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Abstract

Recently, it has been shown how stability analysis and control of coupled Partial Differential Equations (PDEs) in a single
spatial variable can be more conveniently performed using the Partial Integral Equation (PIE) representation. This PIE offers
an equivalent, state-space representation of the PDE on the Hilbert space L2, and is parameterized by an algebra of Partial
Integral (PI) operators, allowing e.g. stability to be analysed by solving a linear operator inequality on PI operator variables.
In this paper, we show how this PIE framework for univariate PDEs can be extended inductively to multivariate PDEs on a
hyper-rectangle. Specifically, assuming the boundary conditions defining the domain of the PDE to be decoupled along distinct
spatial directions, we propose a readily verifiable condition for existence of a bijection between the PDE domain and Ls. We
derive an explicit expression for the map defining this bijection, and use this map to construct an equivalent PIE representation
for a broad class of linear multivariate PDEs. Next, we embed the parameters defining this PIE representation in a class of
multivariate PI operators, and prove that this class forms a x-algebra — allowing PI operator inequalities for stability analysis,
estimation, and control of univariate PDEs to be similarly formulated for multivariate PDEs. Finally, we show how such an
operator inequality for stability analysis of multivariate PDEs can be solved with semidefinite programming, using a positive
matrix parameterization of positive semidefinite multivariate PI operators. This framework for representation and stability
analysis of multivariate PDEs is incorporated in the PIETOOLS software, and applied to analyze stability of 2D heat, wave,

and plate equations, obtaining accurate bounds on the rate of decay.
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1 Introduction

Partial Differential Equations (PDEs) are frequently used
to model physical phenomena such as fluid flow (e.g. Navier-
Stokes), vibrations in flexible structures (e.g. Kirchoff-Love
plates), and population growth (e.g. Fisher’s equation).
Such PDE models provide a simplified representation of
the phenomena, which can then be used to analyse stability
properties or design a stabilizing controller. However, while
there exist well-defined state-space and transfer function
based algorithms for simulation, stability analysis and con-
trol of Ordinary Differential Equations (ODEs), applicable
for any suitably well-posed problem, these methods do not
readily generalize to PDEs. In particular, development of
similar universal tools for PDEs is complicated by the fact
that the state of the PDE is infinite-dimensional, and is
further required to satisfy a set of boundary conditions.
Moreover, PDEs can involve an arbitrary number of spatial
variables, and tools developed for univariate PDEs may
not readily extend to a multivariate setting. As such, most
work on analysis and control of (multivariate) PDEs is ad
hoc, tailoring results to a limited class of PDEs and bound-
ary conditions. An overview of such methods is as follows.

* Acknowledgement: This work was supported by the Na-
tional Science Foundation grants 2337751 and 2429973.

Email addresses: djagt@asu.edu (Declan S. Jagt),
mpeet@asu.edu (Matthew M. Peet).

Preprint submitted to Automatica

1.1 Methods of Analysis and Control of PDFEs

Semi-group theory is a mathematical framework for anal-
ysis of PDEs, with associated notions of solution and well-
posedness being defined in terms of equivalence of a strongly
continuous semigroup [8,6]. In this framework, operator in-
equality conditions may be proposed for analysis and con-
trol purposes [26,25,32]. However, because the semigroup
framework does not provide explicit methods for finding a
solution or solving operator inequalities, PDE problems ex-
pressed in this framework are typically discretized through
projection of the state onto a finite set of basis functions.
Discretization of the dynamics is called “early-lumping” !
and discretization of operator inequalities is termed “late-
lumping” 2. However, in each case, care must be taken in
selecting a finite-dimensional basis to ensure compatibility
with boundary conditions. Furthermore, inferring proper-
ties of the PDE from properties of the discretization requires
extensive, ad hoc, analysis.

Another PDE framework is the backstepping methodol-
ogy [43], often used to design stabilizing boundary feed-
back controllers. The discretization step in this case lies
in numerically solving certain Volterra type integral equa-
tions for reconstruction of the backstepping state trans-
formation. The resulting kernel may then be used to de-

! Examples of early-lumping can be found in [13,28,7,12].
2 Examples of late-lumping can be found in [34,38].

29 April 2026



fine an invertible state transformation and stabilizing con-
troller gain [24]. However, defining the backstepping trans-
formation for PDEs with multiple spatial variables requires
an extension of the Volterra framework, and integration of
function-valued boundary conditions. Consequently, such
multivariate methods typically require use of spatial invari-
ance or symmetry of solutions to reduce the dimensionality
of the problem [45,47,44].

Finally, spectral discretization by wave number can be
used in combination with transfer-function approaches
to perform energy gain analysis. This method has been
applied to linearized fluid flow in multiple spatial vari-
ables [20,27,19], yielding decomposition into streamwise
and spanwise components. This yields an operator-valued
transfer function which is then discretized.

Methods which avoid discretization are often based on
construction of a suitable metric — i.e. a Lyapunov func-
tional. The challenge in this case is parameterization of
quadratic Lyapunov functionals and verifying negativity of
the derivative along solutions to the PDE (often through
the use of Linear Matrix Inequalities (LMIs)). In most cases,
the Lyapunov functional is chosen to be the Ly norm of
the state, and negativity of the derivative of this function is
established using inequalities such as Poincare, Wirtinger,
Jensen, etc. — together with integration by parts. However,
restrictions on the structure of the Lyapunov functional and
the need for ad hoc analysis limits the scope of such methods
and implies conservatism in the resulting stability condi-
tions. This approach has been applied to design observers for
the 2D Navier-Stokes equations [22,49,51] and controllers
for the Kuramoto-Sivashinsky equation [21]. Works which
extend these approaches to Lyapunov functionals defined by
weighted Ly norms using Sum-of-Squares [37] for parabolic
PDEs include [36,33] (linear PDEs) and [42,3] (nonlinear
PDEs). Applications to fluid flow include [48,2]. Moment-
based dual approaches can be found in [31,23,16]. In all
cases, however, the need for ad hoc analysis and the use of
restricted classes of Lyapunov functionals limits accuracy
of the results [10].

While this brief survey on methods for analysis and con-
trol of multivariate PDEs is clearly incomplete, in each case
we find that the need for ad hoc analysis limits the accu-
racy, scope and reliability of the method. To address this
problem, we will examine the question of whether there ex-
ists some more fundamental state-space representation of
PDESs which allows for the design of universal tools for sim-
ulation, analysis and control, which would be applicable to
any PDE expressed in terms of this representation.

1.2 The PIE Representation for Stability Analysis and
Control of 1D PDFEs

The need for universal simulation, analysis and control
methods for PDEs has motivated the development of a
state-space framework for representation of these systems.
Specifically, for PDEs in a single spatial variable, we have
the Partial Integral Equation (PIE) representation [39].
This PIE representation defines the fundamental (or PIE)
state as the highest-order spatial derivative (9%) of the
PDE state. This fundamental state lies in the Hilbert space
L% and does not admit boundary conditions or Sobolev
regularity constraints.

Because the PIE state is unconstrained, establishing
equivalence of PDE and PIE requires invertibility of
04 : D — L% on the domain of the PDE, D, as specified
by the boundary conditions and regularity constraints.
For univariate coupled PDEs, necessary and sufficient
conditions for invertibility of 3¢ : D — L% have been pro-
posed [14], and result in an analytic construction of this
inverse as defined by a Volterra type integral operator.
Specifically, this integral operator is of the form

(Tv)(s) = / Ty (s, 0)v(0) dB + / T (s, 0)v(0) b,

where T7, T are polynomials and can be computed ana-
lytically using the matrices which parameterize the bound-
ary conditions associated with D. Linear integral operators
of this form (denoted Partial Integral (PI) operators) are
bounded and form a *-algebra, where % denotes the Lo-
adjoint. This algebraic structure is significant in that it im-
plies that the evolution of the fundamental state may be
represented as a PIE of the form 0, 7v = Av where A is
likewise a PI operator albeit with inclusion of a multiplier
operator (inclusion of polynomial multipliers preserves the
x-algebraic structure).

Once a PIE representation has been established, there
exists an array of algorithmic tools for simulation, analy-
sis, control and estimation, most of which have been incor-
porated in the PIETOOLS software package [40] (see also
literature on PIE methods in 1D).

When PDEs involve multiple spatial variables, establish-
ing an equivalent PIE representation raises new challenges.
In this case, the fundamental state is similarly defined as
the highest-order spatial derivative of the PDE state, e.g.
v = Bgagu, and the goal (for a given PDE domain D)
is to construct an inverse of 9705 : D — Lj. The chal-
lenge lies in the boundary conditions which restrict the PDE
state u € D. Specifically, if the PDE is defined on an V-
dimensional hyper-rectangle, the boundary conditions con-
strain the values of the PDE state on the 2N surfaces of
the hyper-rectangle, each of which is itself an (N — 1)-
dimensional hyper-rectangle. Furthermore, unlike in the 1D
case, the boundary values of the multivariate PDE state
are coupled in ways which create new questions of well-
posedness. For example, in the simplest case, the surfaces
of the hyper-rectangle intersect at the corners and hence
boundary conditions must be consistent at these corners
(e.g. the boundary conditions must not imply u(z,0) #
u(0,y) at (z,y) = (0,0)). This question of consistency for
2D PDEs was explored in [17], wherein a consistent basis for
boundary conditions was proposed and it was shown that
projection of the boundary conditions onto this basis was
able to resolve the question of consistency. The disadvan-
tage of this approach, however, is the need for projection of
the boundary conditions and for inversion of multivariate
integral operators to obtain the PIE representation.

