The Kolmogorov N-width for linear transport:
Exact representation and the influence of the data

Florian Arbes*, Constantin Greif?, Karsten Urban?

lComputational Materials Processing, IFE, Institute for Energy
Technology, Instituttveien 18, Kjeller, 2007, Norway.
2Institute of Numerical Mathematics, Ulm University, Helmholtzstr. 20,
Ulm, 89081, Germany.

Contributing authors: florian.arbes@ife.no; constantin.greif@Quni-ulm.de;
karsten.urban@uni-ulm.de;

The Kolmogorov N-width describes the best possible error one can achieve by
elements of an N-dimensional linear space. Its decay has extensively been stud-
ied in Approximation Theory and for the solution of Partial Differential Equations
(PDEs). Particular interest has occurred within Model Order Reduction (MOR) of
parameterized PDEs e.g. by the Reduced Basis Method (RBM).

While it is known that the N-width decays exponentially fast (and thus admits
efficient MOR) for certain problems, there are examples of the linear transport and
the wave equation, where the decay rate deteriorates to N—1/2. On the other hand,
it is widely accepted that a smooth parameter dependence admits a fast decay of the
N-width. However, a detailed analysis of the influence of properties of the data (such
as regularity or slope) on the rate of the N-width seems to lack.

In this paper, we use techniques from Fourier Analysis to derive exact representa-
tions of the N-width in terms of initial and boundary conditions of the linear transport
equation modeled by some function g for half-wave symmetric data. For arbitrary
functions g, we derive bounds and prove that these bounds are sharp. In particular,
we prove that the N-width decays as ¢, N~ ("+1/2) for functions in the Sobolev space,
g € H". Our theoretical investigations are complemented by numerical experiments
which confirm the sharpness of our bounds and give additional quantitative insight.
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1 Introduction

The Kolmogorov N-width describes the best possible error one can achieve by a linear
approximation with N € N degrees of freedom, i.e. by elements of the best possible
N-dimensional linear space, [1]. The arising optimal space in the sense of Kolmogorov
can often not explicitly be constructed, at least not in a reasonable (computing) time.
On the other hand, however, the decay rate of the N-width tells us if a given set
can be well-approximated by a linear method, or not. This is a classical question in
Approximation Theory and has been widely studied in the literature, see e.g. [2-5],
this list being far from being complete.

Particular interest has been devoted to the case when the set to be approximated is
given by solutions of certain equations, e.g. Partial Differential Equations (PDEs) with
different data (one might think of the domain, coefficients, right-hand side loadings,
initial- and/or boundary conditions), which might be considered as parameters, [6—
8]. In that direction, model order reduction of parametric PDEs (PPDE) has become
a field of very intensive research, also with many very relevant real-life applications,
[9-11]. A prominent example is the Reduced Basis Method (RBM), where a PPDE is
aimed to be reduced to an N-dimensional linear space in order to allow multi-query
(w.r.t. different parameter values) and/or realtime (embedded systems, cold com-
puting) applications. The reduced N-dimensional system is determined in an offline
training phase using sufficiently accurate detailed numerical solutions by any standard
method. In this framework, the question arises, if a given PPDE can be well-reduced
by means of the RBM or not. Since it has been proven in [12] that the offline reduced
basis generation using a Greedy method realizes the same asymptotic rate of decay as
the Kolmogorov N-width, one is left with the investigation of the decay for PPDEs to
decide whether the RBM is suitable for a given PPDE, or not. Also in that direction,
there is a significant amount of literature, e.g. [13-22], just to name a few. Roughly
speaking, it was shown there that a PPDE admits a fast decay of the N-width if
the solution depends smoothly on the parameter, which is, e.g. known for elliptic and
parabolic problems which allow for a separation of the parameters from the physical
variables. As a rule of thumb: “holomorphic dependence admits exponential decay”.

However, when leaving the nice realm of such PPDEs, the situation becomes dra-
matically worse. It has for example been shown that the decay may drop down to
N7, 0 < s < 1, for the linear transport equation [20] and the wave equation [23].
However, the problems considered in the latter papers are quite specific examples
yielding to a non-smooth dependence of the solution in terms of the parameter (the
velocity in [20] and the wave speed in [23]). It was also demonstrated that the decay
not only depends on the PDE, but also on the underlying physics, e.g. alloy compo-
sitions in case of solidification problems [24]. For problems of such type (transport,
transport-dominated, hyperbolic), the above quoted rule of thumb remains true.

This is why we are interested in the exact dependence of the decay rate of the N-
width in terms of the data / parameters of the problem. To our own surprise we could
not find corresponding results in the literature. In [18, 21, 22|, the fast decay is shown
using techniques from interpolation proving that a Greedy-type selection selects the
optimal nodes. The positive result in [20, Thm. 3.1] has been deduced by using the
decay of the complex power series.



We consider the linear transport problem whose solution is given by the charac-
teristics in terms of initial and boundary conditions. Hence, we can reduce ourselves
to approximate the mapping = — g(z — u), where p is the parameter and =z € Q,
which is the domain on which the PPDE is posed; ¢ is the real-valued univariate
function modeling initial and boundary conditions. To this end, we use the Fourier
series approximation, which allows us to incorporate the parametric shift by g into
the approximation spaces. We derive exact representations of the N-width for cer-
tain classes (half-wave symmetric -HWS- functions) and give estimates in terms of the
regularity and the slope of the function g.

This paper is organized as follows. In Section 2, we collect preliminaries on the
linear transport equation, the N-width and some facts from Fourier analysis, which we
shall need in the sequel. The main tool for our analysis is a shift-isometric orthogonal
decomposition (Def. 3.1) based upon the Fourier series of g. This notion is introduced
in Section 3. In Section 4, we use Def. 3.1 to construct approximation spaces with
which we can derive exact representations for the N-width for HWS functions and
sharp estimates in the general case. The specific influence of the regularity of g on the
decay of the N-width is investigated in Section 5, where we prove that the N-width
is bounded by ¢, N~("*+1/2) for functions in the Sobolev space H". In Section 6, using
specifically constructed piecewise functions, we show that our bounds are sharp. Some
results of our extensive numerical results are presented in Section 7. The paper finishes
with some conclusions in Section 8.

2 Preliminaries

2.1 The linear transport equation

We consider the univariate linear transport equation with velocity p, which is
interpreted as a parameter, i.e., we seek a function ®(-,-;u) : I x Q — R such that'

0@ (t, x5 1) + pu 0 @(t, 5 1) = 0, (t,z) € I xQ, (2.1a)
D(0,z; 1) = g(z), x €, (2.1b)
O(t,0; 1) = g(—pt), tel, (2.1¢)

where I := (0, 1) is the time interval and Q := (0, 1) the spatial domain.” The velocity
can be chosen in a compact interval p € P := [0,1]. The initial and boundary con-
ditions, (2.1b) and (2.1c), respectively, are given in terms of a function g : Qp — R,
whose properties will be relevant in the sequel. Here, Qp := Q&P :={z—p:x €
Q,ue P} =(-1,1) is the domain on which g needs to be defined in order to obtain
a well-posed problem (2.1) for every parameter. The solution of (2.1) is well-known
to read ®(t, ;) = gz — pt), (t,x) € I x Q. We are particularly interested in the
solution at the final time ¢ = 1, i.e.,

uy(x) =01,z p) = gl — p), x €, (2.2)

1We restrict ourselves to the homogeneous case for simplicity. One could also consider a right-hand side
f(t,z; p) #Z 0, which would also impact the rate of approximation of the solution.
2Qur analysis is restricted to the 1D-case, but some results can be extended to higher dimensions.



and consider the low regularity case, i.e., we only assume that g € Lo(2p), and
therefore u,, € Ly(£2), no additional smoothness.

