger’s Equation.
We plot the training loss (27) as a function of the epochs with the y-axis on a log-scale to clearly
distinguish the effect of increasing width (m). Increasing the width m of the branch and trunk net
leads to lower losses for all the problems.
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Figure 3: Training progress of DeepONet with ReLU activations for (a) Antiderivative Operator, (b)
Diffusion-Reaction Equation and (c) Burger’s Equation. The y-axis is again plotted on a log-scale to
clearly demarcate the effect of increasing width. Increasing the width m again leads to lower training
losses.

Remark 6.1. We store the mini-batch training loss at every 100-th training epoch and observe that
the training loss measured over the mini-batch is lower for wider DeepONets. This observation is
consistent for both smooth (selu) and non-smooth (re1u) activations. O

Remark 6.2 (Antiderivative Operator). The Antiderivative operator is a linear operator and hence is
learned very accurately especially for wider DeepONets (Lp,, ~ 10712 at the end of training). [

Remark 6.3 (Diffusion Reaction). The Diffusion reaction equation also demonstrates lower loss
with increasing width, albeit less markedly than the antiderivative operator. This can be attributed in
part to the fact that the operator is inherently nonlinear. O

Remark 6.4 (Burger’s equation). The operator corresponding to Burger’s equation is more intricate
with the added periodicity constraints on the solution (see Section A.5.3 in the appendix for details
on the problem). We remark the distinction from the operator learning problem for Burger’s equation
studied in (Li et al., 2021a) where the operator only sought to learn the mapping from the input (initial
condition ¢ = 0) to the final output ¢ = 1 and not the entire solution space (z,t) € [0,1] x [0,1]. O

7 DISCUSSION AND CONCLUSION

We present two novel optimization analyses for DeepONets (Lu et al., 2021) based on over-
parameterization and establish convergence guarantees for the DeepONet models with smooth
and ReLU activations. The analysis for smooth activations is built on top of the restricted strong
convexity of the DeepONet loss whereas the one for ReLU activations is based on the positive
definiteness of the NTK at initialization. To the best of our knowledge, this is the first work to
mathematically and empirically show the benefits of over-parameterization on the the learning of
DeepONets.
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A APPENDIX

A.1 LEARNING OPERATORS

Here we briefly outline the notion of learning for neural operators (Li et al., 2021a; 2020; Lu et al.,
2021). The standard operator learning problem seeks to approximate a possibly nonlinear operator
G' : U — V by a parametric operator Ggce : U + V that depends on the learnable parameters
6. The goal is to learn an optimal set of parameters 8 such that Gy ~ G'. Given observations
{fu}n_ € U and {GT(u))}"_, € V where ul?)) ~ 1 is an i.i.d sequence from the probability
measure y supported on U and G (u(j )) is possibly corrupted with noise, the objective is to find 67 as
the solution of the minimization problem

0" = arg min Eq,, [C (Gg(u), GT(u))] , (28)
0co

where U and V are separable Banach spaces and C a suitable cost functional. This is analogous to the
notion of learning in finite dimensions, which is precisely the setup classical deep learning used for.

A.2 DEEPONET ARCHITECTURE

m, width of the branch net

Input Functions
mg width of the trunk net

“inner product”

. & & 5 * ! T K !
S ime i | Go(u)(y) = > fi(By;4)gk(0,;9)

ver' ()"} LR A A 0:|:0f:| 6; €R?

Output Locations % 0, cR?
g

Trunk Net: 9(6,;v)

Figure 4: A schematic of the unstacked DeepONet architecture (Lu et al., 2021) used in this study.
Note that the input functions need not be sampled on a structured grid of points in general.

A.3 OPTIMIZATION GUARANTEES FOR DEEPONETS: SMOOTH ACTIVATIONS

Theorem 4.2 (RSC of the loss). Under the assumptions Assumptions 1, 2 and 3, V@' € B}fi =
Q! N BE"(6y) with high probability we have

(67 = C:
L(8)) = L(8:) +(6 — 6, VoL (6)) + 6/ 0y, where o, = e[| VoGl - 7% ,

19)

where G, = 577" | % 1, Go, (u“))(g/;i)) and ¢, c > 0 are constants. Thus, the loss £(6)

satisfies RSC w.r.t (B?, 6;) whenever a; > 0.
Proof. From the Taylor expansion in (15), to establish (19) it suffices to focus on the second order
term and for 8’ € B* show

