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Abstract. Physics Informed Neural Networks (PINNs) solve time-dependent Partial Differential Equations (PDEs) by minimizing the
residual, initial, and boundary conditions loss functions. The loss functions in PINN are generally not robust. The decrease in the loss function
may not correspond to the decrease by the true error (the norm difference between the numerical and exact solution). Following the idea of
Robust Variational PINN (RVPINN), we define the robust loss function by employing the weak residuals and the inverse of the Gram matrix
as the discrete representative of the Riesz residual. To avoid the expensive integration of the weak residuals, we introduce the collocation
method, where we use discrete weak formulations with integration replaced by summations at the collocation points and test functions replaced
by Kronecker deltas. With this setup, we derive a sparse Gram matrix as the H(} discrete inner product of the Kronecker delta test functions.
The inverse of this Gram matrix can make the loss function robust. Furthermore, to accelerate the training process, we perform a truncated
Singular Value Decomposition (SVD) of the inverse of the Gram matrix and use fast matrix-vector multiplication for the reduced rank matrix.
The presented strategy reduces the cost of precomputing (before training) from ¢’(N3) (inversion of the Gram matrix) to &'(N?k) (truncated
SVD decomposition for k << N, and the cost of training from &(N?) to (Nk) in each iteration of training.

Key words: Collocation method, Robust loss, Physics Informed Neural Networks, Singular Value Decomposition, Non-stationary advection-
diffusion

1. INTRODUCTION [11] using the example of the Eriksson-Johnson problem (a

. 2D stati dvection-diffusi blem). We show that th
Recently, Physics Informed Neural Networks (PINN) have be- sationary acvection-ciflusion pro em). We show that the
. . . . PINN loss is not robust (it is not related to the true error). In
come a very popular method for solving Partial Differential

. . . Section 3, ize the Collocation-based Robust Vari-
Equations (PDEs). They were introduced by George Karni- agg;;n Ph v;i:?;?;;iﬂjg N:ura(i Noz?\;g?ks a(ngVlSH\l;;) [Ellr(;]
adakis [[1]. PINNs have multiple applications, including nano- Y

for stati dvection-diffusi bl d how that
optics and nano-materials [2]], biomedicine [3], high-speed or stationary agvection-Cizusion problems, and we siow tha

. . the CRVPINN loss is robust (related to the true error). In
flows [4], wave propagation problems [], point-source PDEs the next Section 4, we generalize the idea of CRVPINN to
[6], and transient problems [7]. The extension of PINNs into ’ &

L ondiffusi lems. . .
weak residuals (Variational PINNs) is presented in [8]. The Sgslze:letﬁznsgmu?::e\:/c;lls: g;cﬁzozﬁrﬁ)zﬁsthosdefgzn:e dd:ls
loss functions of PINNs or VPINNs are generally not ro- & P p P

. the CRVPINN training. The numerical results are presented in
bust. They are not equal to the true error (the difference be- . . .
. . . Section 6. We conclude the paper in Section 7. We also present
tween the exact solution and the numerical solution as pro- a link to the time-dependent CRVPINN code in Section 8
vided by the neural network). The extension of VPINN into P '

robust loss functions (Robust VPINNs), which are related to
the true error, is presented in [9]. A method to speed up the 2. PHYSICS INFORMED NEURAL NETWORKS FOR STA-
RVPINN by introducing the collocation method (Collocation- TIONARY ADVECTION-DIFFUSION EQUATIONS
based RVPINN) and discrete weak residuals is presented in
[10]. The RVPINN or CRVPINN methods require the inver-
sion of a carefully constructed Gram matrix and the multipli-
cation of the residual loss by the inverse of the Gram matrix. In
this paper, we analyze how performing Singular Value Decom-
position instead of inversion can speed up the training process. B-Vu—€Au=0 inQ
In particular, we do not compute the full inverse of the Gram u=g overdQ,
matrix; instead, we replace it by computing the partial SVD
of the Gram matrix and using its inverse to approximate the ~ with 8 = (1,0), € = {0.1,0.01}, with g such that
robust loss function.