In contrast to [17], this paper considers a restricted set of
boundary conditions defined as the intersection of lifted 1D
domains - e.g. D := D, N D, where D, := {u | Ayu(z,0) +
Byu(z,1) = 0} and D, := {u | A;u(0,y) + Byu(l,y) =
0}. This approach includes many commonly used bound-
ary conditions, and has the additional advantages that the
parameters defining the boundary conditions may be ex-



pressed in a more intuitive manner; and it avoids the need
for inversion of multivariate operators. Moreover, using this
approach, consistency of the boundary conditions may be
readily expressed as a testable constraint on the parame-
ters, e.g. Az, Ay, By and By, as will be shown in Section 4.
Assummg this constraint to be satisfied, the inverse to the
spatial differential operator may then be constructed induc-
tively as e.g. (0,0,)"' = (8,)71(9,) ! - reducing the need
for complicated multivariate notation and greatly simplify-
ing the construction of the PIE representation.

The construction of the PIE representation for a class of
linear, ND PDE:s is presented in Section 4. In Section 5, in-
duction is then used to define a class of multivariate PI op-
erators, which parameterize the PIE representation of mul-
tivariate PDEs. Using these PI operators, linear PI operator
inequalities for e.g. stability analysis and optimal control
of univariate PDEs may then be generalized to the multi-
variate setting, and we present such an operator inequality
for stability analysis of multivariate PDEs in Section 6. Fi-
nally, we show how this operator inequality can be solved
using semidefinite programming, by parameterizing a class
of positive semidefinite multivariate PI operators by posi-
tive semidefinite matrices. In Section 7, we use this approach
to verify stability of 2D heat, wave, and plate equations. A
more detailed overview of the organization of the paper is
provided in Section 3.

2 Notation

Let N denote the natural numbers and Ny := N U {0}.
For i, 7 € Np, we denote a set of indices as {i : j} := {i,i +
1,...,7}. For N € N and multi-indices «, 8 € Ny, we write
a < fifa; < G; for all ¢ € {1 : n}. We denote 0 :=
(0,...,0) e NV, and 2 := (2,...,2) e NV,

Define Q2 := Hfil[ai,bi] = [a1,b1] X -++ x [an,by] for
[ai, b;] C R. Denote by R™[s] the space of R"-valued poly-
nomials in variables s. Let L[] denote the Hilbert space
of real-valued, Square integrable functlons on {2, with stan-
dard inner product u,v); = fQ s)ds. For suitably
differentiable u € L3 [)], deﬁne
ak
P
where k& € Ny and a € N)'. For sufficiently regular u €
L%[Q], we denote limit values in one argument as u(6;) :=
u(s)|s,=e, :=u(s1,...,8i-1,0i,Sit1,---,SN).

Let L(L%, L) denote the space of bounded linear oper-
ators from L3 to L3', with induced operator norm |||,
and let L£(LY) := L(Ly,L%). For K € Ly**"[Q], de-
fine the multiplier operator M[K]| € L(Ly[], L5'[?]) by
(M[K]u)(s) := K(s)u(s). We write I,, € R™*™ for the
n X n identity matrix, and O,,x, € R™*™ for a matrix of

all zeros. For A € R™*" we let [A]; ; denote the element
in row ¢ and column j of A.

koo o . o N
o u:= D%a:= 0} ---0¢ N,

2.1 Sobolev Space with Bounded Mixed Derivatives

Traditionally, solutions to PDEs in multiple spatial di-
mensions are allowed to lie in the Sobolev Hilbert spaces
W4 — implying Du(t) € Ly for all @ € NY¥ such that

llall, = Efil a; < d. The disadvantage of this approach is

that solutions must be defined in the weak sense and that
the boundary conditions need to be defined using trace op-
erators. Recently, however, there has been a growing inter-
est in multivariate PDE solutions which are required to ex-
ist in more restrictive spaces, requiring D*u(t) € Loy for
all o such that [|af| := max]¥, a; < d. More generally,
for § € NYY, we define the Sobolev space with dominating
mixed smoothness of order § on 2 as

SoMQ):={u € L3[Q] | D*u € L}[Q)], Ya € N} : a < 6}.

Spaces of this form have the advantage that if §; > 0 for all
i, then SJ can be embedded in a suitable space of Holder
continuous functions [1] — implying weak and classical so-
lutions are equivalent and that boundary values are well-
defined without the need for trace operators. In particular,
for every a < § and i € {1: N}, if a;; < 0;, then D¥uls,—,
and Do‘u|g —, are well-defined for any u € S3[Q]. In addi-
tion, using S9 has the advantage that we may decompose
S3Q) = ﬂi\il 551 [Q)], where e; € R is the ith standard
Euclidean basis vector. Based on this decomposition, we will
also consider PDE domains of the form D := ﬂf\il D; C 53,
where each D; C S57°/[Q)] is a lifted univariate domain.
Specifically, for 2 := Hﬁv:l[ai, b;] and a univariate domain,
DC 54" [a;,b;], we define the i lifting of that domain as

Dli] := {u € S§"[Q) | Vs; € [a;,b;], 5 #1,

u(Sl, v Si—1, @, 841, "'78N> € D}7
where for u € S$°"[Q] and s; € [a;,b;], § # i, v =
u(s1,...,8—-1, ®,Si+1,...,Sy) means that v( i) —u( ) for
all s; € [a;, b;]. Then, for D; C Sg"’"[ai,bi], through some

= iy Dili):
Example 1 Consider the 2D PDE domain
u(0,y) = u(l,y) =0 }
u(z,0) = uy(zr,1) =0
Then D = D, [1] N Dy 2], where

Dy :={u € $3[0,1] | u(0) = u(1) = 0},

= Da[1] = {u € SP[[0,11%] [ u(0,y) = u(l,y) = 0},
Dy = {u € 53[0,1] [ u(0) = u,(1) = 0},

= Dof2] = {u € S2(10,112] | u(z,0) = u,(z, 1) = 0}.

abuse of notation, we let ﬂfvzl D

D= {u e S$0[0,1)?]

3 Problem Definition and Organization

Consider the problem of representation and stability anal-
ysis of a class of autonomous linear PDEs of the form

> Au(s t>0 s€Q, (1)
0<a<s
parameterized by A, € R"*"[s], with Q := Hﬁil[ai, b;]. We
suppose that the domain of the PDE may be decomposed
u(t) € D := ), D;, where for each i,

oru(t,s) = u(t, s),

D, = {u S Sgi.e“n[ﬂ] ’ V] € {0 1 0; — 1}, (2)
5;—1
S [0k Wl + Cal0h)on ] =0},
k=0



with parameters B;,k,C;,k € R™ ™. Note that this rep-
resentation assumes a hyperrectangular spatial geometry,
Q= Hf\; [a;, b;], in order for the PDE domain D to admit a
decomposition into univariate domains D; along each inter-
val [a;,b;]. This decomposition will simplify the construc-
tion of multivariate PIE representations by allowing for N
inductive incorporations of univariate domains, as shown
in Section 4. Furthermore, by requiring the parameters A,
to be polynomial, the resulting PIE representation will be
defined by polynomial parameters. This use of polynomial
parameters will allow a stability test to be formulated as
a semidefinite program, as shown in Section 6. Although
a PIE representation can be constructed for PDEs with
non-polynomial parameters — thereby also supporting more
complex geometries through the use of e.g. spherical coor-
dinates — this complicates the formulation of an SDP-based
stability test, and hence will not be addressed in this paper.

Despite the aforementioned limitations, the proposed
class of PDEs and boundary conditions is quite general,
encompassing most commonly used PDEs,; including 2nd-
order, 2D PDEs of the form 3

uI uww

lltZAou'i-Al[ +A2{

Uy | Uyy

:| , uc D =Dy NDy,
with boundary conditions parameterized as
u(0,y) ] U((w’O)
u, (0, uy (x,0
D= {u o (0) :0}, Dg:z{u ) :o},
uy (z,1)

ug(1,y) n
This formulation includes heat and wave? equations with
Dirichlet, Robin, and mixed boundary conditions, such as
the following reaction-diffusion system.

B, B,

Example 2 As an example of the proposed class of PDEs,
consider the following 2D reaction-diffusion equation,

ut(tv z, y) :uww(ta €, y)—’_u’lly(ta €, y)+ru(t, €, y)7
u(t,0,y) =u(t,1,y) =0, wu(t,z,0)=uy(t,z,1) =0,
where r € R. We represent this system in the standardized
form in (1) using 6 = (2,2), Ao = Apgz = 1, and
A2y =1, and with D = ﬂ?zl D; as in Example 1.

Considering the class of PDEs in (1), our first goal is to
construct an equivalent PIE representation, exploiting the

decomposition of the PDE domain as D = ﬂfil D;.