Remark 2.1. Often, the timet € I is also seen as a parameter. But our considerations
are not restricted to the final time, since then for a givent € I and p € P, we can
define the new parameter fi :==tp € [0,1) and get uy = g(- — 1) = (L, 5 ).

2.2 Linear approximation: The N-width

The specific focus of this paper is the approximation rate provided by linear subspaces.
In particular, we are considering IN-dimensional subspaces which are “optimal” to
approximate u,, for all parameters ;1 € P in an appropriate manner. The maybe most
classical setting is the worst case scenario w.r.t. the parameter yielding the classical
Kolmogorov N -width defined as, [1]

dy(P) = inf inf  [|u, — 2.3
N( ) VNCH}zz(Q) iggﬁz\}gVN ”UM UN||L2(Q) ( )
dim(Vy)=N
:vNériE(Q) dist(Viv, Uy (P)) Lo (P L2 (02)
dim(Vn)=N

where Uy (P) := {u, = g(- — ) : pp € P} C La(9) is also (slightly misleading) called
solution manifold. The dependence on g will be crucial below.

Remark 2.2. There are several results concerning the decay of dn(P) for the linear
transport problem (2.1).

(a) In [20] it was shown that dx(P) = N=/2, i.c., very slow, for the specific choice
9 = Xjo,1], namely initial and boundary conditions involving a jump.

(b) On the other hand, one can achieve exponential decay, i.e., dy(P) < e~V for
some a > 0 if the function g is analytic. This can be seen by considering a
truncated power series in the complex plane, [20, Thm. 3.1].

Our main focus in this paper is to study the decay of the N-width w.r.t. properties
of the function g, in particular we want to detail the influence of the regularity of
g on the decay of the N-width. In addition to the “worst-case in the parameter”
Kolmogorov N-width dy (P), which measures the error in Lo (P; L2(2)), we will also
consider “mean-squared error in the parameter”, i.e., Lo(P; L2 (€2)) w.r.t. a probability
measure (i.e., du(P) = 1), which we call Ly-average N-width defined as

1/2
L . . = 2
ox(P)i= |, int [t o e} (2.4
dim(Vy )=N
= inf dist(Vn, U, . .
vt o diSHVN Uy (P)) s (pira(e)
dim (Vi )=N

Remark 2.3. For later reference, we collect some equivalent expressions.



(a) Let Py : Ly(Q2) — Vi denote the orthogonal projection onto V. Then,

dn(P) = VNCiIiE(Q) lup — PNupll L. (pira () (2.5a)
dim(Vy)=N

on(P) = vNciIEE(Q) 1w — PnupllLypia (o) (2.5b)
dim(Vy )=N

(b) By [[wlL,p) < dpu(P) lwllL.(p), w € Loo(P), we get on(P) < dn(P).

2.3 Fourier Analysis

Our major tool for determining the decay of the N-widths is Fourier Analysis. We
collect the main ingredients needed for the sequel of this paper. Recall that for the
above model problem, we have I = (0,1), Q = (0,1), P = [0,1] and Qp = (-1,1),
but the analysis is not restricted to that case. Here, we consider the space Lo(Q2p)
corresponding to signals of wave-length 2. Thus, the half-wave length is 1, which is
used in the following definition, whose notion is well-known in electrical engineering
(see e.g. [25]) and turns out to be crucial for the subsequent analysis.

Definition 2.4. We call g € L2(2p) even half-wave symmetric (even HWS, g € L§'™),
if g(x) = g(x + 1) for all x € [-1,0] a.e., and odd half-wave symmetric (odd HWS,
g € L34, if g(x) = —g(z + 1) for all x € [~1,0] a.e. A function is called half-wave
symmetric (HWS, g € LY¥S), if it is either even or odd HWS.

We shall use the Fourier series of any Lo (Qp)-function, namely

glz) = Ay + Z [flk cos(kmz) 4 By, Sin(kmc)} , *€Qpae., (2.6)
k=1

where the Fourier coefficients are known as Ay = i fﬂp g(z)dx and for k > 1 they

read Ay = (g, cos(km)) 1, (p) as well as B = (g,sin(km)) L,(p)- Using the Fourier
expansion, it can readily be seen that any g € L2(Q2p) can be decomposed into an
even HWS and and odd HWS part, i.e., g = ¢ + ¢°99, where

g = Ay + Z |:A2k cos(2km) + By, sin(2k7r~)] e Ls™,
k=1

=3 [Azk,l cos((2k — 1)) + Boy_1 sin((2k — 1)7r.)] € L9%.
k=1

We shall use this decomposition in order to determine the decay of the Kolmogorov

N-width by splitting g into its even HWS and odd HWS part and then estimating the
N-width for both of these parts. For later reference, we collect the facts

Ly(Qp) = L™ @ L3, Ly™ =Ly ULg™, L™ C Ly(Qp). (2.7)



3 Shift-isometric orthogonal decompositions

We will construct spaces to bound or represent dy (P) and dn(P) for a given function
g. It turns out that the cases g € L§™ and g € L34 have to be treated separately. The
arising shift-isometric orthogonal decompositions will depend on the given function g.
Definition 3.1. Let g € L2(Qp); We call a family of subspaces W9 := {W{}ren C
Ly(2) with the associated orthogonal projectors Q9 := {Qf }ren, QF : L2(2) — W a
shift-isometric orthogonal decomposition (w.r.t. g) of La(Q2) if

(i) Lo(Q) = Prey WY and W7 L W7 for j # k;

(i) The orthogonal projectors are shift-isometric, i.e., it holds

1Q%9(- — 1)l L) = 1Q19ll Loy for all p € P. (3.1)

Remark 3.2. Note, that g needs to be defined on the larger space Qp in order to
apply g(- — p). Howewver, the solution of the transport problem (2.1) is defined on the
domain Q. Whenever we take a norm | - |1, or apply QF, we consider implicitly
the restriction giq or g(- — p)|q respectively.

Now, we start by assuming that such a WY exists and show that (3.1) is a key
property. If W9 is a (shift-isometric) orthogonal decomposition of Ly(2), each u, €
Uy(P) C Lo(2) has a unique decomposition u, = >~ ; Qfu,. We define

M(N) M(N)
Vi = @ W7, where N =dim(Vy) = Z dim(W}) (3.2)
k=1 k=1

as a candidate for the best approximation space in the sense of Kolmogorov.® Clearly,
the approximation vy = Zi\/[:(fv) Qfu,, converges to u, as N — oo, which implies
that both dx (P) and § 5 (P) converge towards zero. Moreover, the orthogonality easily
allows us to control the error.

Proposition 3.3. Let g € La(Qp), let WY be a corresponding shift-isometric
orthogonal decomposition of Lo() and let Vi be defined as in (3.2). Then,

diSt(VzgzaUg(P))%w(P;LQ(Q)):diSt(Vﬁ/aug(P))%Z(P;LQ(Q)): Z ||Qz9H%2(Q)- (3.3)
k=M(N)+1

Proof. The statement is a direct consequence of orthogonality, (3.1) and the fact that
the orthogonal projection corresponds to the best approximation. Indeed, denoting
the orthogonal projector onto V3 by Py, we obtain

M(N)

2
inf = ol @) = o — Pl = [ — > Qfu
N EV, =1

g La(Q)

3Note, that by fixing the dimensions of W]f a priori, it might happen that one might not be able to
construct spaces Vlf, of any dimension N € N, since N must be a sum of the dimensions of the W,f,
k=1,...,M(N), see Remark 3.7. As an example, if dim(W,f) = 2 for all kK € N, N must be even.