(0 —0,)TH(0)(0 —6,) > a,]|0' — 0,2 . (29)

13
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Given the 2 x 2 block structure of the Hessian as in (8), denoting 60 := 6’ — 6, for compactness, we

note that _
56T H(0)66 = 60 Hy;5665 + 2507 Hyg00, + 66, Hyy60, . (30)

T T> Ts
Focusing on 7' and using the exact form of Hyy asin (11), we have

K
SN P <5ef,zgxz-v9ffﬁ>> DWW WAL

k=1

(a) i ' ‘ ,

where (a) follows from Assumption 2 and Lemma 4.1. The analysis for 75 is similar, and we get

)\Coc

H5ef||2 ; €20

Acoel®)

lem 1 & 2
> =N =N (66,, Ve, Go(u)(5) ) — Z—1106,]3 . (32)
n;qz; ’J< g > N

Focusing on 7T and using the exact forms in terms of H}l) and H (2) asin (11), we have
1 T
A Y DN L 1)

= ] 1 k=1

K
vony (1A S (3w ) (35 4050t ) o,
k=1

k'=1

q
@ o7 (Z ahahb;> 30, + 6] ,Z Zé Vo, Go(u™)(y" Ve, Go(u™) (1T | 56,

h=1 1= 1

(08, 58,0 S fo (365 Va,Go(u)(u")) (36, Vo, Golu) "))
i= 1

q
—x
®) n , , ) .
s ;Z ql Z@" (087,60, Go(u ) (")) (36, Vo, Go(u)(y") ) - (33)

where (a) follows from SVD as in (16), (b) follows since by Definition 3, (6, ap) > 0, (66,4, b) >
0. Combining (31), (33), (32), using m = my = my and ¢c; = max(cf), ¢(9)), we have

)\C()Cl

_ lem 1 & INU? S 2
THE@ > > ;f;tj ({587 Vo, Gow®) ")) + (05, Vo, Golw®) ")) )"~ “TH 0613

@ 11 & NG M O\\2  Ace
> a3 D2 (905, Vo, Golu) ")) + (58, Vo, Go(u)(u")) )"~ ~ = 5613
i=1 1" j=1
@ ()¢ () A @y, Y\ )2 Acc
> o (907 Vo, Gotu) ")) +( 56, Vo, Go(u)(5;"))” ~ “ Tt 156113
~ Ac
—a(66,VGo)” — \/(fl 1662
(© 2 = 12 2 Acpct
> ar”||VeGoll2]160]]; — v 156113

= o003 ,
where (a) follows from Assumption 2, (b) follows from Jensen’s inequality and with Go =
IS ql, ol Gg(u(i))(y;’)) as in Definition 3, (c) follows from Definition 3, and o

a/*€2||V9G9 H2 ’\\C/%Cl . That completes the proof. O
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Proposition 1 (Q°, is non-empty). For over-parameterized branch and trunk nets with py, py > gk,
the restricted set Q. is non-empty.

Proof. We simply construct a ' = [Q}T OQT]T € Q! along with the value of x. Without loss

of generality, we make 0; the origin of the coordinate system and work with the unit vector g =
[g} g;]T = %. Further, we assume 6’ also to be a unit vector. Then, our problem reduces to
t

feasibility of the following system of two quadratic equations over 0} € RP7, 0, € RPs:

o) (Z a;lla;llbL) 6, >0
h=1

((65.85) + (8,,84))° = K2,

where o, , U;:Lr2 > 0, aj, € RP/ are orthogonal unit vectors, b, € RPs are orthogonal unit vectors,
g=1[g; g " €RP/TPoand @' = [0);0)] € RP+Po are unit vectors, and we can choose # € (0, 1].
Without loss of generality, assume ||g (|2 > ||gg/|2- Then, set 8 = 0 so that our feasibility condition
reduces to (6%, g )2 > k2 for some suitably chosen € (0, 1]. Finally, set 0 = ”_ H so that

_ 2
= 8 - 5 112 2
s = (B ) = sl
d &7 ll2 ?
so that x € (0, 1] (in fact, & > 1/+/2) as desired. That completes the proof. O

Theorem 4.3 (Smoothness of Loss). Under the assumptions Assumptions 1, 2 and 3, with high
probability, for @ € BF"(6y), L(8) is 3-smooth with 5 = bo? + % with ¢ = max(c(f), ¢9)), o =
max (o), 0(9)) with ¢, (9 o(F) p(9) a5 in Lemma 4.1.