The structure of this paper is as follows. In Section 2,

For Q = (0,1)2 € R? we seek solution Q > (x1,x2) —
u(x1,x3) € Z of the model Eriksson-Johnson problem [12]], a
challenging model problem for verification of numerical meth-
ods,

g(0,x2) = sin (7x,) for x; € (0,1),

we summarize Physics Informed Neural Networks (PINNs) g(1,x2) =0forx; € (0,1)
g(x1,0) =0 for x; € (0,1),
*e-mail: sluzalec@agh.edu.pl g(x1 s 1) =0forx; € (0, 1).
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This problem has a known exact solution

(el G=1) _ o(ra(x=1)))

Uexacr (Y, ) = (e(—’l) _ e(—rz)) sin(y),
C(1+/(1+4e2a2))  (1—+/(1+4€2x?))
"= (2¢) e (2¢) '

We define the shift uy,; ¢ such that

u(xy,x2) = uo(x1,x2) + Ughifs (X1,%2),
Ushifi (x1,%2) = (1 —x1)sin(7xz)

uo(x1,x2) = u(x1,x2) — Ui (x1,x2) = 0 for (x1,x2) € IQ.
The shift function is supposed to match the boundary con-
dition on the x; = 0 boundary of the computational domain.
The function ug,;f; (0,x2) = sin(pix,) which is equal to the re-
quested boundary condition. Using the shift, we reformulate
the problem with zero Dirichlet b.c.: We seek Q > (x1,x2) —
uo(x1,x2) € %, such that

B-Vuy—eAug=—J- Viugyifr + EAugpir;  in

f

u=0 overdQ,

We define Q = (0, 1)2, and we will introduce the discrete do-
main constructed using the spatial resolution h = % The dis-
crete domain

Q, = {(ih, jh) ER*:0<i<N,0< j<N}. (1)
with the interior
Q) = {(ih, jn)} €ER*:0<i<N,0<j<N}. (2

In the PINN approach, the neural network #(x,y; ) repre-
sents the solution approximation, namely,

a(x,y;0) = (F 000 10--000a)(v), ()

where v = [x,y]" is the input vector, <7 (z) = W,z + b; repre-
sents the affine transformation of the i-th layer, and o is the
activation function (sigmoid). Here the 6 = {W;,b;}, repre-
sents the neural networks parameters.

Remark 1. The points {x; ;}; j employed by the training of
the NN for evaluation of the PDE residual are selected from
the 92 space, and the zero Dirichlet b.c. is enforced strongly.

We can form a vector of residuals

]T

{RES(6)}i; =

B - Vuo(xij) — €Aug(xi ;) + B - Vg (xi ;) — EAugnii (i ). (4)

The O represents the neural networks parameters. The
solution up(x;,xp) is now represented by the neu-
ral network parametrization minus the shift func-
tion, namely wuo(xy,x2) = A(x1,%2) — Ugpipe(x1,%2) =

(A ocod 0--000ah)([x1,x]") — ugpip(x1,x2). The
spatial derivatives are calculated via automatic differentiation.

The numerical results for the training of PINN for the
Eriksson-Johnson problem with € = 0.1 are presented in Fig-
ures[T{2] In Figure[T]there is a two orders of magnitude differ-
ence between the true error and the PINN loss values. Updat-
ing the loss function into the robust will make this difference

This article has been accepted for publication in a future issue of this journal,
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Fig. 1. Convergence of PINN training and comparison between the
robust loss and the true error defined as ||uexacr — ug HHd @
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Fig. 2. Left panel: The solution obtained from PINN training. Right
panel: The H} norm difference between the known exact solution and
the PINN solution.

much smaller. In Figure[3]the true error and the robust loss are
almost identical until the iteration of 5000. Later, they are very
close to each other, and this difference is now related with the
number of points employed for training. We will explain now
how to make the loss function robust.