2 oo

= X G, = X Qe
k=M(N)+1 2 k=M (N)+1

since u, € Uy(P) C L2(Q). Finally, by shift-isometry (Def. 3.1 (ii)), |Q7uullL,0) =
1Q79(- — 1)l Lo(0) = [1Q79l 1.(0) and we get that

dist(V, Uy (P)T _(pira(o)) = sup lu = PRugll?, 0
n

o o

sup Y QLgl7, @) = 1Q%91I7, )
HEP } - M(N)+1 k=M (N)+1

/ S 1QLI2 eyt = dist(VE Uy (P2, poricny
P k=M(N)+1

since P = [0, 1], which completes the proof. O

Before continuing, we stress that for V3 both versions of the N-width coincide
and that the right-hand side of (3.3) is independent of the parameter i, which allows
us to bound the N-width for all parameters. As the simple proof above shows, the
shift-isometry (3.1) is the key property.

3.1 Optimal N-term approximation spaces

We will later construct shift-isometric decompositions by choosing appropriate bases
for W for a given g € L5, If an ON basis {vy,vs,...} of Ly(f2) is known, one can
consider one-dimensional spaces Wy, := span{vy} and then define Viy := @szl Wy. So
far, such Wy and V are independent of g. However, the following result shows that
such spaces are optimal in the sense of Kolmogorov if the basis {v1, v, ...} is sorted in
an appropriate manner. The sorting in fact depends on g; shift-isometry is not needed
here. The subsequent statement will later be used for the shift-isometric case, then
even implying L., (P)-optimality.

Lemma 3.4 (Ly(P)-optimality). Let g € La(Qp) and {W} := span{v}}ren be an
ON decomposition of La(S2), which is sorted?, i.e.,

Clo<ClkeN. for €l = [ Qg ~ wl,dn (3.4)
P
where QF : Lo(2) — W[ is the orthogonal projector. Then, V¥ = span{vq,...,un},
N €N, is optimal, i.e. dist(Vy,Uy(P))L,(P;L.(2)) = In(P).

Proof. Let {0y }ren be another ON basis of Ly(Q); set Wy = span{ig}, let Qr :
L2(Q) — Wy be the orthogonal projector and define Vy := span{#y,...,05}. Then,
each ¥;, can be expanded in terms of {vj}ren, i-e., U; = Zzozl<’6i,ka>[/2(ﬂ) vk, where

4Note, that the spaces W,f are independent of g, their sorting, however, depends on it.



2;0:1<5ivvk>%2(9) = ||'Ei||%2(ﬂ) = 1 by orthonormality. Then, since the orthogonal
projection is the best approximation and u, = g(- — p),

dist(Viv, Uy (P) 7, (P ()) = Z /||Qkuu|| dp = Z /Uimuu Lo () dH

k=N+1 k=N+1
_ g
=S S e, Q)/IIQ walPdp
k=N+1 i=1
o0
_ g 2
= Z ZC Thes V1) () = ZC > (vl
k=N+1 i=1 =1 k=N+1

Now, set b := Z;V:1<17j, vk>%2(9); then 0 < bY <1 and by orthogonality Y ;= by =
N as well as b7° = 1. The assumption (3.4) yields

N
Q=) (CL = Chpy) =D (1 =b)CF = C% s Z by
k=1 k=N+1

M- 11

(1-by)Cf — Z ch,g:ZCg Zchg

k=N+1

E
Il
-

Again, since the orthogonal projection is the best approximation, we thus get

dist(Vy, Uy (73))L2 (P:La2() Z (&4

k=N+1
0o N 00 oo oo 0o
< > o op->eg=>"ci -y pep =3 a-u)cy
k=N+1 k=1 k=1 k=1 k=1 k=1
Z(boo — bN C’g = ch Z <’D£,'Uk>%2(9) = diSt(VN’UQ(P))%Q('P;LQ(Q))7
k=1 k=1  ¢=N+1
i.e., V¥ is optimal in the sense of Kolmogorov. O

Remark 3.5. As the proof shows, the optimality statement also holds if we replace
the full sorting in (3.4) by C]g <O forallke{l,..,N} and j > N +1.

Lemma 3.4 yields Lo(P)-optimal spaces V¥ for one-dimensional spaces W} :=
span{vy } as long as those spaces are appropriately sorted w.r.t. g. However, we cannot
guarantee that subspaces W) are one-dimensional. However, as we shall see now,
by adding an additional condition, the subspaces can be split into one-dimensional
subspaces so that we still get the desired Lo(P)-optimality. The Lo, (P)-optimality
follows along with shift-isometry.

Corollary 3.6 (Optimality for shift-isometry). Let g € Lo(Qp) and W9 be
a corresponding shift-isometric orthogonal decomposition of Lo(Q) with W =



span{wg.1, ..., Wg,m, }, Aim(W7) = my, € N, k € N, spanned by orthonormal functions,
such that the orthogonal projectors QF : L2(Q) — W7, Q7 , : L2(Q) — span{wg;},
i1 =1,...,my, satisfy a sorting condition (w.r.t. g) of the form

e 1@l o) < 7 1QhalT, ) for allk €N, (3.5)

/ 1QLi0( — W2, i = 2 1Q%I12, s for alli =1, ...,my and k€ N. (3.6)

Then, Vi defined by (3.2) satisfies 6n(P)? = 332 nony 1 1Q729113 () = dn(P)?.

Proof. We start by recalling (3.3) in Proposition 3.3. Next, we verify the conditions of
Lemma 3.4. To this end, we need to associate a monotonous sequence {Cf}geN Cc Rt
to the one-dimensional spaces spanned by the functions wy, ;. This requires to assign
an index £ € N to any index pair (k,i), k € N, i =1,...mg. We do so by setting

0=1(k,i) =i+ Zj 1 m;. Then, we define C§ = fp 1Q7, ;9 — w7, Q)du,
¢ =1,2,3,... and observe by (3.5) and (3.6) that Cf =...=0C8, 2 C’mlJr1 ==
Cfnl+m2 > ngl+m2+1 = ---. Hence, the assumptions of Lemma 3.4 are satisfied, so

that we can deduce dy(P) = dist(vi\g[,Z/{g(P))Lz('P;L2(Q)). Finally, by du(P) = 1,

oo

dy(P)? < dist(VE,Uy (P _piraioy = 2, Q%97 = In(P)* <dn(P)?,
k=M (N)+1

which proves the assertion. O

Remark 3.7. Constructing V¥ as in (3.2) implies that the dimension N of V3 is
always given by N = Z,i\/[:(fv) my. Hence, probably, we do not get spaces Vi for all
N € N in that way. However, we can extend V3 by N — N basis functions from
WJ@(N)H and get 6 5 (P)-optimal spaces VA% for any N> N = dim(V]\%), loosing shift-
isometry, however. We do not go into details here as a precise description requires
significant technicalities.

4 N-widths for half-wave symmetric functions

We are now going to construct shift-isometric orthogonal decompositions for half-wave
symmetric functions g € Lo(2p) in terms of trigonometric functions. This will allow
us to define spaces WS C Ly () which have an additional property, namely they are
shift-invariant, i.e., if w € W,?WS, then w(- —u) € W,?WS for all u € P. We will need to
consider even and odd HWS functions separately.

Even half-wave symmetric functions

Lemma 4.1. Let k € N, set pp''(z) = V2sin (2krz), P () = V2 cos (2krz),
z € Q and W™ = Span{goi"f, goz"él} Then, {@P1, ¢35} is an orthonormal basis for
wve, dim(Wev™) = 2 and the spaces are shift-invariant.



Proof. The statements concerning orthonormality and dimension are straightfor-
ward. Let p € P and z € €, then p'{'(z — pu) = V2 cos (2kmp) sin (2kmz) —
V2sin (2kmp) cos (2kma) =: ar1(p) i1 () + ar2(p) €53 (), therefore P 7 (- — p) €

evin

WY, The same applies for ¢}"y, which concludes the proof. O

The simple proof shows that W™ = {a sin(2k7 - +8) : o, f € R}. For k =0, we
set Wgveh := span{xjo,1)}, dim(Wg"*") = 1, i.e., the constant functions.
Remark 4.2. The above definition is similar to Kolmogorov’s paper in 1936 [1],
where the best basis functions for all periodic H™ (0, 1)-functions with ||f(T)||L2(071) <1
is shown to be {1, v/2sin (27kx), V/2cos (2rkx), k = 1,2, ..., %} For such classes
of functions, Kolmogorov quantified a constant, which was later called Kolmogorov
N-width in honor of his contributions and proved dy = (mN)™".