Proof. By the second order Taylor expansion about 0, wehave L(0') = L(0) + (6' —0,VoL(0)) +
10— H_)T%(ﬂ’ — 0), where 6 = €6’ + (1 — £)8 for some £ € [0, 1]. Then,

-0 L5 g gy~ (o - ( Z Zé” VG () VG ) (5T

40,7260 0 )0~ )

- %2524’,& 0.6 ()"
i=1 1" j=1
I
T Z D 0)" V2Gs(u)(y;")(0' - 0) .

Iz

Now, note that

131 & _ . 2
- = M ONMO)
n;q Eﬁ) ;{0 = 8,9G(u ) "))
(@) b & 1
<232 HVG (u® ”H 00
e ) )L [

®) 211p’ _ A2

where (a) follows by the Cauchy-Schwartz inequality and (b) from Lemma 4.1.
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For I, with Q; (; j) = (6’ — )T V2G4(u? )(y](-i))(a’ — ), we have

3112
- _anzllo2er. (0@, cl6” - 6]
Qe.l < 167 = 013 HV Gg(u™)(y, )H2 < T Jm
Then, we have
Z Zf 6)"V?Cg(u)(y;")(6' - )
@ L 1/2
<Al = ~02?,. .
- <n ; qi Qt’(l’j)>
/012
_clo—al
< Jm
where (a) follows by Cauchy-Schwartz. Putting the upper bounds on I; and I back, we have
(0 =)V Go(u)0 )0 - 0) < o7 + 2o — 0]
N
This completes the proof. O

Lemma 4.4 (RSC = Restricted PL). The RSC and Smoothness of the Loss together imply a
form of Polyak-t.ojasiewicz (PL) condition w.r.t. the tuple (B, 8,), unlike standard PL. which holds
without restrictions (Karimi et al., 2016).

Proof. Define
4 o
Lo,(6) := L(0:) + (0 — 61, VoL (8)) + [0 — 043 -
By Theorem A.3, VO’ € B;, we have
L(0) > Lo,(0) . (34)
Further, note that ﬁgt (0) is minimized at ét+1 := 0, — VgL(0;)/c; and the minimum value is:
o . 1
inf Lo, (8) = Lo, (0:41) = L(0:) — =— [ VoL(8:)]3
] 20(1/

Then, we have

(a) A 1
Jnf £(8) > inf Lo,(8) > inf Lo,(8) = L(6) — 5[ VoL(B))I3

where (a) follows from (34). Rearranging terms completes the proof. O

Lemma 1 (Local Loss Reduction in B;). Let a, 3 be as in Theorems A.3 and A.3 respectively, and
B;:=Q'n BE“C(OO) N BE;C(Ot). Under assumptions Assumptions 1, 2 and 3, for gradient descent

with step size Ny = *f,wi € (0,2), for any 0,41 € arginfg.p L(0), we have with high probability

QW

L(01+1) = L(O441) < (1 - (2- wt)) (£(8:) = L(Ot41)) - (35)

Proof. Since L is -smooth by Theorem A.3, we have
L(O:41) < L(O:) + (Ot41 — 60, Vo L(6:)) + §||9t+1 A
= £(0) ~ 9oL+ L VoL (6,3 (36)

— 200 - (1- ) 1vacio13
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Since 0,11 € arginfy, g, £(0) and o, > 0 by assumption, from Lemma A.3 we obtain

—[IVoL(0)]]3 < —204(L(0;) — L(Oz41)) -
Hence

LOis1) — LBrisr) < £(6:) — L(Brsr) — (1 - 5;7) IVo£(6,)3

(%) L(6;) — L(Ors1) — e (1 - ﬂ;”) 20, (L(6;) — L(0:11))

= (1 — 207 (1 — ﬁ;?t)) (L£(0:) = L(Bt41))

where (a) follows for any 7; < % because this implies 1 — % > 0. Choosing n; = ‘%, w € (0,2),

QW
B

This completes the proof. O

LOiir) — LO,1) < (1 oy w) (£(8) — £(Bi11))

Theorem 4.5 (Global Loss Reduction). Consider the same conditions as in Theorem 4.3 and a;; > 0

for ¢t € [T] for a gradient descent update 0; 1 = 0, —n: Vg L(0;) with ), = % for some w; € (0,2),

where 3 is defined as in Theorem 4.3. Then, with high probability, V8 € arginf L£(6) with
0€BE(6,)

