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On Galerkin Method for Homogeneous Infinite-Dimensional Systems

Andrey Polyakov*

Abstract. The paper proposes Galerkin-like projection method which preserves dilation symmetries of lin-
ear and nonlinear (possibly unbounded) operators. The method is developed for approximation
of generalized homogeneous evolution equations in Hilbert spaces. It is shown that the obtained
reduced-order model preserve stability and convergence properties (such as finite-time and fixed-
time stability) of the original system. The proposed method is compared on simulations with the
classical Galerkin method for the Burgers equation.

Key word. approximation of distributed parameter systems; semigroup and operator theory.

1. Introduction. Symmetries are specific features of many mathematical models, which
play an important role in analysis and control design. The standard (conventional) homogene-
ity, studied by Leonhard Euler, is a symmetry with respect to the uniform dilation x — Az,
where A € R and x is an element of a vector space. For example, a function x — f(z) is
standard homogeneous if f(Az) = A\ f(z), VA > 0,Vx, where v is a real number called the
homogeneity degree. It seems the generalized homogeneity (a symmetry with respect to a non-
uniform dilation) was first studied by Vladimir Zubov in [33]. The generalized homogeneity
was shown to be useful for analysis of nonlinear finite-dimensional dynamical systems [14],
[16], [3] as well as for control design and estimation problems [12], [22], [19], [20]. Homogeneity
specifies a convergence rate of an asymptotically stable system (see e.g. [21]) and allows simple
methods of robustness analysis of nonlinear control systems to be developed [1], [2]. Elements
of the homogeneous control theory of infinite dimensional systems are presented in [29], [27].
It is well-known (see [11], [10], [25]) that the generalized homogeneity is the specific feature of
linear differential operators and nonlinear models of mathematical physics like Saint-Venant,
Navier—Stokes, Burgers and KdV equations. The dilation symmetry of homogeneous operators
is preserved in mathematical objects induced by these operators. For example, the well-known
Euler’s homogeneous function theorem implies that derivatives of homogeneous functions are
homogeneous as well. The similar conclusions can be made for Frechét differentiable operators
in Hilbert spaces as well as for solutions of generalized homogeneous evolution equations in
Banach spaces [25]. Therefore, preserving the dilation symmetry is important for systems
analysis and design of high performance control and estimation algorithms. Many methods
of control engineering are based on reduced order models obtained by a conventional approx-
imation techniques which do not preserve the dilation symmetries of the original nonlinear
system in the general case.

Methods of geometric numerical integration are known to preserve geometric properties
of the system of differential equations allowing better global numerical results to be obtained
(see e.g. [13], [31]). Symmetries persevering numerical algorithms are surveyed in [5]. They
are essentially based on the approach proposed by Vladimir Dorodnitsyn in 1989, [7], which
applies Lie group methods to a finite-difference equations. The mentioned algorithms allow
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2 A. POLYAKOV

some Lie symmetries of partial differential equations (PDEs) to be preserved in their finite-
difference approximations. Recently [4], the similar schemes were adapted to finite-element
methods for ordinary differential equations (ODEs). To the best of the author’s knowledge,
homogeneity preserving Galerkin-type methods for evolution equations in Hilbert spaces have
never been presented before.

Numerical schemes preserving properties induced by homogeneity (e.g. convergence rates)
of control systems in R™ are also designed in [28]. Being developed in the context of control
systems theory, the corresponding schemes do not use explicitly the moving frames and the
invariantization procedure known for the symmetry preserving integration algorithms [5]. The
original model was simply transformed to an equivalent ODE allowing the conventional dis-
cretization algorithms to be applied in such a way that all important features of homogeneous
systems are preserved. The present paper develops a Galerkin-type method in the similar way.
The obtained reduced-order ODE model preserves the dilation symmetry and the homogene-
ity degree of the original infinite-dimensional evolution equation. The numerical experiments
for the Burgers equation confirm a large improvement of the estimation precision of the ho-
mogeneous Galerkin projection in comparison with the classical Galerkin technique. It is also
shown that the proposed scheme allows some properties important for control systems design
and analysis to be preserved as well, e.g. Lyapunov/asymptotic stability and convergence
rates (such as finite-time or fixed-time convergence). Together with [28] the proposed method
provides a unified framework for a consistent discrete-time approximation of homogeneous
control systems as well as digital implementation of homogeneous controllers for distributed
parameter systems.

Notation. R is the field of real numbers; Ry = [0,400); || - || denotes a norm in a
real Banach space B; (-,-)m denotes an inner product in a real Hilbert space H; 0 is the
zero element of a Banach space; I (resp. O) denotes the identity (resp. the zero) operator;
L(B1,B2) denotes the space of linear bounded operators By — By with the norm [|A| £ (g, B,) =
SUD| (]|, =1 |Az||B,, where A € L(B1,Bs); if B; = By = B we write shortly ||Al|g; Sp is the
unit sphere in B; for r > 1 the set Kg(r) C B is defined as follows Kp(r) := {z € B :
1/r < ||z|lp < r}; D(A) denotes the domain of an operator A; C([t1,t2],B) is the space of
continuous functions z : [t1,t2] — B with the uniform norm ||z ¢ = max.ey, 4, [|2(?)]| with
—00 < t; < ta < 400; CX(Q,R™) is a set of infinitely smooth functions R — R™ with
compact supports in an open connected set 2 C R™ with a sufficiently smooth boundary (or
Q = R"); L2(©,R™) is the Lebesgue space with HuH%Q(Q’Rm) = (u,u) 2(,rmy and the inner
product (u,v) 2 rm) = fQ u-v, where u,v € L?(Q, R™); HP(2,R™) is the Sobolev space with
||u|\%1p(QVRm) = (u,u) gr(o,rm) and the inner product (u,v) g rm) = b o(V'u, V) L (0rm)
for u,v € HP(Q,R™); HY is a completion of C2° in the norm of H?; ¢? is the Hilbert spaces of
quadratically summable sequences of real numbers with the inner product (z,y) = >, z;y;, ¢ =
(z1,22,..) ,y = (y1,92,...) " € £%; L'((t1,t2),B) is the space of Bochner integrable functions
(t1,t2) — B, where —00 < t; < ty < +o0; the symbol % (resp. € ) means that an identity
(resp. inclusion) holds almost everywhere; @(t) := limy_, w is a time derivative of the
function z : R — B; Apax(P) (resp. Amin(P)) denotes the minimal (resp. maximal) eigenvalue
of the symmetric matrix P = PT € R»*",
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2. Homogeneous Systems.