3.1 PIFE Representation and Fundamental State

Having proposed a general class of linear, ND PDEs, we
now seek to represent solutions to such PDEs using evolu-
tion equations of the form

OTv(t) = Av(t),  v(t) € LIQ], t>0,  (3)

3 We may convert to the form in Eqn. (1) using A0 = Ao,
[A(l,o), A(O,l)] = A; and [A(g’()), A<072)} = A,.

Y Let Ao =[99] and A> = [3194] and use u(t) = [;Lt((tt))]

where 7 = [[IL, 7; and A = Zﬁl 1Y, A, for T; and

Aj; ; univariate integral operators of the form
(Rv)(s) := Ro(s:)v(s) (4)

En b;

+ Rl(Si, Gl)v(ez)dﬁl + / R2 (8i7 HZ)V(GZ)dGZ,
for polynomials Rj. Operators of this form belong to the
algebra of Partial Integral (PI) operators defined formally
in Defn. 23, and evolution equations of the form in (3) are
referred to as Partial Integral Equations (PIEs). Solutions
to the PDE and PIE are then related through the maps
v(t) = Du(t) and u(t) = Tv(t).

3.2 Equivalence of PDE and PIE — Overview of Section /

While the map from PDE to PIE state, D% : D — Ly, is
specified by the order ¢ of the PDE in (1), construction of
the map from PIE to PDE state, T := (D%)~!: L} — D,
is non-trivial. Indeed, inversion of D® on the domain D is
the essential step in constructing the PIE representation
— establishing a bijection between L5 and D. We per-
form this inversion in Section 4, exploiting the decompo-
sition of the PDE domain as D := Dy N --- N Dy to in-
ductively define (D°)~! = (93¥)~1---(821)~ . In partic-
ular, in Subsection 4.1, we first recall that if each set D;
is defined by well-posed boundary conditions of the form
in (2), then 9% : D; — L% is invertible, and the inverse
T: : Ly — D; is of the form in (4), with Ry = 0 and where
the formulae for Ry, Ry are given in [14]. It is then rela-
tively easy to show through induction that 7 := Ty -+ 71
is both a left- and right-inverse of D% := 99! --- 93N —i.e.
DT =1,: L} — LY and TD? = I, : D — D. The follow-
ing example illustrates this construction for a 2D domain
with mixed boundary conditions.

Example 3 7To illustrate the construction of an inverse to
D% : D — Ly, consider D = D1NDy as in Example 1. Then,
we can define Ty := (02)71 : L1[0,1] — Dy as

1

(Tiv)(z,y) = /Of Oz —1)v(6)do —I—/ x(0 — 1)v(6,y)do.

and we can define Ty := (82)~" : L3[0,1] — D, as

Yy 1
(T2v)(y) := —/ nv(n)dn — / yv(n)dn.
0 Y
It follows that TD?? = DE2AT = I where

(T (2, y) = /0 ’ /0 "1 — )y (6, ) dndé
w [ / 00—y (0, ) + / 1 | sa-0pmve.minds
tf 1 / (L~ 0)yv (0, m)dnds

Given that 7D% : D — D, it follows that if u(t) satisfies
the PDE in (1), then v(t) = D%u(t) satisfies the PIE in (3)
(letting A = > s M[A,] D“T), so that stability of the
PIE implies stability of the PDE. However, to show that if
v(t) satisfies the PIE, then u(t) = Tv(t) satisfies the PDE,
we must also show that 7 : Ly — D —i.e. that Tv satisfies
the boundary conditions defining D for all v € L3.



While for scalar-valued states (i.e. n = 1), the defini-
tion of 7 ensures 7v € D for all v € Ly, the extension
to vector-valued states requires an additional restriction on
the domains D; defining D. Specifically, in Subsection 4.2,
we show that even in the 2D case, D = Dy N Ds, there ex-
ist domains Dy, Dy (each well-posed in the 1D sense) and
v € L3[[0,1]?] such that Tv ¢ D. This problem manifests as
inconsistency of D; at the corners of the spatial domain. For
illustration, in Example 2, replacing u(0) = 0 by u(0) =1
in the definition of Dy, this would be incompatible with D,
as u € Dy N Dy would then require both u(0,0) = 0 and
u(0,0) = 1. To avoid such incompatibility, we propose a
necessary and sufficient condition on the parameters B; &
and C; i Which define the D; for these domains to be consis-
tent (Defn. 10). This consistency condition then guarantees
that 7 : LY — D — implying that any solution to the PIE
defines a solution to the PDE. This establishes that stabil-
ity of the PIE is equivalent to stability of the PDE.

Having established the main result, in Section 6, we then
propose a simple Lyapunov condition for stability of the
PIE (and hence PDE) in terms of a set of linear PI operator
inequalities. These operator inequalities can be tested using
semidefinite programming via software such as PIETOOLS
and a brief description of this software is provided in Sec-
tion 7, with application to several examples.

4 An Equivalent PIE Representation of Linear
Multivariate PDEs

In [39], it was shown how for a univariate domain D C
S¢[a, b] defined by a set of suitably admissible linear bound-
ary conditions, we can define a left- and right-inverse 7 :
Lofa,b] — D to 8¢ : D — La[a,b]. Using this relation, an
equivalent PIE representation can be derived for a broad
class of linear, univariate PDEs.

As discussed in Subsection 3.2, our approach to represen-
tation of multivariate PDEs is based on inductive applica-
tion of the univariate construction when the domain of the
ND PDE may be decomposed as D = Dy N---NDy, where
each D; C S5°[Q)] is defined by boundary conditions only
with respect to the ith spatial variable (as in (2)). When
these domains are consistent, the map 7 : LZ[Q] — D
may then be constructed as T := Ty --- Ty, where T; :=
(8%)~1 : L3[Q] — D;. To illustrate, consider the special
case of Dirichlet and Neumann boundary conditions, defin-
ing the following 1D domains:

Dp = {u € 55" [ai,bi] | u(a;) =u(b;) =0}, (5)
Dnii={uce S [au i) | u(as) = us(b;) = 0},
Do 1= {u € S3"[a;, bi] | us(a;) = u(b;) = 0}.

Defining the associated ND domain D = ﬂi:l D; =

ﬂi]\il D;i] as in Subsection 2.1, we then have the following
result (a special case of the main result in Thm. 19).

Corollary 4 LetD = ﬂz 1 D; whereD; € {DD,DNl,DNg}
for each i € {1 : N}, for Dp, DNl, Dn2 as in (5). Then

u= TD2ufor allu € D andv = DQTV andTv € D forall
v e Ly, where (Tv)(s) == [, G 0)df with G(s,0) :=

Hi:l Gi(si,0;) for Gi(x,y) = {ZZE;’%JF(”L_

y), y <,
y >,

where
_(ac—btizi)él:i—y)7 D; = Dp,
hi(z,y) == { a; — z, D; = D1, T,y € [ai, bi].
y — b, D; = Dna,

Moreover, u(t) € D satisfies the N D heat equation, dyu(t)
Vu(t) = Zil d2u(t), if and only if v(t) = D?u(t)
Lg satisfies the PIE O Tv(t) = Av(t), where Av(s) :
Zg 1H1;£] f[,h bi] Gi(si,0;))v(0)do.

Note For T asin Cor. 4, we have 7 = T1 - - -
(Tiv)(s f Gi(s;,0u(sy, ...,

To establish results of this form, in Subsection 4.1, we re-
call the construction of 7; and the 1D PIE representation.
Consistency of the domains, D;, will be addressed in Sub-
section 4.2. Finally, construction of 7 = 77 --- Ty and the
ND PIE representation is presented in Subsection 4.3.

4.1 The PIE Representation of 1D PDEs

Consider a linear 1D PDE of the form
dpu(t, s) = (#u)(t,s), u(t) €D, s€ [a,b],

where (#u)(t,s) == Y.¢_, Hr(s—a)d%u(t, s), and where D
is the domain of the PDE, defined by a suitable set of linear
boundary conditions. The crucial step in constructing the
PIE representation for such a PDE is that of inverting the
operator ¢ : D — L3a,b]. A class of domains for which this
can be achieved has already been proposed in [39], Defn. 9,
and we will consider a slightly less general class as follows.

Definition 5 We say that D of the form

I m

Tn, where

8i—1,0, 8541, SN)de'

D::{uesg’”[a,b] ’We {0:d -1}, (6)

d—1

Z [Bj,k(afu)(a) + Cj,k(afu)(b)} = 0}7
k=0

is admissible if the matriz (H, + HyQ(b — a)) is invert-
Z‘ble} where Ha’ Hb c RndX’rLd are deﬁned by [Ha]j,k = Bj,k;
[Hyljk = Cjr, and where

zd—l
Q)= | ™

The matrix Q(b — a) in Defn. 5 may be used to express
the upper-boundary values, d2u(b), in terms of the lower-
boundary values, d/u(a), couphng the two using 9%u. Ad-
missibility of the domain then implies that sufﬁment bound-
ary conditions are specified to uniquely define each of the
boundary values in terms of 9%u—thereby ensuring invert-
ibility of 8 : D — LZ%[a, b]. The following result, a corollary
of Thm. 3.1 in Sec. XIV.3 of [14], provides an explicit ex-
pression for the resulting inverse T : La[a, b] — D, as well as
for the composition of 7 with the differential operator # ° .

5 the original theorem from [14] presents an inverse to the more
general operator T := Zf;ol a;i(s)0. +0¢ for a; € Lo, which may
be used to define an alternative PIE representation. We choose
a; = 0 in order for 7 = 77! to be defined by polynomials.