_ L(8e41)—L(8)

0<% =6y "7z@ <!land 0:41 € arginfoc gt peuc(gy) L£(0), we have
= opwe (1 — ~
£00) - £06) < (1= 200 ) ) (2060) - £06). o)

Proof. We start by showing v, = % satisfies 0 < v < 1. Since 0* € arginf £(0),
! 6eBEuC(gy)

0,41 € arginf £(0), and 0,1 € QL N BF“(6y) by the definition of gradient descent, we have
6cB,

_ (a)
L(0%) < L(Oy41) < L(Or41) < L(6,) — %Ilveﬁ((%)\\% < L(6:) ,

where (a) follows from (36). Since £(6;,1) > £(0*) and £(6;) > L(0*), we have ; > 0. Further,
since L£(041) < L£(6,), we have v, < 1.

Now, with w; € (0,2), we have
L(Or+1) — L(8%) = L(Or11) — L(Or41) + L(O141) — L(67)

< (1 - O‘tﬂ“’t (2 - wt)) (L(8;) — L(Br11)) + (1 - O‘t;’t (2- w)) (L(0111) — L(6%))

# (600 - (1- 2542 - £0e)) - (£07) - (1= 2522 - £067))

= (1 2@ ) ) (6000 — £6)) + (2 = ) (£(Brs) — £(6°)
= (1 2@ ) ) (6000 — £6)) + 22 = ) (£061) ~ £6°)
— (1 a0z - ) ) (00 - £67).

That completes the proof. ]
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A.4 OPTIMIZATION GUARANTEES FOR DEEPONETS: RELU ACTIVATIONS

Recall the DeepONet predictor (1)

Go () 47 =3 i (650 g (") o
k=1

In the analysis, it is useful to distinguish between the parameters up to the pre-final layer and the
final layer, i.e. dim(@) = My + My + (ms + mgy)K, where My and M, denote the number of
parameters in the branch and trunk nets till the pre-final layer respectively and my - K and m, - K
are the number of weights in the last layer of the branch and trunk nets respectively. In essence we
have dim(0f) = My + my - K and dim(6,) = M, + m, - K. We note that it is sufficient to show
positive definiteness of the above NTK at initialization. Once that has been established, standard
approaches (Jacot et al., 2018; Du et al., 2019; Arora et al., 2019b;a; Allen-Zhu et al., 2019) allow
one to show the geometric convergence of (S)GD. In the sequel it proves useful to rewrite the branch
and trunk net outputs as:

fk <9f,u(l)) = %w]g{;),,f_h (efvu(l)> ) 9k ( gay] ) Z w(g;)L/gh’ ( gvyj(l)> ) Vke [K}v
h=1 h'=1
(38)

where wk ). h € [my] are the weights of the linear last layer of the branch net and wk h,, h' € [mg]

are the welghts of the linear last layer of the trunk net. Similarly, 6 and 6; are the parameters

leading up to the pre-final layer in branch net with m ; outputs [f5,, h € [m/]] and trunk net with m,
outputs [gn/, h' € [mg]] respectively. We will denote by 6y ;, all the parameters corresponding to fy,

ie. Oy = {wk ns B € [my], @7} which includes all the parameters needed for fj, for each k € [K].
Similarly we denote by 8, 1, all the parameters corresponding to gy, i.e. Oy = {wkyh,7 h e
[mg]a 9{7}-

We can explicitly write the NTK for the DeepONet model, specifically entry corresponding to the
inputs {u"), y; (D1 and {u() y '} as:

(VoGau) ") . VoGau)(5}"))

K

= Z g (09;y§“) Gk (Hg,yJ ) <V9ffk (Gf, ) Vo, fr (9f;u(i/))>
kok'=1
+ Z fr <9f, )fk’ <9f, ) <V9 gk( gay] ) Ve, gk (99,2/]( ))>
ke k=1
S (0o (0 S 05 o, o)
TV
+ ifk (Hf;u(i)> fr (Hf;u(il)> <Veggk (0g,yj ) Ve, gr (09;y§f,)>>
k=1
e
+ Z gk( g,yj )gk' (9971/3 )<Veffk: <9f, ) Vo, fr (0f7 )>
L)
o 35 0 00 (o) S 05

(39)
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Theorem 5.1 (}C(0) is positive definite at initialization). Given standard initialization for the branch
and trunk nets, and granted that the individual branch and trunk net NTKs are positive definite
(24)-(25), the NTK of DeepONet is positive definite at initialization, i.e.

o 'E[K(0)]a > c >0, (26)

where a denotes an arbitrary block unit vector with n blocks, and «; ; corresponds to the j-th entry
in the ¢-th block and ¢ denotes a positive constant.