2.1. Dilations in Banach/Hilbert spaces and their generators. In this paper we deal
only with linear dilations [25]. For more details about theory of dilations in finite-dimensional
and infinite-dimensional spaces we refer the reader to [15], [17].

Definition 2.1. A mapping 0 : R — L(B,B) is said to be a group of linear dilations (or,
simply, dilation) in a Banach space B if
1) (Group property) 9(0) = I, d(t+s)=0(t)0(s), t,s€R;
2) (Limit property) lim [9(s)ullp =0 and lim |[[o(s)ullp = +oo for any u # 0.
§——00 S§—>+00

Obviously, 0 is one-parameter group of linear bounded invertible operators and d(—s) =
(0(s)) ™", Vs € R. The limit property specifies groups being dilations in B.

Example 1. Let us consider the one-parameter group of linear invertible operators in the
Lebesgue space LP(R™,R™) and in the Sobolev space HP(R™, R™) given by

(2.1) (0(s)x)(2) = e**x(e’°2), seR, xzeLP(R",R™), zcR"
where o, B € R are constant parameters. Since
o(s)zlze = /P ]| s
then 0 is a dilation in LP(R™ R™) provided that o — fn/p > 0. On the other hand, since
p . . p . .
o(s)[l» = Z IV (s)zlT, = Y e 0(s)VialF, = Y eI via||3,,
i= =0

then 0 is a dilation in HP(R™,R™) provided that o > $(0.5n/2 —i),i = 0,1, ..., p.

Definition 2.2. A dilation 0 is strongly (uniformly) continuous if s — 0(s)u (resp. s —
0(s)) is continuous in B (resp. in L(B,B)) for any u € B.

Any continuous linear dilation in R" is given by d(s) = 5@ = 3", SZZC,; , where G, € R™*"

is an anti-Hurwitz matrix. Nonlinear dilations in R™ are studied in [18], [17], [32].

Example 2. The dilation d given by (2.1) is strongly continuous in HP(R™,R™). Indeed,
considering p =0 and xo, € C°(R",R™) we derive

(0(8)Zoo — Toos Too) 12 = /B " (eo‘sxoo(eﬁsz) - xoo(z)) “Too(2)dz, |s| < s

for some finite ¢ > 0 (dependent of xo, and sy > 0). Since xoo € C* is a uniformly continuous
function then ||Too(€2%2) — Too(2)||rm < o(||€?*z — 2||rn) < o(c(e®® — 1)) for all z € Bgn(c)
and some o € K. Hence (3(5)Toc — Toos Too) Ly(rnrm) —+ 0 as s — 0 and

[(s) 200 = Zooll72 = [0(8) 20072 — [@acll72 — 2 (0(5)2a0 —Too, Tac) 12

tends to zero as s — 0. Taking into account that C™ is dense in HP, the continuity of
s = 0(s)x can be shown for any x € HP(R™,R™).
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Being a strongly continuous group of linear bounded operators, the linear dilation always
has an infinitesimal generator [23] that is a closed densely defined linear operator Gy : D(Gy) C
B — B given by Gou = lim,_o 2287 4y € D(Gy).

Example 3. The generator Gy of the group ® considered in Example 1 is given by (see [25])
(2.2) (Gox)(2) = ax(z) + B(z - V)x(z), z€R", xeD(G,) C H'(R",R™),

where z-V = z; az +22 +.. +Z”8 , the domain D(Gh) is a completion of CZ° with respect
to the norm ||z| gr + ||Ga:z:||Hp All derwatwes are understood in the weak sense.

Definition 2.3. A set D C B is a 0-homogeneous cone in B if 0(s)u € D,Vu € D,Vs € R.

Notice that D becomes the conventional positive cone in B provided that 9 is the uniform
dilation 9(s) = e°I,s € R. Homogeneous cones are domains of unbounded homogeneous
operators in B (see below).

3. Monotone dilations. For further constructions it is also important to know a relation
between a dilation and the norm topology of the vector space.

Definition 3.1. A dilation 0 is strictly monotone in B if 38 > 0: ||o(s)||p < €%%,Vs < 0.

Monotonicity of the dilation implies the monotonicity of the function s — [[o(s)ul|p for any
u € B. Any linear dilation in R" is strictly monotone under a proper selection of the weighted
Euclidean norm [24].

Example 4. The dilation (2.1) is strictly monotone in LP(R™,R™) if « — fn/p > 0 and
strictly monotone in HP(R™,R™) provided that o > (0.5n/2 —i),i = 0,1,...,p (see Example
1). For more details, about linear dilations in function spaces we refer the reader to [25,
Chapter 6], where in particular the generalized dilations like (0(s)x)(z) = eGasx(e8552),
Go € R™" Gg € R™™ are studied.

Definition 3.2. A wvector zo € B : ||20|lp = 1 is said to be a homogeneous projection of the
vector z € B if is there exists so € R such that zo = 0(sg)z, where d is a dilation in B.

Monotonicity of the dilation 0 guarantees the uniqueness of the homogeneous projection for
any vector z € B\{0}. For dilations in Hilbert spaces the following simple criterion of strict
monotonicity can be provided in terms of the generator.

Proposition 3.3. [25] A strongly continuous dilation group 0 in a real Hilbert space H is
strictly monotone if and only if there exists v > 0 and a d-homogeneous cone D dense in
D(Gy) such that

(3.1) (Goz,2hu 2 ll2l5  for any =z €D,

where Gy is the generator of 0.

Example 5. For the generator Gy of the dilation 0 given by (2.1) we have

(Goz, )1, = (a - 52”) (5 2) 1., V2 € D(Gh).
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3.1. The canonical homogeneous norm. The dilation introduces an alternative norm
topology in B using the so-called canonical homogeneous norm.