Corollary 6 Forgivena,b € R,d € Ny and H), € R™*"[s],
let D C S&"[a, b] be admissible as per Defn. 5 with H,, Hy as
defined therein. Let 3 : D — LY be defined by (#u)(s) :=
ZZ:O Hj.(s—a)d%u(s). Then for anyu € D, T% = u and
Fu = Ad%u, and for anyv € L3a,b], Tv € D, 04Tv =v,
and HTv = Av, where for d # 0,

(AV)(s) = Ha(s — a)v /GAsa 6) df,
where

_ Jei(s—a)T(I, — K)eq(b—0) 0 <s,

Gr(s,0) = {—el(s —a)TKeq(b —d9) s< 6,

_Jea(s—a)T (I, — K)eq(b—0) 0 <s,

Gals0) = {—iA(s —a)Keq(b —d9) s <0,

where K := (H, + HyQ(b — a)) "' H, with Q as in (7), and
e = (&1 ®1,)7T, eq:= (64 1I,)T, where

R d— R d—
é1(z) := [1, 2y ey ﬁ}, é4(z) = ﬁ, ey 2, 1],

ca(:)" = [Hy(2), Ho(z)=+H(2),

Additionally, if d = 0, the identities hold with T = I, and

Cor. 6 shows that, for D admissible, we can define the
inverse to the differential operator 9 : D — Lo as an in-
tegral operator 7 : Ly — D. Moreover, for a PDE of the
form Opu(t) = #u(t), we can define an equivalent PIE rep-
resentation as 9,7v(t) = Av(t), using fundamental state
v(t) = 9%u(t). The following corollary adapts this result to
the multivariate space, 99 : Dli] — Ly[Q).

Corollary 7 For any i € {1 : N}, let D; := D[i] C
Sgi'ci"n[Q] for Q = Hf\il[ai,bi] and D of the form in (6)
with d = §; and [a,b] = [a;,b;]. Define associated T, A,
and #H as in Cor. 6. If we define the extensions of these
operators, T;, A; : LY[Q] — L3[Q] and #; : D; — LY[Q)], as

(Tiv)(s) := (Tv(sl,...,si,l,o,siﬂ, ...,sN))(si),
(Aiv)(s) := (AV(Sla -~~,Si—1,°,8i+1,'-'»SN))(Si),
(F;v)(s) = (HV(s1,..,5i-1,9,8i41, .-, 5N)) (81),

then for allu € D;, 7;8;‘;11 =u and Aiagju = #;u, and for
allve LE[Q], TiveD;, agjﬁv:v and #; Tiv=A;v.

PROOF. For any u € D; and v € L[], we have
u(sy, ..., $i-1,9,Si41,...,Sn) € D and

V(81y .0y Sim1,,Si+1,--,SN) € Li[a;,b;] for almost every
sj € [a;,b;] for j # 4. By Cor. 6, it follows that

(T@fgu(sl,...,si_l,o,si+1,.. sn))(si) = (5),
(ADZ (1, ey Si—1, 8, Sit1, s SN)) (55) = Hu(s),
8;5:(7;v(51,...,si,ho,siﬂ,.. ~))(s;) =v(s),
(HT V(81,0 Si—1,®, Sit1, -, SN))(8:) = Av(s),

and (Tv)(s1,...,Si-1,9, Sit1,...,Sny) € D. By definition of
T;, A;, and H;, then, 7;6;5;:11 = u and Aia‘;;‘u = Jt;u, as
well as a§;7;v =v, #;T,;v=A;v,and T;v € D;. [ |

d—1 d—k—1
k=0 Hk(z)ﬁ}

By Cor. 7, for any admissible D;, we can define an inverse
to Os, : D; — LY as a lifted, univariate integral operator
T; : LY — D;. Using this result, the following corollary
shows that 7 := T - - - T; defines an inverse of D® when the
domain of D? is extended to the range of 7.

Corollary 8 ForD; C Sgi'e""” and associated T; : LYy — D;
as in Cor. 7, let T := Tn---T1 and D := (), D;. Then
TDu=nu and D°Tv =v for anyu € D and v € LY.

PROOF. The result follows from the fact that 7; defines
both a left- and right-inverse to 8% : D; — L%. A formal
proof is given in Cor. 37 in Appx. A. |

By Cor. 8, T is the inverse of D° : D — L%, if and only if
the image of T is D. In the following subsection, we prove
a necessary and sufficient condition for Im(7") = D to hold
as consistency of the domains D;.

4.2 Consistency of PDE Domains

In this subsection, we see that if D; are admissible in the
sense of Defn. 5, and 7; are as defined in Cor. 7, then we may
define a necessary and sufficient condition for invertibility of

=1, 8% on D =, D; and show that such an inverse
may be constructed as 7 := [[, 7;. Since we have already
shown in Cor. 8 that this 7 is a left- and right-inverse of D?
on the image of T, the only challenge is now to show that
Im(7) = D or, equivalently, that D’ : D — L, is surjective.
To illustrate this challenge, the following example presents
a 2D case where D? : D = D; N Dy — Ly is not surjective,
as a result of “inconsistency” of the domains D;.

Example 9 7To illustrate the problem of inconsistent PDE
domains, consider the domain D = D1 N Dy, where

o= {[u] st aen = )
D; :=H“1} e 5"V %([0,117] | “lgx’g;: (s, )}.

Both of these domains are admissible per Defn. 5, and by
Cor. 7, we have u = T10,u = Ta0,u for all u € D, where

(Tiv)(z,y) == /Of E (;]V(Q,y)de—i—/: ﬁ g}v(e,y)de,
(Tov) (z,y) = /Oy Ll) ﬂv(x,n)dn + /y1 [g (jv(m,n)dn.

Defining then T = T2T1, by Cor. 8, we have 0,0,Tv = v
and TO,0,u = u for all v € L3[[0,1] and u € D. How-
ever, if we define vi = vo = 1, then v € L3[[0,1]?], and
u="Tvimpliesu; =1+ z+ zy and uy = y + xy. Clearly,
0:0,Tv = v and T0,0yu = u, but u = Tv ¢ D since
uy(0,y) # 0. The problem, here, is that the domains Dy and
Dy are not consistent. In particular, anyu € Dy must satisfy
uy(0,0) = 0, whereas any u € Dy must satisfy uy(0,0) =
us(0,1). Although it is possible for both of these constraints
to be satisfied simultaneously, this does impose another con-
straint, uz(0,1) = 0, which is not implied by either u € Dy
oru € Dy individually. Similarly, any u € D must also sat-
isfy uz(1,1) = 0, as well as uy(1,0) = uy(1,1) = 0 - all
constraints that need not be satisfied for u € Dy oru € Ds.
As a result of these auziliary constraints, any u € D must



satisfy fol fol dz0yu(z, y)dydr = u(1,1)—u(0,1)—u(1,0)+
u(0,0) = 0, meaning that 0,0, : D — L[[0,1]?] is not sur-
jective onto La, and thus not right-invertible.

This example illustrates a 2D case where the domains
D; impose different constraints at the corners of the spa-
tial domain. To avoid such inconsistencies, we propose the
following constraint on the domains D;, in terms of the cor-
responding parameters B; > C; k-

Definition 10 (Consistent Domains) For eachi € {1 :
N}, let {[as,bil, 51,BJ . ;k} define D; = Dli], where
D C 53" [a;, bj] is of the form in (6) and admissible as per

Defn. 5. Define [H, ;1 := B}, [H]jx = C}, and associ-

ated K* := (H! + HiQ(b; — a;)) " H} € R™*™% for Q as
in Defn. 5, and decompose K as
Ki, - Ki ,
) L1 1.9 where K, , € R"*",
K'= : . ) ' (8)
; ; Vi, £ e {1:6;}.
Kiq o K,

We say the D; are consistent if K K] = = Kqu,ip for
alli,je{l: N}, k,pe{l:6,} andl,q e {1:0;}.

Note: Commutability of the full matrices K¢ and K7 is not
necessary or sufficient for consistency, unless 6; = 6; = 1.

We now apply this consistency definition to Example 9.

Example 11 7To illustrate the consistency condition from
Defn. 10, consider again the 2D domain D = Dy N Dy from
Ezxample 9. In this case, 1 = do = 1, n = 2, and Dy is
defined by B' = Iy and C' = [%9], and Dy is defined by
B? = Iy and C? = [} }]. The corresponding matrices K* in
Defn. 10 are given by K* = [99] and K? = [J}], which do
not commute. Thus, D1 and Dy are not consistent.

Given this definition of consistency, the following lemma
shows that D? : ﬂivzl D; — LY is right-invertible only if
the domains D; are consistent in the sense of Defn. 10. For

simplicity, we consider only 2 spatial variables, extending
this result to ND in Lem. 14.

Lemma 12 Let Dy, Dy (of the form in Egn. (6) withd = 6y,
d = 09, respectively) be admissible as per Defn. 5. If there
exists T : Ly — D1 N Dy such that 821332Tv = v for all
v € Ly, then Dy and Dy are consistent.

PROOF. We provide an outline of the proof here, referring
to Lem. 38 in Appx. A for a full proof. We will assume
51 = (52 =dand ) = [0, 1]2.