Proof. The proof follows as a direct consequence of Proposition 2 together with Propositions 3 and 4
O

Proposition 2. With the branch and trunk net weights initialized using standard initialization
techniques and the last layer of branch layer initialized according to Assumption 3, we have

E[T}(05.05] =0, E[T{}.165.65] =0, kK €[K]. (40)
where Tlflz, is defined in (39)

Proof. As noted in Assumption 3, the last layer weights for the branch and trunk nets are initialized

as zero mean Gaussians, i.e., wl,(c ,)l, w,(f,)l, ~ N(0, L) for k € [K], h € [my], b € [m,], similar to

the other layers. Now,

T]f]g/ 9k (eg; y](l)) gk’ (eg§ yj(f )>

(B @) (Bona o)),

h'=1 h'=1
= Z wl(cgi)L’wk/ h/gh (667 yJ(Z)) gﬁ/ <067 y_;f )) 5
h’,h’ 1

which in turn implies

Mg
3 y
EITC10,.0) = Y Elwlw? o (05 g3 (05:")

R',h/=1
2y . _ 42)
@ _ DY - v (
S B B Jaw (85:0.”) g5 (65505
' h/=1
= O y
where (a) follows since w,i })1/ and w](f,)h/ are independent. The analysis for Téjl,z, is similar. This
completes the proof. O

Proposition 3. Given that the terms T( ), and T,Ejllz, can be suitably bounded close to zero, we have
for any arbitrary block unit vector o

K 2 K 2
OéTIC(O)Oé > >\O,f ; HOL O) gk(gg; y( ))HQ + )\07g ]; HOL © (lp X fk(ef; u(')) HQ . 43)

where 1, denotes the qg-dimensional vector of all entries equal to one.
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Proof. Focusing on a quadratic form of X(8), and ignoring the T'(), T,E%k)/ terms, for any arbitrary

block unit vector o, we have

a’K(@)a= Y aiaig (VeGe)y") | VaGou) i)

(4,5),(#,3")

S s S 0o () (T (00) a5 014

(4,9),(#,37)

CF s S (040) 5 (00 (S 0187) o (0057))

(4,4),(,3") k=1

- i 2, i (Og;yﬂ('i)) Ik (Og,y] ) <V9f" (gfvu ) Vo fr (Gf;u(i/))>

k=1 (i,5),(i".3")

+ i Z o g g [ <0f;u(i)) fr <0f;u(i/)) <Vggk (09,% ) Vg (gg;yj(_f'))>

k=1 (i,5),(#",3")

=355 5 e (00)) (s (0)) (o 00) ot ()

Sl
+ Z Z (Ozi,jfk (aﬁu(i))) (ai’,j’fk <0f§u(i/)>) <V99k (99731] ) ,Vogr <9g;y§f,))>
=1(,5),(¢",5")

K 2 2
Z Amin (K © 1) Ha © gr(0y; 9" ))H2 + Amin (K1) Ha ® (1q @ fr(05; u(-)) H2
=1

> AOfZHank Hg,y H +/\QQZH(1® (1q®fk(9f;u('))Hi ,

where I; denotes the g-dimensional identity matrix since c; ;j gr (09; yj(l)) varies with j whereas the

kernel K ; does not; 1, is the g-dimensional all ones vector since for the a; ; f1.(0; u'®)) terms, for
a fixed i, cv; ; differs with j but fy, (6;u() stays the same; Amin (Kr,x > Ao, 5 and Apin (Kg i) >
Ao,g- This completes the proof.

Note that we require « is a block unit vector with o ; denoting the j-th position in the ¢-th for

convenience in dealing with the quadratic form above. Given that 7) T,g4,2, terms are close to 0 in
expectation, as shown in Proposition 2, we now need to show that the NTK K(0) is positive definite.

Proposition 4. Given that the terms T,gg, and Tﬁg, can be suitably bounded close to zero by
Proposition 2, we have, for any arbitrary block unit vector a, and some k € [K|,

2 2
Hoz@gk(Og;y.('))H2 >c1 >0, or Ha@ (1p®fk(0f;u('))H2202 >0, (44)

where 1, denotes the q-dimensional vector of all entries equal to one.