Definition 3.4 ([27]). The functional || - ||y : B — Ry given by

(3.2) |ullog=€™, wheres, € R:[o(—s,)ullg =1, u#0

is called the canonical homogeneous norm in B, where 0 is a strictly monotone dilation in B.
Obviously, [[o(s)ulloz = €*||ulop and |Julo g = || — uljo,p for Vu € B and Vs € R.Notice that
|l - llo,g = || - ||z provided that 0 is the uniform (standard) dilation ?(s) =e°l, s € R. The
functional ||-||o B is not even a semi norm. However, in control literature (see [16], [12], [1]), the
name "norm” is frequently utilized for positive definite homogeneous functionals like || - |5 B-

We follow this tradition in the paper.

Theorem 3.5 ([25], Lemmas 7.1, 7.2). Ifd is a strongly continuous strictly monotone
dilation then |- ||y is single-valued, positive definite, locally Lipschitz continuous on B\{0} and
there evistw > 7> 0, C 2 1: &lull < llulls < Jully, u € Bo(1) and [[ul] < ulls < Clul,
u € B\By(1). Moreover, there exist o, € K= : a(||u|lp) <||ull <T(|u|r), Yu € B.

In [25,Theorem 7.1]it is also proven that || - ||, is a norm in a Banach space B homeomorphic
to B. This justifies the name "norm” for the functional || - |f5.

Example 6. Since the strongly continuous strictly monotone dilation (2.1) in HP(R™ R™)
satisfies

P
P(s)allFy =D e Vig||7,,  z € HP(R",R™)
i=0
then the canonical homogeneous norm in HP is defined as ||z||o,gr = 1/V, where V> 0 is a
unique real positive root of the following fractional polynomial equation

1= zp: Vafﬂn/ZJrlﬂai,
i=0
where a; = HV%H%Q(W’RM, x#0,a>fn/2—ip,i=0,1...,p. Since the right-hand side of the
latter equation is continuously differentiable in a;, V € (0,400) then, by the implicit function
theorem, the function (ag,...,a,) — V defined implicitly by this equation is continuously dif-

ferentiable in a; € (0,400) as well. In other words, the canonical homogeneous norm |||y gr
is a continuously differentiable function of ||V'z||12,i=0,1,...,p for x € HP(R™",R™)\{0}.

The canonical homogeneous can be utilized as a Lyapunov function candidate for some
homogeneous systems. The differentiability properties of the homogeneous norm are important
for the corresponding analysis. In the case of an abstract Hilbert space H, the canonical
homogeneous norm is Frechét differentiable at least on the domain of the generator Gjy.

Lemma 3.6 ([25], Lemma 7.4). Let ® be a strongly continuous strictly monotone dilation
group in a Hilbert space H then the homogeneous norm || - ||o is differentiable on D(Gy)\{0}
and the Fréchet derivative of || - |lom at u € D(Go)\{0} is given by

@(=Inlullom) -, o(=Influ
(Goo(—1In [[ul

28U

(3.3) (Dllullom) (-) = o), O(— In [[ue][p 1))
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Example 7. Let us consider again the strongly continuous strictly monotone dilation (2.1)
in HP(R™, R™) with o > pn/2 —if,i = 0,1,...,p. From Ezample 6 we conclude the Fréchet
differentiability of || - |lo,ur on HP(R™,R™)\{0}. Notice that for v € H'(R",R™) using inte-
gration by parts we derive

(Gov,v) g = (av + B(z - V)v,v)p, +(V (av + (B2 - V)v) , V) =
(a—pn/2) (v,v), + (a+ (1 —=n/2)) (Vv,Vuv),,
and the Fréchet derivative of || - ||, g1 at the point x € H'(R",R™) can be computed as follows

. <D(—11’1||CCHD’H1)q,U> 1 1 n m
(3.4) (D||35||a,H1) (q)_(a—,@n/2)<v,v>L2+(a+ﬁ(1—n/2})l)<Vv,Vv>L2 ||5L’H0,H1> qe H (R",R™),

where v :=0 (—In ||z, 1) z.

3.2. Homogeneous operators and functionals. Homogeneous functionals and operators
on a Banach space B (see [29]) are defined similarly to homogeneous functions and vector
fields (see e.g. [17], [12]) taking into account their possible unboundedness.

Definition 3.7. An operator f : D(f) C B — B (a functional h : D(h) C B — R) is said
to be 9-homogeneous of a degree v € R if the domain D(f) (resp. D(h)) is a 0-homogeneous
cone and
e"0(s) f(u) = f(@(s)u), Vs R, VueD(f),

(3.5) (resp. h(d(s)u)=e"*h(u), VseR, Vue D(h))

where 0 1s a group of linear invertible operators in B.

The canonical homogeneous is the simplest example of the 9-homogeneous functional B — R
of the degree 1.

Example 8 ([25]).  Simple computations show the Laplace operator A : H?*(R™,R) C
L*(R™ R)— L*(R™,R) is 0-homogeneous of the degree 23 with respect to the dilation 0 intro-
duced in the Example 1, where Ax =" | %, 2z € R,z € H?(R™,R) and the derivatives are
understood in the weak sense.

Homogeneity allows local properties of nonlinear operators (such as regularity) to be extend
globally [25, Chapter 7]. We say that an evolution equation is d-homogeneous of a degree
w € R if its right-hand side is a 9-homogeneous operator of the degree .

3.3. Symmetry of homogeneous evolution equations. Let us consider the nonlinear
system

(3.6) t=Ax+ f(x), t>0, z(0)=ux9

where z(t) € B is a system state at the time instant ¢, o € B is an initial state, A : D(A) C
B — B is a linear (possibly unbounded) closed densely defined operator which generates a
strongly continuous semigroup ® of linear bounded operators on B, f : D(f) C B — B is
a non-linear (possibly unbounded) closed densely defined operator such that f(0) = 0 and
D(f) C B is a linear subspace dense in B, D(A) C D(f).

The non-linear evolution equations are well-studied in the literature (see, for example,
[23, 9]), where the notion of solution is introduced using the theory of evolution semigroups.
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Definition 3.8. A continuous function x : [0,T) — B is said to be a mild solution of (3.6)
if f(z(-)) € L'((0,T),B) and

t

z(t) = ®(t)zo +/0<I>(t —8)f(z(s))ds, Vte[0,T).