Odd half-wave symmetric functions

In a quite analogous manner, we get a similar result for the odd half-wave symmetric
case. We skip the proof.

Lemma 4.3. Let k > 1, define wzfifl(x) = V2sin ((2k — 1)7z), @z?gl(x) =
V2cos ((2k — 1)7z), z € Q and W := span{epdt, o'}, Then, {ppdY, op%!} is an
orthonormal basis for W44, dim(Wpdd) = 2 and the spaces are shift-invariant. O

Shift-isometric orthogonal decompositions

We shall now prove that the above construction yields shift-isometric orthogonal
decompositions. It turns out that shift-isometry (Def. 3.1 (ii)) and half-wave sym-
metry allow us to use the same orthogonal decomposition of Lo(f2) for all L§"™- and
Lg44-functions, respectively. We do not need W9 for each individual function g € L{™s.
Lemma 4.4. (a) The family W™ = {W"}ren, is a shift-isometric orthogonal
decomposition of La(Q) w.r.t. all g € LS™. (b) The family Wod .= {Wpdd},cy is a
shift-isometric orthogonal decomposition of Ly(Q) w.r.t. all g € L339,

Proof. We restrict ourselves to the odd case since the even case is analogous. We
start by considering some g°d9 € L3494, which, by standard Fourier-type arguments,
can be expressed also on p in terms of pdd := {2—1/2('0%?11(1’2—1/2@2?12(1 : k€ N}
ie., godd = Y77, (A;?ddgoﬁﬂd + Bgddwi?gd),c‘ where the expansion coefficients can be
expressed as (recall the scaling)

1
Apdd — 91/2(godd 9-1/20ddy 1 / ¢°%(2) v2sin((2k — 1)7z) d

-1

0 1
=3 { [+ [}t vasin(er - o) s = 6, it e
—1 0

Here, we used a change of variables in the first integral and the fact that ¢ is an odd

HWS function. In a completely analogous fashion, we get B9 = (g°94, %) 1, ().

5The scaling by 27/2? makes the functions orthonormal on the larger interval Q.
SThe coefficients have a different scaling than in (2.6): A3 = 27 1/2 4, Bpdd = 27128,

10



We use this expansion for the shifted function g°dd(-

— p) on €, namely

oo

odd _ Z Aodd odd _’u) B?dd@?,(lzd('—ﬂ))- (41)
{=1

From this we can compute the orthogonal projection, namely

odd

QMg (- O — 1), 2 L2 + (g°Y (-

—p) =g — 1), 25N o) ers (4.2)

Next, we insert (4.1) into (4.2) and use the following identities, which are easily verified

— 1), 2 L) = (@05 — 1), 02 () = cos((2k — 1)) g,

)

o o o . (43)
—(090 - — 1), 225 La) = (P2 (- — 1), 2N 1 () = sin((2k — 1)mp)Se i,

QR — 1) = (AR — ) + BREf( — 1), 025) oy
(AR — )+ BRUARE (), RS La () R
= [A9% cos((2k — 1)mp) + Byt sin((2k — 1)mp)]opdy!
+ [~ A% sin((2k — 1)mp) + Bpt® cos((2k — 1)mp) R

Since {gpzdfl,gozdﬁi} is an ON-basis for W44, we get that [|Q¢ddgedd(. — M)Hiz(ﬁ)
(A249)2 + (BRdd)2 = ||Qeddg °dd||L2 () 1-€-; the projectors are shlft—lsometric. Consid-

ering (4.3) for = 0 shows that the spaces W,;’dd are mutually orthogonal. Finally,

span ({294, @‘,;"igd}keN) is dense in Ly(£2), so that W°4d is an orthogonal decomposition

of Ly(f2), which completes the proof. O

The following result will be needed later in order to balance the dimensions for the
optimal spaces in the sense of Kolmogorov in the even and odd HWS case.
Lemma 4.5. For the orthogonal projectors Q5'F : L2(2) — span{pyj'} and QOdd :

Ly (Q) — span{gp‘)dd} i=1,2, k € N, we have for all g € Ly(Qp)

/ 1QET 9 = L, @) = 3R 9l 7,0,
ﬁW“mewWWM

Proof. As above, we only give the proof for the second identity, i.e., the odd HWS
case. Recalling (4.3), we have for ¢ = 1 the identity deldg( p) = [AL4d cos((2k —
Dmp) + B4 sin((2k — 1)) <pzd1d, so that

1
[ 1Qi = oy = [ 147 cos((2k — 1) + Bt sin((2k — 1))
0

11



1
| AR )+ B P = (AR + (B2

2 ||Q0ddg||L2(Q)7

since v/2sin((2k —1)7p), v/2 cos((2k — 1)) are orthonormal in Lo (P). The other case
is similar. 0

4.1 Optimal N-term approximation for half-wave symmetric
functions

We are now in position to identify the spaces which are optimal in the sense of
Kolmogorov. It turns out that we need to distinguish between even and odd HWS
functions. Unfortunately, this requires some technicalities since the even case involves
the one-dimensional space Wg¥" and all other W', & > 1, are two-dimensional,
whereas all odd HWS spaces W24, k > 1, are of dimension two. As before, the opti-
mal space requires a sorting, which depends on the given function ¢’ and will be done
by permutations 9.

Corollary 4.6 (Optimal basis by sorting). Let W™ be a shift-isometric orthogonal
decomposition according to Lemma /. and g € LY"S. We assume that the spaces are
ordered w.r.t. g, i.e.,

‘|Qi‘§?k+1)_19”%2(9) ||Qgg(k) 1g||L2(Q)
- < ,keN,
min(2,09(k + 1)) min(2, 09(k))

51095t 1y91 7,0 < 3R 9T, ) k €N, if g € L3%,

if g € Ly,

where 09 : N — N is a permutation. As in (3.2), define V. as the direct sum of the
first M(N) spaces Wit -1 ng(dk) such that dim(Vy) = N. Then,

d 1Q55 1907 )0 if 9 € LE™,
(PR =dw(P?P = 35 T e
k=M (N)+1 HQg gHL2(Q if g € L3°°.
Proof. Use Lemma 4.4 and Lemma 4.5 applied to Corollary 3.6. O

As mentioned in Remark 3.7, we can extend spaces V3 as constructed here by

optimal sorting by additional basis functions from W M(N)+1 to construct spaces ngf

for any N. We do not go into (the quite technical) details here.

Example 4.7 (Discontinuous jump). We detail the example already investigated
in [20], where dy(P) > $N~Y2 was shown for discontinuous initial and boundary
conditions, i.e., g = —X[-1,0) T X[o,1], which is easily seen to be odd HWS. Since

<97<P2?f1>L2(Q) = % and (g ‘Pm ) 12(0) = 0, we have | Odd9||%2(g) = W B
W = ||indlg\|L2(Q so that the assumptions of Corollary /.0 hold without

"The spaces depend only on the HWS type, the sorting on g.
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additional sorting. Hence, we get an exact representation of the N -width by

(oo} . 1 o0 .
Sn(P)? = Z %||Q1v§l((ik)9||2Lz(Q)=§ Z | L%JQH%Q(Q)
k=N+1 k=N+1
4 < k 2_1loo( |~ L v (1N
== 2 () =5 (B 8) - SO (15 ),
k=N+1

where W) () is the first derivative of the Digamma function W(-). Moreover, for even
N, we have o5 (P) = dn(P). N

4.2 Quasi-optimality

Hence, as a preparation for our subsequent analysis (see Theorem 5.3 below), we are
now going to bound these norms.