3. COLLOCATION-BASED ROBUST VARIATIONAL
PHYSICS INFORMED NEURAL NETWORKS FOR
STATIONARY ADVECTION-DIFFUSION EQUATIONS

Now, we summarize the CRVPINN method introduced in [10]]
to solve the Eriksson-Johnson model problem in 2D. We define
the space of discrete functions over Q,

L2(Q) = {u: Q, — R}. (5)
We also introduce the discrete inner product
(M7V)L2(Qh) = hz Z u(p)v(p), (6)
PELY,
inducing the norm
||“||i2(gh) = (u,u)12(q,) = n Z u(p)*. @)

PEQ
We also define the functional space over the discrete domain

L(Q4) = {3 (x) = u(x) € %,

Z u?(p) < oosu(x) =0,x € Q. (8)
PEQ
Now, for u: Q;, — R we denote
uw' = u(xi’j) = u(ih,jh). (9)

but has not been fully edited. Content may change prior to final publication.
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(5i»i(xl71+1.n) - 5i-./ (Xmn) (51'-./ (Xmt1,0) — 51'»/'("(111»11» (5i»/'(~’(171.l7+1 ) — 6i,j(Xmn)) (5"-/(“\”711»714 ) 8/’»/(3(”1»/1»
(m,n)==(1j) -1 -1 (m,n)==(1j) -1 -1
(m+1,n)==C,) | 1 1 (m+1,n)==G,j) | O 0
(m,n+1)==(1,j) | 0 0 (m,n+1)==(1,j) | 1

Table 1. The values of the terms (& ;(xni1,4) — 6 j(xmn,) and
(8ij (Xpg1,0) — 61, (xm,n)) with the differences of Kronecker deltas com-
puted at nodes x;; forming the Gram matrix entries. Different rows
correspond to different value of i, ;.

We introduce the discrete gradient operators

Uit],j— Uij Uij+1 —Uij

Viuij = (Visttij, Vyiuij) = (

o h ’
(10)

Vo = (Vo i,V i) = (MiJ _h“ifhj Ui —hui,jfl ) .
(11)

We define them equal to O in the points outside the boundary.
Note that the standard 5-point discrete Laplace operator

1
Anttij = 37 (i1, j+wiorj+ugjoo +uijo —4ui ), (12)

can be expressed as A, =V, oV_ =V_oV,. Finally, we
introduce discrete H(% inner product

H(;(Qh) = {Qh DX — Ui € X,
u € L§(Qn), Veru € L5(Qn), Vyyu € (L5(Q)},

and norm

13)

V)i = (Vert, Virv)paig,) + (Vys ity Vi V) p2(g,) (14)
= Z (uiv1,j—uij)(Vig1,j —vij)+ (15)

0<i<N
0<j<N

+ Y (i1 —uij)(vije1 —vij). (16)
0<i<N
0<j<N

where

Il ) = (0103 0, (17

We introduce Kronecker delta test functions &, > x — §; j(x) €

R
1
0;,j(x) = { 0

We derive now the formula for the Gram matrix using the inner
product. The Gram matrix G; j.x; = (&;,j, Ok) H@) =

= Y (8j(mt1n) = 8 (tmn)) (St (Kms 1) — Bt (Kmn)) +

0<m<N
0<n<N

Y (8 omant1) = 81 (¥mn)) (St (Kmns1) = Gt (Xmn)

0<m<N
0<n<N

For (17]) = (k,l) we have Gtﬂj;k,l =
= Z (Si,j(xrn+l.i7) - 6i.j (xm.n))(6i,j(xln+l.n) - 6i‘j (xr71.n))+

0<m<N
0<n<N

for x = x; ; (18)
otherwise

+ Z (61/ (xm.n+1) - 51] (Xln.)1))(5i.j (xm.nAl) - 51/ (Xm,n)) =4

0<m<N
0<n<N

Table 2. The values of the terms (6 ;(xuv1)— 6 j(xn,)) and
(61.j(Xmpt1) — 0j,j(xmn)) with the differences of Kronecker deltas com-
puted at nodes x;; forming the Gram matrix entries. Different rows
correspond to different value of i, ;.

(6i./'(«’fm+l,n) - ‘Si-j (Xmn)
(m,n)==(i,j) -1
(m+1,m)==(i,j) | 1
(m,n+1)==(@,j) | 0
Table 3. The values of the terms (6 ;(xy41,)— & j(xn,)) and
(8i1,j (Xms1,0) — i1, (xm,n)) With the differences of Kronecker deltas

computed at nodes x; ; forming the Gram matrix entries. Different rows
correspond to different value of i, j.