If x satisfies (3.6) for (almost) allt€ (0,T) then x is called classical (strong) solution of (3.6).

The above integral is understood in the sense of Bochner (see e.g. [8], page 187). The
assumption f(0) = 0 implies the existence of the zero solution of (3.6) with 2o = 0.

Definition 3.9. A closed densely defined non-linear operator f : D(f) C B — B is said
to be M -regular if there exists a linear closed operator M : D(f) C B — B with a bounded
inverse M~! : B — D(f) such that the nonlinear mapping © — f(M~1x) is locally Lipschitz
continuous in x € B\{0}. More precisely, for any r > 0 there exists L, > 0 such that

(3.7) If (M~ wy) = f(M ™ as)|ls < Lellzy — 22|p

for all z; € Kg(r), where v € (0,1] and i =1,2.

For example, if f(z) = g(Bz,z), where B : D(B) C B — B is a closed densely defined linear
unbounded operator and g : B x B — B is locally Lipschitz continuous, then f is M-regular
with M = B — Al provided that A € R belongs to the resolvent set of B. For a well-posedness
of (3.6) with z¢ # 0, we assume that f admits some ” M-regularization” consistent with A.

Assumption 1. Let f: D(f) C B — B be M-reqular, M commutes with ®:
O(t)Mxg = MP(t)xg for allt >0 and all z9 € D(f),

the linear operator M®(t) : B — B is bounded for any t > 0 and there exists a continuous
function w : (0,4+00) — Ry such that

t
IM®()|s <w(t) and / w(o)do < +00, ¥t € (0, +00).
0

If D(f) = B then M = I is the identity operator and Assumption 1 simply asks the
regularity of f on B\{0}. If A is a generator of an analytic semigroup ® then Assumption 1
can be fulfilled for an operator M being a fractional power of the operator A (see e.g. [23],
page 195). The function w has the form w(t) =t"*C,a € (0,1),C > 1 in this case.

Assumption 1 guarantees that for any z¢g € D(f)\{0} the evolution equation (3.6) has a
unique mild solution x4, : [0,7) — D(f) (see e.g. [23, page 195] or [26, Lemma 2] for more
details). If the Banach space B is reflexive (e.g. if B = H) and zg € M ~'D(A) then the
corresponding mild solution is strong (see e.g. [23, page 109] or [26, Corollary 3] for more
details).

A semigroup generated by a closed densely defined linear homogeneous operator in B is
homogeneous as well [25, Lemma 8.1]. The same can be proven for solutions of nonlinear
homogeneous evolution equations.
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Theorem 3.10 ([25], Theorem 8.1). Let d be a group of linear bounded invertible operators
on B. Let a linear closed densely defined operator A : D(A) C B — B generate a strongly
continuous semigroup ® of linear bounded operators on B and f : D(f) C B — B. Let A
and f be 0-homogeneous operators of a degree v € R. If x : [0,T) — D(f) is a mild solution
of (3.6) then for any s €R the function x°:[0,e™*T) —D(f) given by x°(t) := o(s)x(e"*t),
t € [0,e 5T is a mild solution of the evolution equation (3.6) as well.

The latter theorem proves the symmetry of solutions of the evolution equation (3.6) with
0-homogeneous operators A and f:

(3.8) Ta(s)ao (t) = 0(8)Tao (€°1), s€ER, >0,

where z, denotes a solution of (3.6) with the initial data z(0) = 2.
S

Example 9. The system @ = Ax — (v - V)x, t > 0, € L*(R",R") is 0-homogeneous
of the degree 2 with respect to the dilation (3(s)x)(z) = e®z(e®z),z € R™, s € R, where
A : H?>(R",R") C L?>(R",R") — L?(R",R") is the Laplace operator and f : H'(R",R") C
L*(R™ R") — L?(R™,R") given by f(z) = (z - V)x is a non-linear M-regular operator with
M = (—A)1/2 being the fractional Laplacian. According to Theorem 3.10, mild solutions of
the considered system are symmetric and satisfy (3.8).

The dilation symmetry expands globally any local property of solutions. For example, if the
origin of (3.6) is locally stable then, from (3.8) and the limit property of 9, we immediately
derive global stability. Similarly, the existence of solutions for small initial data implies the
existence of solutions for large initial data and so on.

4. Homogeneous Galerkin Projection. As a motivating example let us consider the Burg-
ers equation

0 0? 0
(4.1) %:a—;—xé, t>0, 2(0,2) =z(z), z€R, zp€ L2
for which the classical Galerkin projection is given by a reduced order model of the form (see
e.g. [6] for more details)

(4.2) LEt) = A3 (t) — BE()E(E), t>0,

where ¥ = (#1,...,%,)" € R" approximates the solution of the original system z(t) € L? as
follows

w(t) ~ Y F(t)hi, t>0
=1

with h; € L?,i = 1,2, ...,n being a (sufficiently smooth) orthonormal family in L?, A, € R™*"
and & — B(Z) € R™"™ is a linear mapping.

Notice that the Burgers equation in L?(R,R) is 9-homogeneous of the degree 2 with
respect to the dilation (2.1) (see Example 9). The latter implies the symmetry of solutions
of the Burgers equation (see Theorem 3.10). This symmetry is destroyed by the conventional
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Galerkin projection. Indeed, the first term in the right-hand side of (4.2) is 9-homogeneous
(with 9(s) = €°I,,) of the degree 0:

An0(s)E = e%0(s) Az, Vs € R,V € R",
and the second one is 0-homogeneous of the degree 1:
B(d(s)x)0(s)z = e'*0(s)B(2)z, Vs € R,V € R",

while the right-hand side (4.2) is not d-homogeneous, so solutions of (4.2) are not symmetric
with respect to homogeneous scaling of the initial condition. Therefore, the classical Galerkin
method does not preserve the dilation symmetry of the Burgers equation. The same conclu-
sions can be made for the Galerkin projection of Navier—Stokes equations.