Lemma 4.8. With the definitions of W™ in Lemma 4.1 and W° in Lemma /.3
(without sorting) we have for all g € La(Qp)® the estimates for all k € N

2 4
evn < odd < .
HQk g”L'z(Q) = Tr ||g||L2(Q)7 ”Qk gHLz(Q) = (2]{,’ — 1)71_ ||g||L2(Q)

Proof. Again, we shall only give the proof for the decomposition W°4d, but it works
the same way for W™, We express gjo € Lo(f2) as limit of step functions, namely
g = limg_y00 gn,” Where g,, is a step function piecewise defined as g,(x) = n,i =
Ji,  9()dy for x € I,; and I,; = [=L, L), so that U1, ; = [0,1]. The Fourier
coefficients of g,, converge towards those of g € Lo(f2), i.e., adopting the above notion
of Ay and By, the Dominated Convergence Theorem yields

n,i

n
A= {9, R 1a(@) = 1M (g0, 85 o) = V2 Jim Y gns / sin((2k — 1)ma)da
i=1

. n —cos((2k — 1)mL) + cos((2k — 1)w=2)
=+/2 lim ;gn,i T

n—oo -

< — i V2 < __ Vo .

We can estimate By := <g,<pzf12d> Lo() in a similar manner. Finally, we recall that
||dedg|\2L2(Q) = A? + B2, which yields the desired estimate. O

Remark 4.9. Even though we do mot have a proof yet, we conjecture that
Q5w 1, ) = Ok~ D) for g € H™(Qp) \ H™ 1 (Qp), which would mean that the
above estimates are in fact sharp. This is also backed by our numerical experiments

8For this lemma, we do not need half-wave symmetry of g.
9The limit is taken in Lo(92).
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in Section 7. If this conjecture holds true, one can show that quasi-optimal spaces
give rise to the same rate as the optimal ones involving sorting. Hence, one can avoid
sorting which we will do from now one, i.e., we choose o9 as the identity.

Recalling the above settings, we need to distinguish not only between even and
odd HWS functions, but also between even and odd dimensions. For convenience, we
summarize the construction in a definition.

Definition 4.10. Let g € Ly(Qp) and N € N.
1. Ifge L™, M = [ ], then set
(a) Vi = span{X[OJ @94 o ,cp‘f%d7. ,ap‘j\jdl,go(j\g% if N=2M + 1 is odd;
(b) Vi :=span{x[o,1) ,<p171 ,<p172 .. ,<prl)1,<pM)1}, if N =2M 1is even;
2. if g€ L34, M = [ M| then set

(a) Vi == span{@T, 975, s P01 20 P51 Poarn s of N =2M s even;

(b) Vn := span{gpf"{l,cpl e PR 1 P 2 PR ) if N =2M — 1 is odd.
Note that Vi is independent of the specific form of g, there is no sorting.

In all cases, we have dim(Vx) = N. We use these spaces as candidates for optimal
spaces in the sense of Kolmogorov and now relate the distance to the N-width.
Theorem 4.11. Let g € Lo(Qp), Uy(P) = {g(- — 1) : p € P} and construct Vy
according to Definition 3. for M = M(N). Then,

1. diSt(VMUg(P))%Q(P;LQ(Q)) = % ZZO:NH ||Q Jg||L2(Q if g€ L3™;

2. diSt(VNaug(P))%Z(p;Lz(Q)) = % Z;O:N+1 ||QL%JQHL2(Q)7 ifge Lgdd-

Proof. The assertion follows from the fact that W is a shift-isometric orthogonal
decomposition in the respective space L§'™ and L3¢ (Lemma 4.4), the formula for
the distances (Proposition 3.3) and the formula for the norms of the projections in
Lemma 4.5. O

4.3 Non-half-wave symmetric functions

Our results can also be extended to non-half-wave symmetric functions. However, we
were only able to derive an estimate for the N-width and not a representation as before.
Recall from §2.3 that any g € Ly(Q2p) has a unique decomposition g = g + g°dd
into its even and odd HWS part.

Corollary 4.12. Let N € N and g € La(Q2p). Then,

Sn(P)? < dn(P

w\»—*

oo
Z ||ingr]9evn||%2(g) + ||QT%$1J90ddHQL2(Q))-
k=N+

Proof. Let g = g®® + ¢°%4, with ¢g*'* € L§'™, ¢°4d € 1994, be uniquely decomposed.
We set U™(P) = {g®(- — p) : p € P} and UJY(P) := {g°%(- —p) : p € P}
Then, Uy(P) = {[g°*! + ¢°"](- — ) : p € P}, so that dist(Viv, Uy(P)) 1. (PiLa(0)) <
dist(VN,L{;’V“(P)Lw(p;h(g))—|—dist(VN,Z/l;dd(’P)Lw(p;h(Q)). For a fixed N € N, denote
by V™ the space defined in part (1) and by Vg4 the space in part (2) of Definition
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4.10. Then,

dn(P) = VNCiIEE(Q) dist(Vv, Uy (P)) L (P:L2 ()
dim(Va)=N

< inf  dist(Vy, U4 (p . + inf  dist(Vy, U™ (P .
S ) VR UG (P pizay + ., 1f - dist(Va U™ (P)) 1o piva@)
dim(Vx)=N dim(Vn)=N

< dist(V™, US™ (P)) 1o (PiLa () + dist (VR UL (P)) L (pira(e))s

so that Theorem 4.11 proves the claim. O

5 The effect of smoothness on the N-width

So far, we did not use any specific properties of the function g modeling initial and
boundary values of the linear transport equation. In this section, we shall investigate
the influence of the regularity to the decay of the N-width. In particular, we use the
above exact representation to derive formulae for the decay of the N-width.

5.1 Finite regularity

Let ¢ € H"(2p)'Y, r € Ny, be either even or odd HWS. Then, all weak deriva-
tives gU) € H"7(Qp), j = 1,...,r, are HWS of the same type. We express g(") =
> orey Qk ¢, where Qy, is either Q™ or Q‘,;dd depending on the half-wave symmetry
of ¢"). Hence, in order to determine the N-width, we estimate the norms of the pro-
jectors. We consider the shift-isometric orthogonal decomposition without additional
sorting.

Theorem 5.1. Let g € H"(Qp), k € N, then

evn evn (r r+1 r . evn
1Q5™ 9l Loy = [552])" 1QF ™9 )HLQ(Q) <4517 197 o)y g€ LS, (5.1)
o r+1 r °
HQk gHLz(Q) [(gk 1)7r] HQ dd ”Lz(Q)S 4[(2 — ] ”g( )HL2(Q zfg € LQdd'
(5.2)

Proof. Again, we only prove the odd HWS case, i.e., we show (5.2), since (5.1) can be
proven completely analogously. We recall the definition of the Fourier coefficients in

Lemma 4.8, i.e., Ax = (g, 2% L,y and Br = (g, 0%") 1, (a), so that ||Q°dd9||:£2(g) =
Ai + B,%. Then, using integration by parts, we get

_ -1 " (g, podd , if r odd,
Ay = (1)L (((>)) {<9 P Lo

2k — D (g, ¢2d§>L2(Q)7 if r even,

Bk ( )L 5] ((1)> <g(T) LiOOdd>L2(Q)a if r Odd;
(2k —1) (g™, ¢k71 ) 1o, if 7 even.