(6i+17j (x)71+1,n) - 5i+ 1.j (xnuz ))
1

0
0

(51'«/'(*"”1.11 i) — 6!'-;/ (Xmn)) (6i+l,j(xm,n+l) - 6i+1«j(xm,n))
(m,n)==(i,j) -1 0
(m+1,n)==@,j) | 0 0
(m,n+1)==@,j) | 1 0
Table 4. The values of the terms (6 ;(xy 1) — 6 (%)) and

(8i1,j (Xmpt1) — g1, (xmn)) With the differences of Kronecker deltas
computed at nodes x; ; forming the Gram matrix entries. Different rows
correspond to different value of i, j.

This is illustrated in Tables [1}2]
For (i+1,j) = (k,I) we have G j.x; =
= Z (6i,j(x1n+ 1 ,n) - 6!/ (XIHJ‘I)) (5i+lﬁj(xm+l<n) - 5i+1,j (xm7n))+

0<m<N
0<n<N

+ Z (51'Aj(xu1./1+l) - 51'."(-)(/71.11))(6i+1,j(xm.n+1) - 6i+1,j(xm,n)) =-1

0<m<N
0<n<N

This is illustrated in Tables 314l

4 for (i,j) = (k1)
Gi kg = -1 for (k) e {(i+1,)),(i—1,7)} (19)
—1 for(k,])e{(i,j+1),(i,j—1)}

Remark 2. The inner product selected for the Gram ma-
trix is induced by the norm for which the form b(u,v) of the
discrete weak form of the PDE is bounded inf-sup stable.

Theorem 1. For a neural network solution ug, the norm for
which the form b(u,v) of the discrete weak formulation of the
PDE is a bounded inf-sup stable, for uexact the exact solution of
the discrete weak formulation, and for the robust loss function

vgcrvpinn (6)

Zrropinn(8) = REST (8) x G™! x RES(0) (20)
it holds
ZLervpinn(0) Zervpin(6)
+ < llug = ttevacr | gy ) <~ @D
For the Laplace problems, it = o = 1.
3
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Loss vs error

%_v. (eVu)+b-Vu= f(x,1), inQxI,
u=0, ondQ x 1, (22)

u(x,0) = uy, on Q x {0}.
In this equation, the € represents the diffusion coefficient,
— sarlloss) b(x,7) is the advection field that models the vertical tempera-
/ ture gradient (the air movement enforced by the temperature
gradient), and i is a zero pollution concentration initial state.
The pollution source is modeled by the following formula

~—— H1 error

: ‘ ‘ ‘ : ; . ; . 1 —x2\ 1 (10t —x1)
0 2500 5000 7500 10(;20 12500 15000 17500 20000 X t — _ex 2 _ 1 _ COS n 23
rixn) = e (535 ) 5 (105 (=155 )
Fig. 3. Convergence of CRVPINN training and comparison between . .
the robust loss and the true error defined as ||ueyaer —ue||H3 (- for x; < 0.2, and 0 otherwise. It models a moving source of

pollution, such as a driving car.
We will derive the discrete weak residual and introduce the
PINN solution Error

10 10 "7 test functions as the Kronecker delta functions, following the
o o s . idea of Collocation-based Robust Variational Physics Informed
Neural Networks [[10]. We will replace the continuous domain
0s 08 06 ° with a discrete domain constructed over the discrete set of col-
14 0_4:4 1 location points. We will also replace the gradients with dis-
, crete finite-difference gradients computed over the collocation

02 02 02 . points. In order to do that, we first define the set of points:

0 00.0 0.2 0.4 X 0.6 0.8 1.0 0o 0'00.0 0.2 0.4 X 0.6 0.8 1.0

Qy x I, := {(ihy, jhy, kb)) € (0,1)* x (0,T) o
Fig. 4. Numerical results of CRVPINN. (0<i<N,0<j< Ny70 <j< Nr},

where Ay = 1/Ny,hy = 1/Ny,h; = T /N,. We introduce the
We come back now to the Eriksson-Johnson model problem  space