Suppose there exists an operator 7 : LY[Q] — Dy N Dy
such that 8;{857'V = viorallv € LY[Q]. Forany v € LZ[Q)],
let u = Tv. Then, v = §%0%u and u € D; N D,. Using
this fact, we can show that for each k, 0 € {1 d}, we can

express the corner value (5tot )(0 0) in terms of v in
two distinct manners, as

/ / - ) (K(lk,:)ed(l —))v(z,y) dy da
= (@ 154 1 )(o 0)
:/O/O(K(lk,:)ed(l x))(K(Qe,:)ed(l

where e is as in Cor. 6 and K(; ) = [Kj -

—y))v(z,y) dy dz,

K]

Using the fact that e4(z) is polynomial, it follows that we
must have Ké’pKZq = qu[(ép for all k,p, 2, q. [ |

While Lem. 12 only shows that consistency of the D; is
necessary for 99 85; : D;NDj — Ly to be right-invertible,
this condition is also sufficient. To establish this result, we
first show that consistency of the D; implies commutability
of the 7; —ie. T;T; = T;T;.

Lemma 13 For each i € {1 : N}, let D; and associated
Ti : Ly — D; be as in Cor. 7. Then, for anyi,j € {1: N},
T:T;v = T;Tiv for all v € Ly if and only if D; and D; are

consistent in the sense of Defn. 10.

PROOF. A formal proof is given in Lem. 40 in Appx. A.
This proof uses the definition

s (51' — 91-)‘51_1
(Tiv)(s) := s
§ / (6 — 1)

V(S) 5;=0; do;

_/_L [e1(s; — ai)T K'es, (b — 0;) v(s)

for v € Ly[Q], and where eq,e;, are as in Cor. 6 (letting
d = §;). It follows that 7; and 7; commute if and only

if e1(s; — a;)T K'es, (b — 0;) and e;(s; — aj)TKje(;j (b; —
6;) commute for all s;, 0;,s;,0;. Since el K'es, is a matrix-
valued polynomial with coefficients K, : ¢ 1t follows that 7;

Sq :(97;] dal;

and 7; commute if and only if K} p and K o, commute for

all k,p, /¢, q, and thus D; and D; are cons1stent |

Lem. 13 shows that consistency of the D; is necessary and
sufficient for the operators 7; : Ly — D; and T; : Ly — D;
fori,j € {1: N} to commute. Using this result, we finally
prove that D% : D — L7 is right-invertible if and only if the
domains D; are consistent.

Lemma 14 For each i € {1 : N}, let D; C S5°°"™ as in
Cor. 7 be admissible as per Defn. 5, and let D := ﬂf\il D;.

Then D°® : D — LY is right-invertible if and only if the D; are
consistent as per Defn, 10. Furthermore, the right-inverse is

then given by T := Hfil T; for T; as in Cor. 7.
PROOF. For sufficiency, suppose the domains D; are con-
sistent. Then, by Lem. 13, the operators 7; : LY — D;

defined in Cor. 7 commute. Defining 7 := Hf\il T, then,
Tv =Ti(Il;2 7;)v € D; for all i, and therefore T : Ly —
D. Since, by Cor. 8, D°Tv = v for all v € L}, it follows
that 7 deﬁnes a rlght inverse to D° : D — L3.

For necessity, suppose that there exists 7 : Ly — D
such that D°T = I,,. To prove that the domams D; are
consistent, we first show that for every i # j, the oper-

ator 8?:62} : D;NDj — LY is right-invertible. To this
end, note that the operators 821 commute on D C Sg’n,
so that D%u = ag;aﬁg(nkg{i’j} 9% )u for u € D. Here,

by Lem. 36 in Appx. A, we have for every i # j that
(Hké{m} rju € D; N D for all u € D. Defining then

Tij == Ik d%F)T, the fact that T : Ly — D im-
plies ’7;7] Ly — D; N D;. Furthermore, 7;] also satis-
fies 3;5;353.7;]- = 85iasj (Ilrggiy NNTv = D°Tv = v

for all v € L%, and thus defines a right-inverse to 831 82_? :



D; N D; — Ly. Since this holds for all ¢ # j, it follows by
Lem. 12 that the domains D; are consistent. [ |

Lem. 14 shows that if the D; are admissible and we de-
fine D := (), D;, then consistency of D; is necessary and
sufficient for D° : D — L¥ to be right-invertible, with right-
inverse T := vazl T;. Furthermore, recall that Cor. 8 es-
tablishes that 7 is a left inverse of D° — implying that
D% : D — Ly is invertible if and only if the domains D; are
consistent. This implies a bijection between the domain D
and the Hilbert space Lo. In the following subsection, we
will apply this bijection to the state of a class of linear mul-
tivariate PDEs to construct an equivalent evolution equa-
tion on the Hilbert space Lo, where this evolution equation
is not constrained by boundary conditions.

4.8 A PIFE Representation of Multivariate PDEs

Having established necessary and sufficient conditions for
D% : (N, D; — L% to be invertible, and having obtained an
explicit representation of this inverse, we now apply this
result to construct the PIE representation of a class of linear,
coupled, multivariate PDEs. Specifically, we parameterize
a class of PDEs by 6, A, D; as

N

ou(t,s) = > Aa(s)Du(t,s), u(t)e (D (9)

0<a<s 1=1

where s € Q := Hi]\il[ai,biL A, € R[s], and where the D;
are lifted, univariate, and admissible domains as per Defn. 5,
and are consistent as per Defn. 10. Given a PDE of the form
in (9), we define a classical solution as follows.

Definition 15 (Classical Solution to PDE) For A, €
R™*"[s] and admissible and consistent D;, we say thatu(t) €
D = ﬂf\il D; solves the PDE defined by {A.,D;} with
initial condition ug € D if u(t) is Frechét differentiable,
u(0) = ug, and u(t) satisfies (9) for allt > 0.

Having specified a class of multivariate PDEs, we
now map solutions of such PDEs to solutions of an as-
sociated evolution equation on the fundamental state
v(t) := D%u(t). To define this evolution, however, we need
a mapping from v(¢) to u(t). This is achieved in the follow-
ing theorem, by applying Cor. 6 to each of the univariate
differential operators in D* = [[ 05, and combining the
results using the embedding of univariate operators in
multivariate space.

Theorem 16 (Multivariate Extension of Cor. 6)
Forn,N € N, Q = [[Y,[a;,bi], and 6 € NY, let D :=
NY,D; C SS™Q) with D; € S57°""[Q] admissible and
consistent and define 3 := 3 5. s M[Aa]D?.

LetT;, A ; be defined as in Cor. 6 and extended to the mul-
tivariate space as in Cor. 7 (letting T — T; and A — A; ;),

— 5. — ) . I, k:jv
ford = 6;, D = D;, and {H}} where Hy, : {0’ ]
for each k € {0 Nd} Define T := Hilil’ﬁ and A =
Y tcacs MIALTT,Z, Aia,). Then:

(1) For allu € D, we have D°u € L3[Q], u = T D%u, and

Fu = AD°u.
(2) For allv € L3, we have Tv € D, v = D°Tv, and

Av =HTv.

PROOF. For the first statement, fix arbitrary u € D C
S9™. Then D%u € L% since u € S3™, and u = TD%u by
Cor. 8. Finally, by Cor. 7 (and by definition of the Hy), we
have A; ;0%iu = 82 u for all j and 4, and therefore

N N
ADu =Y " M[AL] [[(Aia,) [T (82
a<d =1 =1
- N N
= MA [ (A0 )u=>_ M[A] ][ (95 )u = Ftu,

a<s i=1 a<s i=1
where we remark that A; o, and 82 commute for ¢ # ¢ by
Lem. 41 in Appx. A.

For the second statement, fix arbitrary v € L%. Then,
by Cor. 8 and Lem. 14, we have D57'_v =vand Tv € D.
Finally, by Cor. 6, we have A; ;v = 9 T;v, and therefore

Av =3 MA[[(Aia)v = > MiAa] [0 T)v
a<d i=1 N N a<d i=1
= > MA[J(0e) [T(To)v = #Tv,
a<é i=t i=1

where we remark that also 7; and 0g commute for ¢ # ¢ by
Lem. 41 in Appx. A. |

We now apply the results of Thm. 16 to the PDE in (9),
by defining an associated fundamental state as follows.

Definition 17 (Fundamental State) For a linear PDE
as in (9), defined by {9, Ay, D;}, we define the associated
fundamental state as v(t) := D’u(t).

Taking the highest-order mixed derivative of the PDE state,
the fundamental state captures a minimal amount of infor-
mation necessary to represent solutions to the PDE at any
time, discarding boundary information of the solution that
is already encoded in the domains D;. If the domains are
admissible and consistent, Thm. 16 then proves that the
PDE state can be recovered from the fundamental state as
u(t) = Tv(t), showing that no information is lost. Using the
mapping » 5., s M[Aq|Du(t) = Av(t) from Thm. 16,
the evolution of the system may then be expressed in terms
of the fundamental state as

O Tv(t) = Av(t), v(t) € Ly Q). (10)

We refer to a system of this form as a Partial Integral Equa-
tion (PIE). We define a solution to the PIE as follows.

Definition 18 (Classical Solution to PIE) For a given
initial state vy € LY[Q], we say thatv(t) € LY solves the PIE
defined by {T, A} if v(t) is Frechét differentiable, v(0) = vy,
and v(t) satisfies (10) for allt > 0.

For a given PDE as in (9), defining {7, A} as in Thm. 16,
the following theorem shows that any solution to the PDE
can be mapped to a solution to the PIE (10), and vice versa,
so that the PIE in fact defines an equivalent representation
of the PDE.