10The Sobolev space of r-times weakly differentiable functions.
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Thus, A7 + B} = ((2k — 1)77)_2T||Q‘,;ddg(r)||2L2(Q)7 which proves the first equality in
(5.2) and the inequality follows from Lemma 4.8. O

Remark 5.2 (No sorting required). We recall Remark 3.5, where the monotonicity
requirement for C{ = [ [|Qu,g(- — u)||2L2(Q)du in Lemma 3./ was weakened, i.e., we
only need C{ > Cf for k € {1,...,N},{ > N + 1. Using Remark 4.9, (5.1) and (5.2),
one can show that C{ > C{ for € > (2m) "1 (4)|g™| 1,0 /CY) YD), Therefore, the
spaces Vi are quasi-optimal without sorting.

Theorem 5.3. Let g € H"(Qp) N LYY, r € Ny, such that g\") is either even or odd
HWS: For the spaces Vi constructed in Definition 4.10 we then have

SN (P) < dn(P) < dist(Viv,Uy(P)) Lo (PiLa()) < om0 ||9(T)HL2(Q) N=(r+1/2),

Proof. We just detail the odd HWS case. From Theorems 4.11 and 5.1 we get

o0

. 1
dist(Viv, Uy (P)F _ (p:1a(0)) = 3 Z HQT%JQH%Q(Q)
k=N+1
T - —2r—2 r - —2r—2
<819 Y, @ -Dm) T <8lg e D (k= 1)m)
k=N+1 k=N+1

16||g(r)||2L2(Q) > k22 16||9(T)||2L2(Q) -

— —2r—1 —2r—1

= a2 +2 Z D) =< T2rt2 Z (k —(k+1) )
k=N

k=N
16119117, ()
,/T2r+2

N—(Q’r‘—‘rl)

which proves the claim. O

Remark 5.4. The N-width for H" -functions was already investigated by Kolmogoroff
[1] and Pinkus [2] and is known to be of order O(N~"). Since Uy(P) C H", the
result in [2] can be used as an upper bound. However, Theorem 5.5 results in a slightly
improved rate O(N_’"_l/z). We conjecture that this is even sharp, but we did not prove
it here. It is remarkable that the error for approzimating Uy(P) is only by a factor
N=Y2 smaller than the error for the full space H'.

Remark 5.5. Theorem 5.3 can also be extended to functions that are not half-

wave symmetric by using Corollary /.12. Since this is a straightforward extension of
Theorem 5.3, we do not detail this.

5.2 Infinite regularity

It is known that smooth dependency yields exponential decay of the N-width, see e.g.
[18, 20]. We can now detail the dependency of the rate w.r.t. the involved parameters
by applying Theorem 5.1 in the limit case r — oo for g € H*°. It turns out that we
need some complex analysis in this case.
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Proposition 5.6. Let ¢ € H>(Qp) N LYY with a complex analytic extension
g :B1(0) = C'", gjo, = g and Vi defined by Definition 4.10. Then, there exists a con-
stants C = C(g) > 0 such that 6n(P) < dn(P) < dist(Vy,Uy(P)) . (p) < CKd™Y,

where d = I£ ~ 4.27 and K = |/ 32¢ ~ 5.26.

Proof. We consider the holomorphic extension g in B1(0) D (—1,1). Let z €
(—0.5,0.5), i.e., Bos(r) C Bi(0). Cauchy’s integral formula gives [¢")(z)| <
rl2" max.coB, (2) 19(2)] < Cr!27, where C = max.ep,(0)|9(2)|, [26]. By half-
wave symmetry, we get ||g(T)HL2(Q) = Hg(r)||L2(_0_570_5) < Crl2". Then, dy(P) <
dist(Viv,Uy(P)) . (py < 22(2)N NI N-N=1/2 follows by Theorem 5.3. Using Stirling’s
approximation N! < v/2weN(N/e)N for the factorial gives the desired result. O

6 Exact decay for piecewise functions

So far, we derived upper bounds for the decay of the N-widths for certain classes of
functions. In this section, we investigate exact formula for the decay as well as lower
bounds. As we shall see, the above estimates are in fact sharp in the sense that we are
going to construct specific functions g € H"(Qp) \ H'1(Qp), for which lower bounds

can be proven. These functions are such that ¢ = —X[-1,0) T+ X[o,1], i-e., the jump
function considered in Example 4.7. This is done in a recursive manner by setting
goleft = —1, Goright = 1 and La(2p) 3 go := go,1efs X[—1,0) + Jo,right X[0,1]- Then, for

r=1,2,3,..., we set

gr = Gr,left X[-1,0) + Gr,right X[0,1]> where (61&)
0 1
Gr left () = —/grq,left(y) dy — %/grq,right(y) dy, = €[-1,0), (6.1b)
T 0
T 1
gr,right(w) = /grfl,right(y) dy - %/grfl,right(y)dyv VS [07 1] (61C)
0 0

It is easily seen that

—z—1 ze[-1,0), —i22 1z ze[-1,0),
gl(x):{ owel-Lo, 0 gy -1,0)

-1, zel01], 122 —1a,  z€l0,1.

Lemma 6.1. Let r € Ny and g, as defined in (6.1). Then, g, € H"(Qp) is odd HWS,

gy) =go = —X[-1,0) T X[0,1] and

Q% grll o () = VB((2k — 1)m) Y. (6.2)

HMFor z € C and 7 > 0, we denote the ball of radius r around z by B,.(z) := {y € C: |y — z| < r}.
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Proof. The recursive definition immediately implies that g, € H"(Qp). Moreover,
go € L34, Assuming that g, € L399 for r € N, we get for any 0 < ¢ < 1

0 1
_gr(_g) = / grfl,left(y) dy + %/ grfl,right(y) dy
0

—€
1

0 1
- / grfl,right(l + y) dy + / g'r‘fl,right (y)dy - % / g'r‘fl,right (y) dy
0 0

—€

1 1 1
= / gr—l,right (y) dy + / gr—l,right (y)d - % / gr—l,right (y) dy
1 0 0

1—e 1
= / gr—l,right(y) dy — % / gr—l,right(y)dy =gr(1 —¢),
0 0
so that g, € L3¢ by induction. Finally, Theorem 5.1 and Example 4.7 yields
12 gl Loy =((2k = 1)m) " |Q2™ 9" [ (0= VB((2k — 1)) =+,
which proves (6.2) and finishes the proof. O

Theorem 6.2. Let r € Ng and Viy by Definition /.10 for g = g, odd HWS. Then,

= 4
g (P)2 = 2r+2)
" k:z:NH ((ZL%J - 1)”) ’

and, for even N, we have dn(P) = dn(P) = dist(Vn,Uy(P)) L. (P:L.(02))- Moreover
(N 4+ 1)=Cr+D/2 < gy (P) < B N-Cr+D/2 for all N € N.

2
(2r1)1/277 1L

Proof. The representation follows with Lemma 6.1 in combination with Theorem 4.11.
It remains to prove the bounds. To prove the bounds, we deduce that

oo

. 9 1 2r+2
dist(Vv, Ug(P)3 _ praiy = D 4(m>
k=N+1
4 = 1\t 8 2r41
< e > (ﬁ) S 772T+2N_( ),
k=N+1

2r+1 (2r+1 k‘L
S 2ri1) > 4 1 Ez‘?l (7:;1)_
= mTerD k:zﬂ (#) 2 = et Ig:Z-H RIS ()R

. 4 io: 1 k(k+1)2r+1_k27‘+2
— 471—27“#2(27“«‘,»1) k:N+1 k27‘+2 (k+1)27‘+1
)

— A (N4 1)),

(2r+1) n2r¥2

4 1
= T2 F2(2r41 L2r 1 E+1)2r+1
&, 2 D)
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which are the desired bounds. Finally, (6.2) ensures the required sorting in Corollary
4.6, so that on(P) = dist(Vn,Uy(P)) L. (P;1.(0)) (see Remark 3.7), which is equal to
dn(P) for even N and completes the proof. O

Remark 6.3. We have numerically validated the representation in Theorem 6.2 along
the lines of Section 7 below. Moreover, we have seen in our experiments that the lower
bound given in Theorem 6.2 seems to be the exact rate.