N

G

[T] We derive a discrete weak formulation, Dy :={u:Q, xI, — R} (25)
b(u,v) =1(v) Vv e H}(Q) We also introduce the discrete inner product and norm
b(u,v) = (BeVisu;v)12q,) + (ByVy+tt,v) 20, + (,v)n == hhyhy Z w(p)v(p), |ully:= (w,u), u,v € Dy,
e(Viu, V+V)L2(Qh) pel (26)
1v) = (f,V)12(0)- For simplicity, we denote
The residual of the advection-diffusion problem is ti j k3= t(ih, fhy, Khe), 0SisN,0<jsN,0<k g(é\%
r(u,v) = b(u,v) —1(v), We also introduce a space with zero-Dirichlet boundary condi-

tions at the initial state
where b and [ are the corresponding discrete bilinear and linear . )
forms over (Dy)? and Dy , respectively. Dop=A{u€Dp:uijo=00<i<N,0<j<N}. (28
The numerical results for the training of CRVPINN for the =~ We introduce a set of Kronecker deltas &; jx : @ X I, — R,
Eriksson-Johnson problem with € = 0.1 are presented in Fig- 0 <i<N,,0<j<N,,0 <k <N, over Q;, x I,

ures B4l This time the robust loss is related to the true error. 1 ifx—x
Small discrepancies result from the discretization error. 0 jk(X,1) = . hiks (29)
e 0 1fx7éx,-’j7k.

4. COLLOCATION-BASED ROBUST VARIATIONAL  We introduce finite difference gradient operations, as given by
PHYSICS INFORMED NEURAL NETWORKS FOR v .. .= (V, w0 Vysus i Vit i) = (30)
TIME-DEPENDENT ADVECTION-DIFFUSION EQUA-

TIONS Uitl,jk —Wijk Uij+1k —Wijk Uijhktl —Uijk
hx ’ hy ’ ht P IS

In this paper, we generalize this approach into time-dependent (31)

formulations. As a model example, we consider the advection- v (v v v L 1

diffusion equations defined over Q C R? and the time interval —Wij = ( x=Ui ks Vy=Hijje Ve _u”ka) T (32)

I =(0,T) with T > 0. We seek the pollution concentration Uik —Ui-1,jk Wijk — Uij—1k Uijk — Uijk-1

scalar field Q X I 3 (x,1) — u(x,t) € Z as a result of the pol- hy ’ hy ’ hy ’

lution generated by a moving vehicle. We solve (33)

4
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for0<i+£1,j+1<N. Asaresult, we can define the following  where uexqer denotes the exact solution to the discrete weak

discrete inner product according to these gradient values: problem ([@0) and 1 and a are the boundedness and coercivity
(V)90 = (Vs 6, Vs vy + (Vs s, Vo Wiy + (Ve t, Vo), constants of b, respectively.
(34) This is not the case for the traditional residual-based loss
= (Vaett, Ve V)i, + (Vs tt, Voo )y (Ve tt, Vo), employed by Physics Informed Neural Networks,
- 9 t t 19
(35) Zrinn (1) = RES (1) RES(u). (45)

with the corresponding induced norm 5. SINGULAR VALUE DECOMPOSITION TO SPEED UP

kllull$ y, := () g s = [[Vocsulli, + [1Vysulli + | Verully,- THE ROBUST LOSS EVALUATION
(36)

The inverse of the Gram matrix or the singular value decom-
position of the Gram matrix is performed only once at the be-
ginning of training. We, however, have to apply the loss func-
_ tion many times during training (we multiply the inverse of the

Vistet BVt ByVyou— et =f, 37) Gram matrix by the residual vector). The goal of this section is
where f, By, B, € Do, are the source and advection coefficients,  to reduce the cost of this application by performing the singular

We now rewrite the weak formulation into the discrete weak
form.

and Ay, is the discrete Laplacian value decomposition (SVD) of the Gram matrix
Uil jk— 2 j kT Wit jk  Wijrik— 2+ Uij 1k
Apt j . := 3 + 2 SVD(G) = ¥¢ S (46)
By hy G
Wi j 1 — 204 Ui j k-1 The inverse of the Gram matrix is now given by
h? - —1 —1ay T