There are two possible ways to preserve the homogeneity in the finite-dimensional approx-
imated model of the Burgers equation. The first one is to use the Lie-symmetry-preserving
numerical integration schemes based on finite-difference approximations [5] which would im-
mediately provide some nonlinear discrete-time approximate model of the system. The second
way is to develop a Galerkin-like projection method which would preserve a dilation symmetry
of the Burgers equation in its finite-dimensional reduced order model (ODE). Since most of
control design and analysis methods are developed for continuous-time homogeneous ODE
models, the second option could be more useful for the modern control systems theory.

It seems that the problem of a homogeneous Galerkin projection was studied in [25,
Chapter 10] for the first time, where the following two step procedure was suggested: initially,
an approximation of a linear dilation 0 is obtained, next, an approximation of a non-linear
0-homogeneous operator is designed. This paper refines the suggested procedure.

4.1. Approximation of the dilation group. Notice that the generator of a dilation in H
is a linear closed densely defined operator due to Hille-Yosida theorem [23]. This allows the
conventional Galerkin projection method to be utilized for the approximation of the dilation.

Since any linear dilation d(s) in a real Hilbert space H is defined by it generator then for
any xo € D(Gy) the function s — x(s) := 9(s)zo satisfies

t(s) = Gyx(s), se€R, z(0)=xo.

In this section we deal only with the Hilber space H and, for shortness, we omit the index H
i notations of norms and the inner products if the context is clear.

Recall that the classical Galerkin approximation deals the following weak formulation of
the latter linear equation:

find z, € C(R,V) such that
(4.3) (Ty(s) — Gozy(s),v) =0, YveV, VseR,
<:‘U(O)a U>H = <$07U>a Vo eV,

where V' C H is a linear subspace of H.
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Let h; € D(Gy),i = 1,2,...,n be an orthonormal family of vectors from a real Hilbert
space H. Let the operator II,, : H — R"™ be defined as follows
(x,h1)
(4.4) M= | (©he
(@, hy)

Hence, repeating the standard arguments for V =span{hy, ho, ..., h,, } we derive
n
zo(s) =Y i(s)h;
i=1

is the unique solution of (4.3) provided that

d
2o(s) = Ga,i(s),  #(0) =Tnzo, F(s) = (#1(s), e Zn(s))T €ERY, sER
where
(Gohi,h1) (Goha,hi) ... (Gahn,h)
(4,5) Gbn = | (Gohi,h2) (Goha,ha) ... (Gahnsh2) | ¢ R™X"
(Gohi,hn) (Goha,hn) - (Gohn k)

is the matrix of a linear operator V' — V being the conventional Galerkin projection of the
generator G to a finite-dimensional linear subspace V. Notice that Z(s) = esGonTl, 0, so the
one-parameter group

(4.6) Ou(s) = e5Gn e R 5 R

can be interpreted as a finite-dimensional projection of the dilation 9. For any strictly mono-
tone dilation d satisfying (Gyv,v) > v{v,v),Vv € V we obviously have

(4.7) Gh, + Gy, = 27I,.

Moreover, in this case, the Galerkin projection Gy, € R™*"™ of the generator G, always admits
the representation

where A € R™ " is a diagonal positive definite matriz and = € R™" is a skew-symmetric
matriz, provided that h; € D(Gy) are properly selected. Indeed, since

_Ga+G§+Go—G§
- 2 2

where G3 is the adjoint operator to Gp, then Gy always admits the representation (4.8)
2+G

with A being symmetric Galerkin projection of ¢ 3

Go

and E being skew-symmetric Galerkin
Go—G2
2

, respectively. Since

<G0+G;‘

projection

92 $,$>:<Gax,l‘>>’7<x,x>, 7>O>
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then % is a positive symmetric operator. Such an operator always have an orthonormal

family of eigenfunction h; € D(Gy),i = 1,2,3, ... being a basis in the Hilbert space H, so the
corresponding Galerkin projection gives a diagonal positive definite matrix A = vI,,.

Example 10. Let us consider the dilation d in L*(R,R) given by (2.1) recalled here as
(0(s)x)(2) = e*z(e’*2), 2z,5€R, z¢e L*R,R),

where o > (/2. The generator of the dilation d is given by (see Example 3)
Ox 9
Gor = ax + ﬂza—, x € D(Gy) C L*(R,R), z € R,
z

where D(Gy) is a closure of C°(R,R) with respect to the norm ||z|| = ||z| 2 + |Gox] L2-
Let us consider the Hermite functions

_1yi—1 i—1
(-1) 2d

& -
V2= DWr o dytt

which are known to be a smooth orthonormal basis in L*(R,R): (h;, hj) = §;; where &;; = 0
fori# j and 6;; =1 fori=j. It is easy to see that h; € D(Gy).

The finite-dimensional projection of the dilation d can be given by (4.5), where Gy, € R™*"
1s the generator of the dilation 0, in R™ with the following elements

(4.9) hi(2) = e, zeRi=12,..

(Gahichyhs = [ (Gah)(hy ()i = [ <ahi<z>+ﬁz )hj<z>dz=

Ohi(z)
a6¢j+/Rﬁz P hj(z)dz.

Taking into account

Oh;(z 1 —1 )
(410) ai ) == ) hi_l(z) - \/;hi+1 (Z)
we obtain
1 —1 7
(Gohi, hj)r2 = adij + B/ 5 (hi—1,yhj) — 5\/;<hi+1,yhj>-

Finally, using the identity

J
§hj+1(y)

we derive

o G—1)j
<Gahi,hj>L2 =2 5 ﬂéij + Byl (2 )jéi

Bx/i(j*1)5
2

—1j+1 — i+15—1-
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Therefore, the matriz Gy, has the form

228 o BJL o 0 o0

2 2

0 25 o0 /2 o o0
() T IR Y

0 -/ 0 2B 0 pVE L

0 0 -Bv3 0 228 o

0 0 0 -Bv5 0 228 |

2
and the finite-dimensional projection of the dilation 0 is given by
On(s) = G = @055 e R 2=—2T =G, — (a—0.58)1,.