Theorem 19 For N € N and § € NYY, let D; C S5 be
admissible and consistent, and let D = ﬂil D;. Let A, €

R™*"[s], for each 0 < o < 4. Define associated operators
{T, A} asin Thm. 16. Then the following hold:



(1) If u solves the PDE deﬁned by {An, D;} with initial
value ug € D, then v := D’u solves the PIE defined by
{T, A} with ingtial value vo = D%ug, andu = Tv.

(2) If v solves the PIE defined by {T, A} with initial value
vo € Ly, then u = Tv solves the PDE deﬁned by
{A,,D;} with initial value ug = Ty, and v = D’u.

PROOF. For the first statement, fix arbitrary uy € D,
and let u be an associated solution to the PDE in (9). Then
u(t) € D C S9™ for t > 0. Let v(t) := Dou(t) € L2 for all
t > 0 and vg := D’ug € L. Clearly, then, u(0) = ug im-
plies v(0) = vo. In addition, by Thm. 16, and by definition
of the operators {7, A}, we have u(t) = TD%u(t) = Tv(t)
and Y 5o,<s Aa(s)Du(t,s) = Av(t,s). It follows that
0/ Tv(t,s)—Av(t,s) = 0pu(t,s) =D gencs Aals)Du(t, s).
Since u(t) satisfies (9), it follows that v(¢) satisfies (10), and
thus the first statement holds.

For the second statement, fix arbitrary vo € L%[Q], and
let v be a corresponding solution to the PIE defined by
{T,A}. Let u(t) := Tv(t). Then, by Thm. 16, u(t) € D
for all t > 0, and ) 5.5 Aa(s)DYu(t,s) = Av(t,s). By
the proof of the first statement, we find that 9;7v(¢t,s) —
Av(t,s) = 0uu(t,s) — D gcn<s Aal(s)DYu(t, s). Since v(t)
satisfies (10), it follows that u(t) satisfies (9), and thus the
second statement holds as well. |

By Thm. 19, for any PDE of the form in (9) with admis-
sible and consistent D;, we can define an equivalent repre-
sentation as a PIE of the form in (10), with any classical
solution u to the PDE admitting a classical solution D’u to
the PIE, and any classical solution v to the PIE admitting
a classical solution 7v to the PDE. Although the theorem
does not guarantee existence or uniqueness of such classical
solutions, it does imply that well-posedness of either repre-
sentation can be inferred from well-posedness of the other.
Here, the admissibility and consistency conditions already
ensure a level of well-posedness of the PDE domain D: im-
plying that the boundary value problem D°u = v has a
unique solution u = Tv € D for any v € Lo. While this is
not sufficient to guarantee well-posedness of the PDE and
therefore the associated PIE, this does preclude a possi-
ble cause of ill-posedness. Furthermore, well-posedness can
then be tested in the PIE representation by solving a sim-
ilar optimization program to the stability test in Sec. 6, as
has recently been shown for 1D PDEs in [18].

Although Thm. 19 requires the D; to be admissible
and consistent, this imposes only mild well-posedness con-
straints on the boundary conditions: ensuring that the
differential operator D% : D — L3[Q)] is indeed bijective.
In practice, most common boundary conditions, including
Dirichlet, Robin, and mixed boundary conditions, satisfy
the admissibility constraints from Defn. 5. In addition, the
consistency conditions from Defn. 10 are trivially satisfied
in the scalar-valued case, n = 1, and will be satisfied for
n > 1 if the matrices B}k,C’ & deﬁnmg the D; in Defn. 5
are all diagonal — i.e. if there is no coupling between state
variables in the boundary conditions. For example, impos-
ing mixed Dirichlet and Neumann boundary conditions on
all state variables, letting D; be of the form of Dp, Dn; or
Dn2 in Eqn. (5), the resulting D; will be consistent. The
following corollary — a reformulation of Cor. 4 from the
start of this section — explicitly constructs the operators

defining the PIE representation of the ND heat equation
with such Dirichlet and Neumann boundary conditions.

Corollary 20 LetD = ﬂivzl D;, whereD; € {Dp,Dn1,Dn2}
for each i € {1 : N} for Dp, Dn1, Dn2 as in (5). Then

u = TDQu v = DZTV and TV e D for allu € D and
v e Ly, where (Tv)(s) == [, G 0)db with G(s,0) :=

1L, Gi(si, 0:) for Gi(z,y) = {hl(x’y)Jr(x_y)’ =

hi(x:y)v Y > x,
where
,(acfbju_)t(lfi*y), D; = Dp,
hi(z,y) == a; — z, D; = Dnu,
y — by, D; = Dna.

Moreover, u(t ) € D satisfies the N D heat equation, dyu(t) =

V2u(t) = 21 V02 u(t), if and only if v(t) = D?u(t)
Lg satisfies the PIE O Tv(t) = Av(t), where Av(s) :
Z] 11_[1;6_7 f[ab b;] 81791)) (a)de

PROOF. First, we define the parameters of the D; used in
Eqn. (6)&830070107] if D, = DD,BO()*CllfI
if D; = DN17 and B01 = ClO = I, if D; = Dyo; with
Bi, = C , = 0y for all other j,k € {0,1}. Each D; is

7,
admissible as per Defn. 5, and we can compute K* = (H i

HiQ(b; — a;)) " H} to find K' = biiai [(}: OZ] for D;

Dp; Kt = [(1): 82] for D; = Dyp; and K' = [é’i 82] for
D; = Dn2. Decomposing the K* as in Defn. 10, the blocks
K,C € R™™™ and KJ € R™*" then trivially commute for
allz ,je{l: N} and k l,p,q € {1,2}, and thus the D; are
also consistent as per Defn. 10. Now, defining (7;v)(s;) :=
f:: Gi(si,0:)v(0;)db;, for eachi € {1 : N}, we find by Cor. 6
and Cor. 7 that u = 7;02 u, T;v € D;li], and v = 93, Tiv for
all u € D;[i] and v € L}[Q]. By definition of the operators
T and A, it follows by Thm. 16 that u = ’TDiu, TveD,
and D2Tv = v for all u € D and v € L2[Q], and that u(t)

Du(t)
[ |

I m

satisfies the ND heat equation if and only if v(t) :=
satisfies 0, Tv(t) = Av(t).

Cor. 20 shows how an ND heat equation with mixed
boundary conditions can be expressed as a PIE, providing
an explicit expression for the operators {7, A} defining this
PIE representation. The following example applies this re-
sult to a 2D PDE, illustrating how the operators {7, A} are
defined for a reaction-diffusion equation, with Dirichlet and
Neumann boundary conditions.

Example 21 7o illustrate the construction of the PIE rep-
resentation for a multivariate PDE, consider a 2D reaction-
diffusion equation with parameter r € R,

w(t, @, y)=
where u(t) € D=D; NDy C S§2’2)[[0, 1)?] for

Dy = {ue S&[0,1%] | u(0,y) = u(l,y) = 0},

Dy = {u € 5(02 [[0,1)%] | u(z,0) = uy(z,1) = 0}.
Then, by Cor. 7, u € Dy if and only if u = Tiu,,, where

x 1
(T1v)(z,y) ::7/00(1 —z)v(0,y)dd — /x(l —0)v(0,y)do.

(11)

uzm (tv :Ca y) +uyy(tv :C, y) +Tu(t7 .’,U, y)7



Similarly, u € Dy if and only if u = Tauy,, where

(Tav)(z,y) := —/Oy nV(%n)dn—/ yv(z,n)dn.

By Cor. 20, it follows that for any u € D we have u,, =
TilUggyy, Ugz = ToUgayy, ond U = T Uyyy,, where

(Tv)(,y) = (Tu(T2v) (2, y) = (T2(Tav)) (2, y)-
Conversely, for any v € Ls[[0,1]?], we have v = 0*Tiv,
v = 8737'2V, and v = 8§3§TV. By Thm. 19, then, u solves
the PDE (11) if and only if v = 9202u solves the PIE

ATV(t) = Av(t) := Tav(t) + Tiv(t) + rTv(b).

Example 21 illustrates how, using Thm. 19, a linear multi-
variate PDE with admissible and consistent domains can be
equivalently represented as a PIE. Using this equivalence,
stability properties of the PDE can be inferred from prop-
erties of the associated PIE. Verification of such stability
properties using the PIE representation is significantly eas-
ier, since the fundamental state v(¢) of the PIE lies in the
Hilbert space L3, obviating the need for ad hoc manipula-
tions to account for boundary conditions. In addition, as will
be shown in the following section, the operators 7T, A defin-
ing the PIE representation belong to a x-algebra of Partial
Integral (PI) operators, being closed under composition and
adjoint operations. Using these properties, stability of the
PDE can be tested in the PIE representation by solving a
convex optimization program, as will be shown in Section 6.

5 A x-Algebra of Multivariate PI Operators

Having shown how a broad class of multivaraite, linear
PDEs can be equivalently represented as PIEs, we now show
that this PIE representation retains many elements of the
classical, matrix-parameterized, state-space representation
of linear ordinary differential equations. In particular, we
show that the parameters 7T, A defining the PIE representa-
tion may be embedded within a parameterized *-algebra of
integral operators — akin to how the parameters defining lin-
ear ordinary differential equations belong to the x-algebra
of matrices.