(38) G =% ¢ 47
Testing with Kronecker Deltas (29) denoted for simplicity where yG_l is a diagonal matrix and its entries S = ; i
asv e Do, L

are the inverses of the diagonal elements of .. We can now
(Viyu+ BeViru+ ByVyu—edpu,v)y = (f,v)n, (39)  introduce the truncated SVD approximation of the inverse

we obt.ain the following discrete weak variational reformula- rSVD (G~ ) U y 4 (48)
tion: Find u € Dy, such that: .
buw) i) Awhere U = U1 :N,l:k],ycj1 :5’6 [1:k,1:k], and
—— Y6 = YG[1 : N,1:k]. Then, we employ the approximate loss
(Vi 4 BeVipu+ By Vysu,v)p + €V, Viv)y = (f,v)n function
Vv € Doy,

(40) ZLrropinn = RES(u) U767 RES(u). (49)
where b and [ are the corresponding discrete bilinear and linear
forms over (Do,h)z and Dy j, respectively.

Following [[10]], we construct the robust collocation-based
loss function as:

Actually, we do not need to compute the full SVD decompo-
sition or inversion of the Gram matrix G, which costs &'(N?).
We can use the truncated SVD decomposition, computing k
singular values of G as in (#8), which costs ¢(N?k). We can

RES(u) = {b(u,r(u)i ;) — 1(r(u)i ;) bo<icn,0<j<No<k<n, use it to compute the approximated robust loss as in (#9). The
(41)  computational cost of applying the full loss is the cost of mul-
Zeropinn (1) = RES(u)” G™' RES(u). (42)  tiplying a residual vector by the inverse of the Gram matrix,

which is ¢ (N?). The computational cost of applying the ap-
proximate loss function is the cost of the multiplications of
truncated matrices or, alternatively, the cost of k vector-by-
vector multiplications, which is &'(Nk). Thus, we have re-
duced the cost of computing the loss from quadratic to semi-

Here G is the Gram matrix of the inner product (-,-)y ;. We
will now construct the Gram matrix by employing the Kro-
necker delta test functions as follows:

6, £(l,m,n) = (i, ), k), linear cost.
| =1, if(l,mn)=(ix1,j,k),
Gijktmn = TR f(l,m,n)=(i,j+£1,k), (43) 6. NUMERICAL RESULTS
o =1, if (I,m,n) = (i,j,k+1), In the numerical experiments, the implementations of both
0, otherwise. PINN and CRVPINN methods employs the computations of

. the gradients via Automatic Differentiation.
For this robust loss @#2) we can show (see [10]) We start from selecting a proper number of collocation
Theorem 1 (Robustness). Let u € Do, and let Ziyypinn (1) be  points for training of CRVPINN method. We test the conver-

the robust loss @2)). Then, gence of CRVPINN training for 12, 25, 50, and 100 points in
1 1 each direction. The results are presented in Figure[5] Increas-

E Lervpinn () < |1 — ttexact||v n < agcrvpinn(u)v (44) ing the number of collocation points, the robust loss is related

5

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.



Tomasz Stuzalec, Mateusz Dobija, Maciej Sikora, Maciej Paszynski

Loss vs error (combined)

25 collocation
points

50 collocation points

100 collocation points
= sqrt(loss)

== Hlerror

10? 10° 104
Epoch

Fig. 5. The convergence of CRVPINN for increasing number of collo-
cation points, from 12, 25, 50, 100, and its comparison with the true
error for Erikson-Johnson problem with € = 0.1.

Loss function (residual) (running average)

10° —— CRVPINN
—— PINN

WJMMM

o 10000 20000 30000 40000 50000
Epoch

Fig. 6. Convergence of the PINN and CRVPINN training.

with the true error for a larger number of iterations. Based on
the numerical experiments we select 25 collocation points in
each direction as a baseline for the following numerical exper-
iments.