Notice that €= is the orthogonal matriz: eEesE = esBesE = I,. The latter means that
1

1Z]lo, = | Zllgn""" for any & € R™

4.2. Homogeneous Galerkin Projection. Assume that the dilation 9 is strongly contin-
uous and strictly monotone and the operators A, f be 9-homogeneous of a degree v € R. A
behavior of any d-homogeneous evolution system is completely defined by its operator on a
unit sphere [25] and the homogeneity degree of the system. Indeed, using the d-homogeneity
it can be easily checked that for any strong solution of (3.6) = : [0,7') — H the following
quantities ¢(t) = 0(—In ||z(¢t)|lo)x(t), r(t) = ||x(t)||s satisfy the equation

(4.12) 7 (£)0(— Inr(t)) LMD L A1) 4 f(p(t)), te(0,T), ¢(0)=0(~1In]|zo]s)zo,
Using (3.3) and d-homogeneity of A, f we derive

(4.13) #(t) vt () LGOI e (0,T),  7(0) = [|aolo.

Notice that the operator  — d(—In ||z||y)x is a 0-homogeneous projector of a vector = on the
unit sphere in H, i.e. |[9(—In||z|y)z||=1 for Vz € H. Therefore, the system (4.12), (4.13) is
an equivalent representation of the evolution equation (3.6) in polar homogeneous coordinates
[30], [25]. The weak formulation of (4.12)-(4.13) is

find ¢, € C([0,7),V) and 7 € C([0,T),R4) such that
gy (ORI E QO R(0)6,(1)—Aby )= (64(1).v) 0, WoeV. Ve (0.7),
| () = T O S vee 07)
(90(0),v) = (@(=In [[zol[)z0, v}, Vv €V, and  7(0) = [[zo]l,

where V' C H is a linear subspace of H and Sy = {z € V : ||z||g = 1} is the unit sphere in V.
The pair ¢,(t),7(t) is a Galerkin-like projection of the pair (¢(t),r(t)) € Sy x Ry on
Sy x Ry, and

(4.15) 2o(t) = d(In7(t))du(t), te€[0,T)
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is a Galerkin-like projection of the strong solution x : [0,7") — H of the system (3.6) on the
0-homogeneous cone

(4.16) Dy = Jo(s)Sv.

seR

Notice that D, is not a linear subspace of H in the general case. If Sy is dense in Sy then Dy,
is dense in due to H [25, Lemma 6]. Obviously, ||z,(t)|s = 7(¢),t > 0 and z,, € C([0,T), Dy ).

Theorem 4.1 (On existence of a homogeneous Galerkin projection). Let ® be a strongly
continuous strictly monotone dilation in H, the operators A, f be 0-homogeneous of the degree
v e R, D(A) C D(f), the operator f be M-regular and h; € D(A) N D(Gy),i = 1,2,...,n be
an orthonormal basis in V = span{hi, ..., hy}. Then for any xo € J,cr 9(5)Sv there erists a
pair ¢y, 7 satisfying (4.14) such that

¢v(t) = Z&z(t)hla te [O,T),

where the pair d(t)=(d1(t), ..., pn(t)) T € R™, #(t) € Ry is the unique classical solution of the
following ODE

G0 =7(1) (And(t) + [(S(1))) 7 (1) A0 6, G,
4.17 daiy — vl @ DA+ F((1) te(0,7),
(17 di 1) =P )= s 0.7)
¢(0) = IL,o(—In[[zola)zo,  7(0) = [|zollo,

where Gy, is given by (4.5),

. (Ah1,h1) (Aha,h1) ... (Ahp,hi)
(418) An — (Ah17h2> <Ah2,h2> (Ahn,h2> RHXTL

(Ah1,hn) (Aha,hn) o (Ahp hi)

(
<1§1 qzkhk) 7h2> ;G =(d1, Pn) " R,
(

<
(4.19) f(9) = <
(

and T < 400 such that
o T=+00 if v>0,0" (And + [($)) <0,Y$ € Spn or v<0,6" (And + f($)) >0,V € Sgn;
o T < 400 : limy,7r7(t) =0 if v < 0,6 (A n¢+f(¢))<0V¢ESRn
o T < 400 : limy_77(t) =400 if v > 0,0 (And + f(§)) > 0,Yp € Sgn.
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Proof. Since h; is an orthonormal basis in V' then any v € V can be written as v =
> iy Uih; with some ¥ = (1, .. lvn)T € R™ and any ¢, : [0,7) — Sy can be rewritten as
Go(t) = D1y ¢i(t)h; with some ¢ : [0,T) — Sgn. Taking into account

(7 0010 7(0) 5 (U 7(0)6.(0) — A64(6) = (60 0) =
<f-”<t>o<—1nf<t>>jt (aanm» ) DI (Z ékam) > _
=1 k=1

k=1

n

Zm<f—”<t>a<—lnf<t>>jt (a(lnm)) ) Azm hk—f( qsk<t>hk>,hi>
k=1 k=1

=1

3

we conclude that the problem (4.14) can be rewritten as follows

(

find ¢ : [0,7) — Sgn C R" and 7 : [0,7) — R such that

2, ot ~(t))d(aanf(t))iék(tm) -
LEET = A GO —f (m() ) -

1=1 k=1
e (4 2 amers(E a0, £ dum)
di(e) e e pAis s TS T e (o1
<Ga kzl Pr(t hlmkzl Pk (t)hk>

or, equivalently,

find ¢:[0,7) — Sgn C R and 7 : [0,7) — R such that

R (LT S AT B 0
e P = A b £ (£ ) ) =0, = 1,20,
k=1

A dilt ()hk+f<2 Sr(t)hi), i i)
= = , Vte(0,7),
<Ga Z br(t)hy, Z br(t >

<Z (Z)k(O)hk —0(—1In||zol[p) o, hi> =0,i=1,2,...,n and 7(0) = ||zol,
k=1

Since h; € D(G,) implies £9(s)h; = d(s)Gyh; then

d (o) X de0h) .
<D(}%@)) ( = ) A Gyl f (Z <Z>k<t>hk> h> =
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S s Oy G ()Gl — Ge(6) Al — Zczs
() 7.1/+l @) k otk k(T k k

k=1

Hence, we derive that the problem (4.14) can be rewritten as follows
find ¢:[0,T) — Sg» C R” and 7 : [0,T) — R satisfying (4.17).