Let us begin by recalling that, in constructing the op-
erators defining the PIE representation of a given mul-
tivariate PDE, an inductive approach was used, defining
each multivariate operator as the composition (prod-
uct) and sum of univariate operators: T := Hivzl T; and
A = Y e <s M[AL] Hf\il A; ;. Here, each of the uni-
variate operators 7; and A; o, is of the form (Rv)(s)
Ro(s)v(s) + [ Ru(s,0)v(0)d6 + [° Ro(s,0)v(0)d6, for
polynomial Ry, R;, Ry. Such univariate operators have
been referred to as 3-PI operators in, e.g. [39] (see also
Defn. 22), and have been used to parameterize a class of
1D PIEs. Moreover it has been shown that these univari-
ate 3-PI operators form a x-algebra — being closed under
summation, composition, and adjoint operations.

In this section, we show that in the multivariate setting,
the operators 7 and A defining the PIE representation of
a PDE similarly belong to a x-algebra of PI operators. In
particular, in Subsection 5.1, based on the inductive defini-
tion of 7 and A, we define a class of ND PI operators as
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linear combinations of compositions of univariate 3-PI op-
erators along each spatial direction. In Subsection 5.2, we
then prove that this class of operators is closed under com-
positions and adjoints, providing explicit formulae for per-
forming these operations.

5.1 A Parameterization of Multivariate 3-PI Operators

In this subsection, we define a parameterized class of mul-
tivariate PI operators on Lo [Q] which includes the operators
T, A, as constructed in Thm. 19. To define such multivari-
ate PI operators, we first recall the following definition of
univariate 3-PI operators from, e.g. [39].

Definition 22 (Univariate 3-PI operators, IT;[a, b])

For [a,b] C R, we say that P € L(LY[a,b], L5 [a,b]) is a
univariate 3-PI operator (denoted P € 117" "[a,b]) if
there exist Py € R™*"[s] and Py, Py € R™*"[s, 0] such that

s b
(Pv)(s):PO(s)v(s)—i—/Pl(s,9)v(9)d9+/P2(s,9)v(9)d9.

We say that P is defined by parameters {Py, Py, Py} €
7" a, b] := R™*"[s] x R™*"[s, 0] x R™*"[s, 6].

The class of univariate 3-PI operators includes both
multiplier operators with polynomial multipliers and in-
tegral operators with polynomial semi-separable kernels
on Lo[a,b], where we say that a kernel, K, is polynomial
semi-separable if it may be expressed as

L Pl(sao)v S Z 07
K(s,0) = {P2<s,o>, s <6,

The restriction to polynomial parameters will allow us in
Section 6 to verify properties of 3-PI operators using algo-
rithms based on the monomial coefficients of these polyno-
mial parameters. Note that, by inspection, the operators T
and A defining the univariate PIE representation in Cor. 6
are univariate 3-PI operators.

We now define the class of ND 3-PI operators, by taking
sums of compositions of univariate 3-PI operators.
Definition 23 (ND 3-PI operators, IIN[Q]) Given
N eN, Q= Hﬁvzl[ai,bi}, we say that P € L(L2[Q)]) is a
ND 3-PI operator (denoted P € IIn[QY]) if there exist
M € N and P;,; € Ii[a;,b;] such that P = Zé\ilnivzlpjm
where each univariate P;; operates on variable s; — i.e

(Pj:iv)(s) = (Pj,iV(Sl, c.

for Py, P, € R™*" s, 0)].

,Si—1,9,5i41, - SN))(55)-

Defn. 23 offers a natural parameterization of multivariate
3-PI operators, by taking compositions of univariate 3-PI
operators along different directions — i.e. P = Hfil P;.
Furthermore, by allowing summation of such operators,
the class ITy also includes, e.g., any operator of the form
(Pv)(s) := M(s)v(s) + [, K(s,0)v(0)dd, for M polyno-
mial and K polynomial semi-separable, where the defini-
tion of polynomial semi-separable kernels may be extended
to multivariate domains as follows.

Definition 24 For N € N and ) := Hﬁil[ai,bi], we say
that K € L5™"[Q] is polynomial semi-separable if for
each o € {—1,1}¥ there exists polynomial K, € R™*"[s, 0]
such that K(s,0) = K,(s,0) for all 5,0 € Q for which
a; - (si —0;) <0 for everyi € {1: N}.



We may now observe that, given a multivariate PDE as
in (9), the operators 7 and A defining the associated PIE
representation in Thm. 16 are ND 3-PI operators.

Lemma 25 For N € N and § € NYY, let T and A be as
defined in Thm. 16. Then T, A € TI"[Q)].

The proof follows directly using the inductive definition
of multivariate 3-PI operators (see Lem. 43 in Appx. B for
a formal proof). The following example illustrates the pa-
rameterization of multivariate 3-PI operators by examining
the 7 and A as obtained from the PIE representation of the
2D PDE from Example 21.

Example 26 Consider the reaction-diffusion equation

ut(ta l‘,y) = u;ca:(t7$7y) + uyy(t7x7y) + u(t7x7y)a
u(t,0,y) =u(t,1,y) =0, u(t,z,0)=uyt 1) =0,

where u(t) € S3[|0,1]%]. Defining T1, T2 as in Example 21,
we can equivalently represent the PDE as a PIE, 0, Tv(t) =
Av(t), where T = T1Ta and A =Ty + T1 + T. Here, T; €
I1,[0,1] for each i € {1,2}, defined by parameters T; =
{0, T}, T?} € T4[0, 1] where

T} (z,0) := —0(1 — ),
Ty (y,1) = —,
It follows that T, A € II5[[0,1]%].

Having now defined a suitable class of ND 3-PI operators,
in the following subsection we show that this class is a *-
algebra, providing explicit expressions for composition and
adjoint in terms of the parameters defining the operators.

= —z(1-0),
= —y.

5.2 ND 3-PI Operators Form a *-Algebra

A x-algebra is a vector space equipped with a multipli-
cation and involution operation which satisfy certain prop-
erties. It is well-known that both the space of multiplier
operators with bounded multipliers and that of integral op-
erators with square-integrable kernels are x-algebras, us-
ing composition (o) for the multiplication operation, and
the adjoint (%) with respect to the Lo inner product as
involution operation. Since 3-PI operators are defined by
(bounded) multiplier and integral operators, we can sim-
ilarly define a multiplication and involution operation on
I "[] as the composition and adjoint, respectively, so
that for Q,R € IIY"[Q] we define (Q o R)v := Q(Rv)
and P = R* if (Pu,v);, = (u,Rv); forallu,v e Ly. In
order to prove that II"[Q)] is a -algebra, then, we need
only show that IT*" is a vector space which is closed under
composition and adjoint operations. To reduce notational
complexity, we will prove this fact only for the scalar-valued
case, n = 1, noting that this result readily generalizes to
arbitrary n € N using the standard matrix product and
transpose operations.

To start, we note that (by definition) Iy is indeed a
vector space, as shown in the following lemma.

Lemma 27 For N € N and 2 := Hil[aivbi]; if QR €
IIN[Q], then AQ + uR € IIN[Q] for all A\, n € R.

PROOF. The result follows from the definition of IT, and
linearity of integral and multiplier operators. A full proof is
given in Lem. 44 in Appx. B. |
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Having established that the set IIy is a vector space, it
remains to prove that it is closed under composition and
adjoint operations. However, these properties readily follow
from the inductive definition of multivariate 3-PI operators
in terms of univariate 3-PI operators — the latter of which
have already been proven to form a x-algebra. Specifically,
recall the following result from [39], proving that the com-
position of two univariate 3-PI operators is again a univari-
ate 3-PI operator.

Lemma 28 For [a,b] C R, if Q,R € Ilja,b], then
P := QoR € Iy[a,b]. In particular, if Q and R are defined
by parameters {Qo, Q1,Q2} € T'1[a,b] and {Ro, R1, R2} €
T'y[a,b], respectively, then P is defined by parameters
{Po, P, Py} € T[a,b], where Py(s) :== Qo(s)Ro(s) and

Pi(s,0) := Qo(s)R1(s,0) + Q1(s,0)Rp(0)
+ [7Qu(s,m)Ra(n,0)dn + [; Q1(s,m)Ru(n, 0)dn
+ [2Qs(s,m)Ru (1, 0)dn,
Py(s,0) := Qo(s)Ra(s,0) + Qa(s,0) Ry (6)
+ [2Qu(s,m)Ra(n, 0)dn + [ Qa(s,m)Ra(n, 0)dn

+ [7Qa(s,m)Ru(n, 0)dn.

PROOF. We refer to Lem. 36 in [39] for a proof. |

Lem. 28 shows that the composition of univariate 3-PI op-
erators again defines a univariate 3-PI operator, providing
an explicit expression for the parameters { Py, Py, Po} € T'y
defining this composition. Using this expression, and the
inductive definition of multivariate PI operators, we then
obtain the following result for the composition of ND 3-PI
operators.

Proposition 29 (Composition of ND PI Operators)
Forany N € Nand ) = vazl[ai,b,»], if Q, R € IIN[Q, then
P := QoR € Ily[Q]. In particular, if Q = Z;Vil Hfil Qi
and R = Zi{:l vazl Ri,; where Q; i, R, € Ii[a;,b;] for
ie{l,...,N},j5e{l,....M} and k € {1,...,K}, then
P = Ejjvil Zszl Hfil Qji © Ry, where the parameters
defining Q;; o Ri; € Ili[a;, b;] are given in Lem. 28.