7 Numerical experiments

We are now going to report results of some of our numerical experiments highlighting
different quantitative aspects of our previous theoretical investigations. More details
and the code can be found in https://github.com/flabowski/n_widths_for_transport.

7.1 Numerical approximation of the N-width

It is clear that we cannot compute dx(P) or dn(P) exactly, at least in general. Even
for a given linear approximation space Vi, the distance of Uy(P) to Vx amounts
computing an integral over P in the Lo-case or the determination of a supremum in
the Loo-framework. Both would only be possible exactly, if we would have a formula
for the error u, — Pyu, at hand.

Otherwise, we need a discretization in space 2 and for the parameter set P in such
a way that the resulting numerical approximation is sufficiently accurate. In space, we
fix a number n, € N of uniformly spaced quadrature or sampling points z;, ¢ = 1, ..., n,
(wee choose n, = 2500), by setting Az := 1/n, and z; := (2i — 1)/2 Az. We collect
these points in a vector = := (zy,...,7,,) € R". We proceed in a similar manner
for P by choosing n, € N of uniformly spaced points p;, j = 1,...,n, (we choose
n, = 2500) by Ap :=1/n, and p; = (2j — 1)/2Ap, p = (1, ..., fin,) " € R™. This
corresponds to the midpoint rule for numerical integration.

POD-ROM

For some given parameter value u; and a given function g, we determine X;; :=
g(xi—pj) = uy, (;) as a “snapshot” of (2.2). These values are collected in the snapshot
matriz X = (Xi,j)izl ’’’’’ neii=1,..., n, € R X"

For the Lo-width, we perform a singular value decomposition (SVD) X = UXZV'T,
which is then truncated to dimension N € N in order to obtain a reduced basis, which
corresponds to the Proper Orthogonal Decomposition (POD). Since it is known that
the POD is the best approximation w.r.t. Lo(P), we get the optimal spaces Vy in

the La(P)-sense. The error and thus the §y-width can be computed from the singular
values: oy (P)? ~ Zzn;l}\(&lm) o7.
Optimal spaces

In some cases, we have constructed (in some cases optimal) spaces Vy, i.e., we know
an ON-basis for V. In such a case, the SVD is given through the projection terms, i.e.
no eigenvalue decomposition needs to be performed. In case we know that dy(P) =
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On (P), no further computations are needed. In case they are not equal, we can proceed
with the basis V in order to compute the approximation error as described now in
detail.

Computation of the distance/error

In order to determine the distance of Vi to the set U,(P) of solutions, let Vy =
span{tn, ...,/ } for some ON-basis functions 1y, ¢ = 1,...,N. The best approxi-
mation of some function u, onto Vy is the orthogonal projection, i.e., Pn(u,) =
Zévzl (ty, Vi) Ly ()%e. The inner products are approximated by the midpoint rule, i.e.,
(s Vi) Loy = i Soity up(@i) Ye(zy), so that by orthormality

5132{‘/]\] Huuj - {}N”%Q(Q) = ||qu - PN(uug)HQLz(Q)
Ny Ny N 2
~ s Z (UMJ (xi)_(PN(ou))(mt))Q = i Z (uug Ti)= ) Uy, Vo) o0 1/12(331))
i=1 i=1 =1
Ny N Ny
R <“uj (@) =D 7= > g, (@) W(fﬂi')we(%))
i=1 =1 =1
Ny N ng, 2 Ny 2
= % Z <Xi,j_nlw Z Xt j \Ili’,Z\I’iJ) :n% (Xz,j (‘I’N‘I’T X)i,j) )
i=1 (=1i'=1 i=1

where Wy = (Yg(2;))i,e € R™ >N, Then, dist(Viv,Us(P)) L. (P:Lo(02)) IS approximated
by taking the maximum over j = 1,...,n, of the latter quantity and then the square
root. As for the Lo-distance dist(Vi,Uy(P)) 1, (p;L.(0)), by (2.5b)

diSt(VNaug(lp))%g(P;Lz(Q)) = [lun - PNU’HH%Q(P;LQ(Q)) = /P [y, — PN“uHZLQ(Q) dp

m Ny Ng 2
~ 2
~ ﬁ Z [ty — P, |7, ) = W o ZZ ( ‘I’N‘I’NX)u>
Jj=1 j=11i=1
= n7 EHX E‘I’N‘I’ XHF = n7 E”GNHFa
where || - | denotes the Frobenius norm of a matrix.

7.2 Error bound for a jump discontinuity

For a discontinuous function, it is known that dy(P) < ¢N~1/2, [20], the novel exact
representation is given in (4.4). We compare a reduced order model determined by
POD (termed POD-ROM here) with the exact rate, which allows us to numerically
investigate the difference between the asymptotic order N~/2 and the exact rate. The
results are shown in Figure 1. In the graph on the left, we show the decay for different
sizes of ng, i.e., various numbers of the original snapshots to build the POD (shown in
different colors). As we see, they asymptotically reach the exact representation shown
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in cyan. This also confirms the known fact that POD is optimal w.r.t. the Ly-width.
We also show the asymptotic order N~/2 in black.

The formula for the exact rate cannot immediately be re-interpreted as a simple
asymptotic w.r.t. N. To this end, on the right-hand side of Figure 1b we plot the ratio

of N=1/2 and the exact form and see that it reaches Z, which is interesting at least

27
—1/2

for two reasons: (i) the asymptotic rate N is sharp with a multiple factor of 7;

(ii) the exact formula has an asymptotic behavior as N~'/2,
0 - —
10 — POD-ROM (n = 1000b) 158 = N*l/?/\/<f7 SRngr (2LER] - 1)’2)
- \/( b (2LEE ,1)*'2> V0L .
1 72 &k=N+1 2 2
= 10 <. - N1/
S MBEYE e
1.56 r
10_3 T T T T T 1 T T T T T
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
N N
(a) POD-ROM vs. analytic error decay. (b) Ratio exact form and asymptotic rate.

Fig. 1: Kolmorogov N-width dy(P) width for a discontinuous function — comparison
of POD, exact form of dx(P) and known asymptotic rate.

7.3 Smooth steep functions

We are now considering smooth functions which are “close” to a jump in the sense
that they have one or more steep ramps. To this end, we construct an odd half-wave
symmetric function, shown in Figure 2b. The starting point is some smooth odd-
symmetric function ¢ on the interval (—3,1) (see Figure 2a). Based upon this, we

272
define the odd HWS function g = g4 by

1-2¢(z+1), —-l<z<-1,
g@) =2 -1,  -i<a<i, (7.1)
1-2¢(z—1), ;<z<l.

Following this idea, we can derive functions with arbitrary smoothness and arbi-
trarily steep ramps in order to be able to numerically investigate the dependence of
the decay rate of dy(P) on the regularity and the shape of the function. To this end,
we construct a whole family {qx }ren, such that g, € C* but g ¢ C**1 (so that k is
the exact degree of regularity of ¢x). We show an example of such functions qo, ..., g5
n (7.2). Starting from a linear function gg, we successively increase the polynomial
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smooth seems (marked by dashed lines).

Fig. 2: Construction of an odd HWS initial condition from a smooth ramp.

degree. A parameter € is used to control the steepness of the ramp.'? Then, we get

1
P

:6—5x

:E—gx

- _2.34 3.2
3T+ S,

5 15,.4 10,.3

Ga® — ot + @ad
_ 20,7, 70.6 8.5, 354
iy +66x pid +€4$7
70 ,.9 315,.8 540,.7 420,.6

126 .5
& Ly

252 .11 1386 ,.10 3080 ,.9 3465 .8 1980,.7 462 .6
== = A A = Ak M U

We can continue this process to obtain a C'*°-function, but do not go into details. In
order to get a meaningful comparison for the dependency of the N-width in terms of
the smoothness, we will use e for such a fine-tuning. The aim is that all functions g
should feature a similar steep jump from 0 to 1, but differ in their regularity, which
of course causes different shapes of the functions, see Figure 3. Hence, we fit each
resulting gq, to g4, and choose € as the parameter resulting in the best fit. We indicate
the resulting values for € in Table 1. The resulting functions of different smoothness

regularity

CO

Cl

02

c3

04

(o83

€

0.025

0.03316

0.04002

0.04592

0.05116

0.05592

Table 1: Values for 2¢ for each g

are plotted in Figure 3. As we can see from the left graph in Figure 3a, the shape of
all functions is quite similar. The main difference lies in the regularity as can be seen
in the zoom in Figure 3b.