Since f is M-regular and h; € D(A) C D(f) then f is locally Lipschitz continuous on R™\{0}.
Since due to Proposition 3.3 we have (Gody(t), du(t)) = ¢ (£)Ga, d(t) > Y{(du(t), du(t)) =
¢ (t)$(t) then the right-hand side of (4.17) locally Lipschitz continuous on (R™\{0}) x
(R4\{0}). The latter means that for any xo € H : II,0(—In||zol[s)z0 # O the system has
a unique classical solution defined as long as 7(t) > 0 and Z(¢) # 0. Moreover, if zy €
User 2(5)Sy then [|¢(0)||gn = 1 and [|§(t)||r, =1 for all t € (0,T) due to

% (QET(t)é(t)) =2 <¢~5T(t)jtgz~5(t)> —0.

Since h; € D(A) € D(f) and [|$7 (t)[| = 1 then [¢7 (t)(Aad(t) + F(3(t))I/16 T (£)Gond(1)] <
C,, /7 for some Cy, > 0 and r(t) converges to zero in a finite time 7" < 400 if v <0, d)T( )(Ano(t)

+£(o(1))) < 0 or r(t) blows up in a finite time 7' < +oc if v > 0, ng( ) (And(t) + f((1))) > 0.

For 120, (£)(And(t) + f((t)) <0 or v< 0,6 (1) (And(t) + f(<25( ))) =0 we have T'= +o0.
n

Introducing the notation
L(t) = on(In7(2)) (1)

we derive that the system (4.17) is homeomorphic on R™ and diffeomorphic on R™\{0} to

(4.20) {dff:’=usz=<t>||znan<1n||x<>\| ) (Andn(~ 1n||:c\|an) (O)+F @a(= I (1)l )7(1)))
#(0)=n(In 2o [lo) 1,0(~ In [zolla)zo, ¢ € (0,7).

Taking into account d-homogeneity of the operator A + f we conclude that the system
(4.20) can be treated as a finite-dimensional projection of the d-homogeneous evolution equa-
tion (3.6), since

Az(t) + f((t)) = llz@)[[go(n [[z(#)[}o) (Ad(=In lz(t)[0)2(t) + f(@(=In[lz(t)]lo)x(?))) -

It can obtained by means of sequential approximations of the dilation group 0, the canonical
homogeneous norm ||z||; and the operators A, f. The formula (4.15) can be rewritten as

n

wo(t) = (I [|E(t)fo,) Y _[on(— || Z(t)[l0, ) E(t)]shi, ¢ > 0.
=1

Since ([0, (— In (1) o, )#(t)lz, = 1 then |7, [0 (~ In[|&(t) o, ) (1)lihilly; = 1 and

[z (o = 12(t)lfo,, = 0.
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Notice that, for the standard dilation 9(s) = e*I and the homogeneity degree v = 0, (4.20)
becomes the conventional Galerkin projection of (3.6): dﬁt) = A i(t)+ f(E(t)), £(0) = ILz0.

The system (4.20) is, obviously, 0,,-homogeneous of the degree v. Therefore, the proposed
homogeneous Galerkin projection preserves the homogeneity of the original system as well as
1ts homogeneity degree.

Corollary 4.2. Let all conditions of Theorem 4.1 be fulfilled and x, € C([0,T),Dy) be a
solution of (4.14) for g € Dy. Then Vs € R™ the function x € C([0,e7*T),V) given by

y(t) = 0(s)xy(e)

is the solution of (4.14) with the scaled initial condition x(0) = d(s)zo

Proof. Let Z be the solution of (4.20) for some xy € Dy. Denote x§ = d(s)zp. Since
Dy is a 0-homogeneous cone then zf € Dy. Since d(— In||z{|ls)0(s)xz§ = 0(—1In||zol[o)zo and
5]l = e*[[zol[o then

O (I |25 |0 )T 0 (= In [[25 [[0) 25 = On(8)0n (I [|z0[lo)ITn0 (= In [[zo[o) 0 = 0(s)Z(0).

Due to Theorem 3.10, the solution of (4.20) for the case when zg is replaced with xf is
given by Z°(t) = 0(s)Z(e”*t). Hence, the solution of (4.14) with the scaled initial condition
x(0) = 0(s)zo has the form

n

2y (t) = o(l | Z° (1) o,,) D [0 (=1 & (8)llo, )Z° (8)]ihs = .

=1

n

o(s)o(ln | E(e”*t)llo,) Y [on(—1n [ Z(e” ) o, )E(e"*D)]ihi = 0(s)au(e"t).
i=1

|
The obtained finite-dimensional projection of the nonlinear evolution equation (3.6) pre-
serve some stability properties of the original system. Indeed, if

F>20: (Ap+ f(9),0) < —p(Gad,9), V¢ € D(A)ND(Gr) : [|o]| =1

then we have

(Ady + [(do); b0) = ¢ And+ &' [(B) < —p(Gahy, d0) = —p¢ Ga, b, VY € Sgn,

where ¢, = > ", $;h; € Sy. The latter means

d, _ v
12O, = —pllz®)l5, ,

i.e. the canonical homogeneous norm is the Lyapunov function for the system (4.20). Due to
the formula (3.3) the inequality (A¢ + f(¢), ¢) < —p,Vo € D(A) ND(Gy) : ||¢]| = 1 implies

d a.e. »
Clala < —plao)l5
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for any strong solution z of (3.6), i.e. the canonical homogeneous norm || - || is the Lypaunov
function of the original system (3.6). Moreover, the convergence rates of the original and
the projected systems are identical, namely, both systems are finite-time stable if v < 0;
both systems are exponentially stable if v = 0; both systems are nearly fixed-time stable if
v > 0 (see e.g. [25, Chapter 8] for more details about convergence rates of the homogeneous
systems).