Proof. Now, for the first term, for some &k € [K], making use of (38), we have

@i, j g ( g7yj Z wk h,amgh, <9§;y§i)) - <w;(f.),04¢7j§. (0g§y§i))> .
h'=1

Since the trunk net is a ReLU network, following the argument in Lemma 7.1 in (Allen-Zhu et al.,
2019), with probability at least 1 — O(qe~¥"/4L)) for all (i, j) we have Hg ( Y (1)> H >1/2.
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Recalling that w,(cg,)l, ~ N(0, +), taking expectation over the randomness of w,(cg,)l,, we have

IEHa@Qk oy’ H ZE<wk Q4 3. (0§§y§i)>>2
_Z< W], 02,0° (85:08"))

(1.5)

Hence, we have

K
2
Mo B Ha ®gk(99;y~('))H2 >
k=1

and, with a similar argument

K 9 1
03l (39 100 2 b
k=1

As a result, we have

o E K(0)] > Ao,f + Aog

> 5 >0. (45)

The high probability version of the result can be obtained by applying Hoeffding (for cross terms) and
SN2
Bernstein (for square terms) bounds on <w,(€q), ;. ;3. (0g; yj(.’))> . That completes the analysis. [

A.5 EXPERIMENTAL DETAILS

For the optimizer we choose Adam (Kingma & Ba, 2014) with an adaptive learning rate schedule
initialized at a learning rate g = 10~>. In order to generate training data for all three examples, we
sample the input, denoted by u(x), from a zero mean Gaussian process (GP) on a grid {«;}]”, € [0, 1]
and generate outputs corresponding to each sampled function by solving the ODE/PDE (see (Wang
etal., 2021; Lu et al., 2021) for a detailed discussion on data generation). For end-to-end training we
use the deep learning framework JAX (Bradbury et al., 2018) and build our code on top of (Wang
et al., 2021) for Diffusion-Reaction and Antiderivative operators and we develop our own for the
Burger’s equation. We now briefly outline the problems below along with the specifics of the training
process for each of them.

A.5.1 ANTIDERIVATIVE OPERATOR

The antiderivative (or simply the integral) operator corresponds to a linear operator defined explicitly
by a linear ODE (initial value problem) in the unknown function v(z) € V, given the input u(x) € U,
and the constant v(0) for mathematical well-posedness, i.e.

du(x)
dz

=u(z), ze€l0,1] st wv(0)=0. (46)

We learn the operator mapping u () to its corresponding integral v(z) = Gg(u)(x) for all z € (0, 1].
For generating the training data, we sample the input functions from a univariate Gaussian process as
outlined above and the output points randomly on the interval [0, 1] and choose np = 10000 for our
empirical results
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A.5.2 DIFFUSION-REACTION PDE

In this example we learn the operator mapping the input forcing function u(x) to the output v(z, t)
for the nonlinear Diffusion-Reaction PDE given by

ov 0?v v(0,2) =0
— =D—— +kv® +u(x), (z,t)€(0,1]x(0,1] st {v(t0)=0 (47)
ot 0z

v(t,1) =0

where D = 0.01 and k£ = 0.01 are constants denoting the diffusivity and reaction rate respectively.
Note that in this case we are learning the operator v(z,t) = Gg(u)(x,t). For each sampled input,
the PDE is solved using a backward finite-difference solver on a grid (x, t) of size (150 x 120). For
training, the number of input sensors is fixed at m = 120. The number of input samples () is chosen
to be 5000 and ng = 10000.

A.5.3 BURGER’S EQUATION

Finally, we look at the Burger’s equation benchmark similar to the one investigated in (Li et al.,
2021a) with the distinction that we learn a mapping from the initial condition v(z,0) = u(z) to the
solution v(z, t) for (x,t) € [0,1] x (0, 1]

dv v 9?v

+v— -

a 61‘ 1/@ = O, (x,t) c (0, 1) X (O, 1]

{v(x,O) =u(z), z€(0,1)
v(l,t) =v(0,t) te(0,1)

(43)

We generate the training data using a stiff PDE integrator chebfun (Driscoll et al., 2014) on a grid
resolution of (501, 501) and p = 200 training points sampled randomly on the solution grid.
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