12\We give all details for the sake of reproducible research.
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14 — linear r¢ o 0.00
T linear ramp, C° | — linear ramp, C°
smooth ramp, C' = smooth ramp, C'
— smooth ramp, 6:2 —0.25 1 — smooth ramp: c?
— smooth ramp, C — smooth ramp, C3
= smooth ramp, C'% o smooth ramp, C*
S 0 smooth ramp, C' & -0.50 smooth ramp, C7
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—-1.0 —0.5 0.0 0.5 1.0 —0.02 —0.01 0.00
" T
a) Ramp functions on Qp. b) Zoom into subinterval [—0.025, 0].
'P b)

Fig. 3: Ramp functions with varying smoothness C*.

The results concerning the N-width are shown in Figure 4. On the left, in Figure 4a,
we compare the N-width én(P) for g, , € C""}(Q), r = 1,...,6 and also for the C>°-
sigmoid function (yellow) with exponential decay. We also indicate the error bound
from Theorem 5.3, i.e., &N ~("+1/2) As there is no difference visible, in Figure 4b, we
plot the ratio of the numerically computed error and ¢, N~("t1/2) for a fitted ¢, for
every r € Ny. We see very good matches indicating that our bounds are sharp regarding
N. As with the decay of the jump discontinuity (c.f. Figure la), the numerically
computed decay for N close to min(n,,n,) suffers from inaccuracies that are related
to the discretization error.

10° T -1 e
A — i , C 8 |
NS TUCH S IS S S —
10443 = oot e ) e )
> \\\ smooth ramp, C: K3 10° 4 — lincar ramp, C°
< NN smooth ramp:C — smooth ramp, C
1078 4 Sooso Sigmaid, 2 — smooth ramp, C?
S~ 10~ A — smooth ramp, €3
~— -__~~~- - I smooth ramp, C4
e e -l smooth ramp, C®
10_12 T == T 1071 T T T T =
0 1000 2000 0 500 1000 1500 2000 2500
N N
(a) 6y and error estimation for C"~'- (b) Estimation of ¢ st. oy &
functions. e N~ (r+1/2)

Fig. 4: N-width for ramps with varying regularity.

7.4 The impact of the slope

In §7.3 we have investigated functions with an almost identical ramp but with different
smoothness. Now, we fix the regularity and vary the slope, i.e., the maximal value of
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the derivative (or norm of the gradient in higher dimensions). From our theoretical
findings, we expect that the asymptotic decay rate should not be influenced by the
slope. However, all estimates involve a multiplicative factor, which might depend on
the slope. In order to clarify this, we consider a continuous, piecewise linear function
with varying steepness. We choose the function gg in (7.2a) for different values of ¢, see
Figure 5a. The results are displayed in Figure 5. We observe that the asymptotic rate
is in fact identical, but the multiplicative factor grows with decreasing €, the steeper
the slope, the slower the decay of the N-width.

U — ¢ =10.50
i el 1] 10! oM
=iy \ =iy
— e=0.01 N e=0.01
3/ - =z NS
ES 0.5 S 1073 \:::.:: , —
ITSESoSoood
i B %
0 0 T T T 10 2 T T T T T
—-1.0 —-0.5 0.0 0.5 1.0 0 200 400 600 800 1000
T N
(a) Function gg for different e. (b) o5 (P) for different e.

Fig. 5: N-width depending on the slope of a continuous, piecewise linear function.

7.5 Beyond symmetry

Finally, we consider almost arbitrary functions g to define initial and boundary con-
ditions for our original linear transport problem (2.1) in the sense that g_; o) defines
the inflow (i.e., the boundary condition) and g1 is the initial condition on 2. Again,
we focus on the influence of the regularity on the decay of the N-width. To this end,
we start by a piecewise constant discontinuous function as displayed in Figure 6a (dark
blue), where the height of the 20 steps are chosen at random. Smother versions are
constructed by applying a convolution with a uniform box kernel, that is as wide as
the distance between two discontinuities, see also Figure 6a.'® The N-width is shown
in Figure 6b, where -again- we clearly see the dependence of the decay on the regular-
ity; the smoother, the better the rate. The rates are the same as in the previous case,
but the constants (indicated in Figure 6b) differ. This experiment confirms our results
also beyond half-wave symmetry, which we had to assume for the given proofs.

A 2D-example

All our analysis above was restricted to the 1D case €2 = (0,1). However, from the
presentation it should be clear that at least some of what has been presented can be

13A closer agreement between the original and the convoluted function as well as a faster error decay
could be achieved through a convolution by a narrow Gaussian kernel. However, we aimed at highlighting
the effect of regularity.
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convolution, k£ =0, ..., 3.

Fig. 6: 05 (P) for random functions of different smoothness.

generalized to the higher-dimensional case by means of tensor products. In order to
show this also numerically, we consider a linear transport problem on Q = (0,1)2,
see Figure 7a. There, we indicate piecewise constant boundary conditions (on the left
square yielding the inflow conditions) and initial conditions on §2 (on the right square).
As before, we realize initial and boundary conditions of higher regularity by applying
convolutions. The resulting N-widths are displayed in Figure 7b, where we see once
more that the rate is correlated to the regularity.

1.0 1

100
A c=1.5e+00
0.5 10-4 _‘{\ ¢=6.00+-00 mretmmemmememe |
bQZ \:\ L c=3.3e+01,,
0.0 : 108 4 E %‘?C- ':f=2.1e+02,__ ______
-1.0 —-05 00 05 1.0 o e=tsetos L |
] 10712 : : ==
~1.0 -05 0.0 0.5 1.0 0 100 200 300 400 500
N
(a) Piecewise constant initial and
boundary conditions indicated by (b) Kolmorogov ~ N-width  for
color boxes. C‘k(Qp)-COHditiOl’lS7 k=0,..,4.

Fig. 7: 2D-transport problem: dy-width for initial- and boundary conditions of
different regularity C*(Qp), k=0, ..., 4.
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8 Conclusions

We have derived both exact representations as well as sharp bounds for the N-width
for significant classes of functions used as initial and boundary values for the linear
transport problem. The influence of the regularity on the decay has been rigorously
investigated, namely ¢, N~("t1/2) for functions in the Sobolev space H”. It became
clear that a poor decay of the N-width is only a question of the smoothness of the
solution in terms of the parameter, not of the problem itself. In other words, the decay
does not necessarily depend on the PDE, but on the data such as initial and boundary
values. We have also seen that the constant in the decay estimate depends on the slope
of the function in a severe manner.

Our main tool is Fourier analysis and the notion of half-wave symmetric functions.
This notion allowed us to construct linear spaces which we have shown to be optimal
in the sense of Kolmogorov. Since any function can be written as a sum of even and
odd HWS function, we derived a general upper estimate for the N-width. We have
investigated both the Ly(P)-based N-width dn(P) and the Lo, (P)-based (worst case)
N-width dn(P) and we have proven dn(P) = dn(P) for all HWS functions (Cor. 4.6).
We conjecture that this upper bound is also asymptotically sharp, but we do not have
a proof yet. Finally, the presented approach could also be generalized and adapted for
other kind of PPDEs.
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