We compare the convergence of the PINN loss (@3) with the
convergence of the CRVPINN loss (@2) for the inverse of the
full Gram matrix in Figure [§] The PINN loss converges to
the value of 107°, but there is no guaranty that the accuracy
of the solution is of such high order. The CRVPINN loss, on
the contrary, converges to the value of 1072, which is a good
estimator of the true error [[10].

The numerical results obtained with this CRVPINN robust
loss using the inverse of the full Gram matrix are presented
in Figure [7] Pollution is generated by the vehicle moving in
the right direction. As expected, it accumulates close to the
ground.

Now, we perform tests to check the accuracy and conver-
gence of the approximate loss with £ = 10,50, 100 and the full
loss of G~!. We run 20,000 iterations of training for a fully
connected neural network with 2 layers and 100 neurons per
layer. We select 25 x 25 x 25, a total of 15,625 collocation
points for training. This also represents the size of the Gram
matrix and the dense inverse. The convergence of the residual
loss is presented in Figure 8] We can see that the loss func-
tion for k = 10 converges to the value of 10—, which is too
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Fig. 7. Snapshots of the simulation of pollution propagation from mov-
ing vehicle, using the CRVPINN method.

low (it overestimates the accuracy of the solution). However,
for a higher number of singular values k£ = 50, 100, the conver-
gence of the loss appears natural; the loss function converges
to a value on the order of 1072, similar to the convergence of
the full loss function. We conclude that k = 50 is an appropri-
ate number of singular values since, for kK = 10, the loss is no
longer robust.

How does it influence the accuracy of the numerical results?
The exact initial state is zero everywhere. Neither the full loss
function nor the approximate loss function learns this zero ini-
tial state exactly, but the obtained results are very close to zero.
This is presented in Figure[0] The zero initial state is approx-
imated with a maximum value of 0.012 for the full loss. For
k = 10, the maximum error is 0.0035. For k = 50, we obtain
the zero initial state approximation with a maximum error of
0.0175. For k = 100, this maximum error is 0.030.

How is the middle state approximated with the full loss and
the approximate losses? This is illustrated in Figure [T0] The
full loss provides a uniform distribution of generated pollu-
tion, reaching a maximum value of 0.06, as presented in the
last panel. All the presented cases approximate the obtained
distribution well.

How is the final state approximated with the full loss and
the approximate losses? This is illustrated in Figure [TT} The
full loss provides a uniform distribution of generated pollu-
tion, reaching a maximum value of 0.2, as presented in the last
panel. Again, all the presented cases approximate the obtained
distribution well.

7. CONCLUSIONS

We have shown that performing a truncated SVD decomposi-
tion of the inverse of the Gram matrix, while keeping an appro-
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priate number of singular values (50 in our case), allows us to
maintain the quality of the solution and the convergence of the
CRVPINN training, and the robustness of the loss function. At
the same time, the training of CRVPINN with the truncated
SVD approximation of the inverse of the Gram matrix was
twice as fast as the original CRVPINN training with the full
matrix, reducing the time from 6 seconds per 100 iterations to
3 seconds per 100 iterations (a total of 600 seconds, account-
ing for 10 minutes instead of the 1200 seconds equivalent to 20
minutes). Even 50 singular values are enough to approximate
the solution well. Thus, we recommend this method to speed
up the training process.

What does it mean from the point of view of the compu-
tational cost? Before training, instead of inverting the Gram
matrix, which costs & (N3), we can perform truncated SVD,
recovering the k& = 50 largest singular values, which costs
O(N*k). Next, during the training, instead of full Gram
matrix-vector multiplication for the robust loss, which costs
O(N?) in each iteration, we can perform k = 50 vector times
vector multiplications, which costs kN. Here, N = 253 =
15,625 and k = 50.

Future work may involve replacing the truncated SVD de-
composition of the full matrix with recursive truncated decom-
positions, as it has already been employed to speed up the GM-
0.06RES solver computations in [13].

0.05

0%g. CODE

0.03

0.02The Python code for the training of time-dependent advection-
o.o1diffusion equations is available at Google Colab notebookﬂ
0.00

Thttps://colab.research.google.com/drive/1 Y Qc25IvsNb5SmeOmojuik WOs-
TrTtGxc
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