5. Example: Homogeneous Galerkin Projection of Burgers Equation. For comparison
reasons, let us consider the Burgers equation (4.1). This equation can be the represented
. . 2
in the form (3.6) with A = 25, 2(t),z0 € H = L*(R,R), D(4) = H*(R,R), f(z) = —2 %
and D(f) = Y = H'(R,R). Notice that f is M-regular with M = % + T and (M~ 1y)(z) =
ffoo e*(zfs)y(s)ds, y € B,z € R, respectively. The considered system satisfies Assumption 1

(z=9) . . .
with (®(t)y)(z) = \/ﬁ f;oo e~ 4 y(s)ds,y € B. Moreover, it admits the explicit solution

(51) [m(t)](z) = _22 In {1 /+oo 6_(21?)2_%f5 xo(s)dsdo_}
0z vart J-

due to the Hopf-Cole transformation. This exact solution is utilized below in order to compare
the approximation precision of the classical and homogeneous Galerkin method.

The system (4.1) is d-homogeneous of the degree v = 2 with respect to the dilation
(0(s)x)(z) = e’z(e®z), z € R,x € B. The dilation 9 is strictly monotone and strongly
continuous in B and Y (see Example 1).

Taking the Hermite functions (4.9) as an orthonormal basis hq, hg, ..., hy, we derive the
following homogeneous Galerkin projection of the Burgers equation

(52) { B =201, [2(O)l]0) (At B (0u(~ In (1) [0, )F())) 20~ In 20, (1),
2(0) =0, (In ||2o[o)1,0(—In [|2o][o)2z0, t >0,

where Gand 0, are defined in Example 4.5, A,, € R™ with the elements
d2
(An)ij = (Ahi, hyj) = <dy2hi7hj> :

and the linear matrix-valued function & — B(Z) € R™*" is defined as follows

- N Oh; S - no .
[B(l‘)]z,] == izxk <hkh], 6y> 5 Xr = (x1;$27 -"amk‘)—r S R ) 1,] = 1727 cey T
k=1

The matrix valued function & — B(Z),Z € R" is obtained from (4.19) taking into account the

identity
2
- Z@J%) a2 <Z ﬂf‘khk) ,hi> =5 <<Z 5%%) ,hi> ;
<(k:1 92 \io 2\\io 0z

which comes from the integration by parts. Using the identity

d2

@hz(z) = —(2i — D)hi(2) + ¥?hi(z), z€R,
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we derive
(An)ij = — (20 — 1)ds5 + (yhi, yhy) ,

where §;; = 0 for i # j and 6;; = 1 for ¢ = j. From the identity

] -
zhj(z) =4/ ‘7Thj_1(z) + \/ghj—l—l (), z€eR
we conclude
. i—1 /j i [7—1
(An)ij = —(i —1/2)6i5 + 1/ 5 \/%&'UH + \/;\/ jTéHljfl-

Notice that the classical Galerking projection gives the following ODE

(5.3) { i@;t(t) = (At B (#@W)) 3®), >0,
z° (O) =1II,o,

which approximates the solution for the Burgers equation as follows

n
Ta(t) =D & (t)hi,t > 0.
i=1

(a) Classical Galerkin (b) Homogeneous Galerkin (¢) Exact solution

Figure 5.1: Approximate and exact solutions for xg = hy

Figures 5.1 and 5.2 presents the comparison results of the exact solution Zegqe of the
Burgers equation (given by (5.1)) with the approximate solutions z.; and

Zhom(t) = (I [ E(8)lo,) D [0n (=1 | E(t) o, )Z(t)]is,

i=1

obtained by means of the classical and the homogeneous Galerkin methods, respectively. The
initial condition was selected as follows zg = hy € V. The number of basis functions was
identical for both classical and homogeneous Galerkin projections: n = 5.
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(a) The classical Galerkin method (b) The homogeneous Galerkin method

Figure 5.2: Approximation errors for zg = hy

In both cases, the numerical simulations were made using semi-implicit Euler scheme with
the time step 7 = 0.01:
~lp+1] _ ~[p]
z - ~
~ = (A,+ B (#7)) 2, il =T, p=0,1,..
In the view of the results [28], the semi-implicit discretization is more appropriate for homoge-
neous systems with positive degrees. The equivalent representation (4.17) of the system (5.2)
is utilized for numerical simulations, since it is computationally less consuming;:

glprl_glel v [ % ~ (QB[P])T(A”+B(Q§[F]))Q§[I7] ~
=) (At B (¢[pl) ~ @G G ) O

Ao+l _glel NN (&[P])T(An_i_B(g)[P]))g,[P] S[p+1] p=20,1,..
= (7)) @ T Go, a1
PO = T, 0(—n [[zoflo)zo, 71 = ||zofo-

Since <;~5(t) € Sgn, Vt > 0, then ¢[p+1] is projected on the unit sphere Sg» on each discretization
step. Therefore, ZP! = 9(In 7", where P! is the discrete-time approximation of Z(t).

The simulations for g = h; show that the homogeneous Galerkin method has 23 times
better precision in L> norm and 12 times better precision in L?-norm than the classical one.
Notice that such a good approximate solution was obtained by the homogeneous Galerkin
method with just 5 basis functions! To obtain the similar precision on (¢, z) € [0,2] x [-5, 5],
the classical Galerkin method needs at least 20 basis functions.

Figures 5.3 and 5.4 present comparison results for the initial condition xg = & ¢ V:

(1 | <,
5(’")_{0 it |o|>1, R

The homogeneous Galerkin projection method again shows much better approximation pre-
cision than the classical one.

6. Conclusions. In the paper, a new Galerkin-type projection method for a class of homo-
geneous evolution equations with possibly unbounded nonlinear operators in the right-hand
sides is introduced. The proposed method preserves the dilation symmetry of a system in its
finite-dimensional projection. The latter allows the stability and convergence rates properties
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(a) Classical Galerkin (b) Homogeneous Galerkin (c) Exact solution

Figure 5.3: Approximate and exact solutions for xy = £

(a) The classical Galerkin method (b) The homogeneous Galerkin method

Figure 5.4: Approximation errors for zg = &

of the infinite dimensional system to be preserved as well. The numerical simulations for the
Burgers equation have shown significant improvement of the approximation precision of the
homogeneous Galerkin projection in comparison with the classical Galerkin projection. For
control systems analysis and design it is also important to know if some other useful properties
of homogeneous systems (such as input-to-state stability [1], [2]) can be preserved by means
of homogeneous Galerkin projection. This is an interesting problem for future research.
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CE40-0008).
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