PROOF. We prove the result for M = K = 1, noting
that the extension to arbitrary M, K € N then follows by
Lem. 27. Let Q = Hivzl Q; and R = Hévzl Re. Then, for
each i,/ € {1,..., N}, Q; operates only on variable s;, and
R¢ only on variable s,. Since the operators are scalar-valued,
this implies Q;; 0 Ri,¢ = Ry 0 Qj; whenever i # £ (see
Lem. 45 in Appx. B for a formal proof). It follows that

N N N
HQiOHRZ:HQiORi
i=1 =1 i=1

(see Cor. 46 in Appx. B for a formal proof). Letting P; :=
Q;oR; foreachi € {1,...,N}, we find Qo R = HlN:lP,-.
Since, by Lem. 28, P; € II[a;, b;], we conclude that P €
Iy [ [ |

Lem. 30 shows that, for any Q,R € Ily, defined by
Q;, Ry € 'y, we can define P 1y := Q; o Ry € I'y such
that Qo R = Zj’k M [P k] € Iy — proving that Iy is
closed under compositions. It remains only to prove, then,
that Il is also closed under the adjoint on Lo. This is rel-



atively trivial, based on the following result for the adjoint
of univariate 3-PI operators from e.g. [39].

Lemma 30 For [a,b] C R, if R € Ilja,b], then R* €
I, [a,b]. In particular, if R is defined by {Ro, Ry, R2} €
T'ila,b], then R* is defined by {Py, P, Ps} € Tifa,b],
where Py(s) := Ro(s), Pi(s,0) := Ra(0,s) and Ps(s,0) :=
R1 (678)

PROOF. We refer to Lem. 37 in [39] for a proof. |

Using the expression for the adjoint of a 1D 3-PI operator
from Lem. 30, the following lemma shows how we may sim-
ilarly compute the adjoint of an ND 3-PI operator, proving
that this adjoint is an ND 3-PI operator as well.

Lemma 31 For N € N and Q H?]:l[(lmbi], if
R € Iy[Q], then R* € IIN[Q]. In particular, if R =
ZjM:l Hfil R, for some Rj,; € Ili[a;,b;], then R*
ZjM:l Hfil Rj:, where the parameters defining R}, are
given in Lem. 30.

PROOF. The result follows immediately from the defini-
tion of multivariate 3-PI operators, and the commutative

properties of univariate 3-PI operators. A full proof is given
in Lem. 47 in Appx. B. |

By Lem. 31, the adjoint of any multivariate 3-PI operator
is again a multivariate 3-PI operator. Using this result, as
well as Prop. 29 and Lem. 27, it then follows that IIx[€?] in
fact defines a x-algebra.

Proposition 32 For any N € N and Q := Hf\il[ai,bi],

II 5 [2) with maultiplication defined by composition and invo-
lution defined by the adjoint on Lo, is a *-algebra.

PROOF. To prove this result, we use the fact that
L(L2[Q]) is a x-algebra, with multiplication defined by
composition, and involution defined by the adjoint on Ls.
Since IIN[QY] € L(L2[?]), the composition and adjoint on
Lo then also define suitable multiplication and involution
operations, respectively, on IIy[€]. Since ITy ] is a vector
space (by Lem. 27) which is closed under composition and
adjoint operations (by Prop. 29 and Lem. 31, respectively),
it follows that IIx[Q)] is a *-algebra. |

Prop. 32 proves that the set Iy [2] of ND 3-PI operators
is a x-algebra, being closed under linear combinations, com-
position, and adjoint. This result also generalizes directly
to IT\*", using the standard formulae for matrix multipli-
cation and transposition. In the following section, we will
use the x-algebraic properties of ND 3-PI operators to show
how stability of linear ND PDEs can be tested in the PIE
representation using convex optimization.

6 Stability Analysis in the PIE Representation us-
ing Semidefinite Programming

Having shown that any sufficiently well-posed linear ND
PDE as in (9) admits an equivalent PIE representation of
the form 0;7v = Av where v € Lo, and having shown that
the parameters T, A lie in the %-algebra of bounded linear
multivariate 3-PI operators, we now exploit this represen-
tation to obtain stability conditions which may be tested
using convex optimization. Specifically, in Subsection 6.1,
we will define a suitable notion of exponential stability and
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derive a sufficient condition for this stability as existence of
a PI operator P such that

PT=T*P =TT, P A+ AP =< —2kPT,

for some €,k > 0. Inequalities of this form, expressed in
terms of PI operators and operator inequalities, are referred
to as Linear PI Inequalities (LPIs). In Subsection 6.2, we
then show how this LPI can be solved with semidefinite
programming, by parameterizing positive semidefinite mul-
tivariate PI operators by positive semidefinite matrices.

6.1 An LPI for Exponential Stability of PDEs

To construct a PIE-based stability test for linear multi-
variate PDEs, we first define a notion of exponential sta-
bility. Specifically, we use the notion of exponential PIE to
PDE stability, which is slightly weaker than the classical
notion of exponential Ly stability. This weaker definition is
used because the classical notion of exponential stability,
when applied to PDEs in first-order form (i.e. d;u = #u),
does not account for certain notions of energy storage (e.g.
strain) and is not satisfied for many commonly used PDEs
such as wave equations (see e.g. Appx. C.2).

Definition 33 A PDE defined by parameters { A, D;} as
in (9), admitting a unique solution that depends continuously
on the initial state, is said to be exponentially PIE to
PDE stable with rate k > 0 and gain M > 1 if for every
initial state ug € D C 537” and all t > 0, the associated
solution u(t) satisfies [u(t)| , < Me=*|Dowy||1,

In contrast to classical notions of exponential stability,
Defn. 33 defines exponential stability using a Sobolev norm
on the initial PDE state, corresponding to the Lo norm
of the fundamental state, | D%ug||r, (rather than ||ugl/z,)-
Since the Lo norm of the PDE state is bounded by that of
the fundamental state, the classical notion of stability then
implies PIE to PDE stability, but the converse is not true.

Having defined a suitable notion of exponential stability,
suppose now we want to verify this stability property for a
linear PDE as in (9), with an associated PIE representation
of the form 9, Tv(t) = Av(t). Our stabiltiy test is based on
existence of a Lyapunov functional V' : Ly — R such that
4y (v(t)) < —2kV(v(t)) for any v(t) which satisfies the
PIE - implying V(v(t)) < e~ 2*V(v(0)). The distinction
between Lo and PIE to PDE stability, then, lies only in
the nature of the upper bound on V —ie. V(v) < C'|v|,
as opposed to V(v) < C|Tv|,. The following theorem
shows how existence of such a functional V' can be tested
by solving an LPI.

Theorem 34 For {A,,D;} defining a PDE as in (9), let
associated operators T, A € IIN" be as in Thm. 19. For
€ >0 and k > 0, if there exists P € IIN" such that

PT=TP=ETT,  PA+AP =< -2kPT, (12)
then the PDE defined by {A,,D;} is exponentially PIE to
PDE stable with rate k and gain M = \/|[|P*T |lop/€.

PROOF. Let P be such that (12) is satisfied, and con-
sider the functional V' : L3[Q)] — R defined by V(v) :=
(v, P*Tv),,. Since P*T = ¢*T*T, this functional satisfies

ENTVIL, < V) S IP Tllop V17, -



Now, let ug € ﬂf\il D; C S5"[Q] be an arbitrary initial
state, and let u be the associated solution to the PDE
defined by {A,,D;}. Let v = D%u. Then, by Thm. 19,
u(t) = Tv(t) and 0, Tv(t) = Av(t) for all t > 0, with
v(0) = D%ug. Taking the temporal derivative of V (v(t))
and exploiting the algebraic properties of Il y, we find

dg%()) (v(t), 0P Tv(l))p, + (0P Tv(t),v(t))p,
= (v(t),P*Av(t))p, + (P Av(t),v(1)),,

= (v(t),[P"A+ A*Plv(t)),,

< =2k (v(t), P T (1)), = —2kV(v(t)).

By Gronwall-Bellman inequality, it follows that V(v(t)) <
e~ 2V (v(0)), and therefore, for all £ > 0,

||u(t)||L2 = ||Tv(¢ HLz < \/7§ \/7
P T op _ -
< VP Thow st 1y (o)), = M [ Do,

€

Since this holds for all uy, we conclude that the PDE is
exponentially PIE to PDE stable. |

m\»—t

Thm. 34 proves that exponential PIE to PDE stability of
any PDE of the form in (9) can be tested using the associated
PIE representation, by testing for existence of a solution P
to the LPT in (12). In the following subsection, we will show
how this LPI can be solved numerically using semidefinite
programming.

6.2 Solving LPIs using Semidefinite Programming

Having provided a test for exponential PIE to PDE sta-
bility as feasibility of an LPI, we now briefly show how suf-
ficient conditions for feasibility of this LPI may be tested
using semidefinite programming (SDP). This approach is
based on the fact that for any positive semidefinite matrix,
R = 0, and any Z € IIN[Q}], we have R := Z*M[R]Z =
0 (where M[R] is just standard matrix multiplication ex-
tended to L%). Furthermore, using the composition maps
defined previously, there is a linear map from the elements
of R to the coeflicients of the polynomials defining R. Thus,
for given Z € IIN[Q), if we can find an operator P and ma-
trices @, R = 0 satisfying

PT=T"P, T*'P—€T"T =Z"MR|Z,
PrA+ AP + 2kP*T = —Z*M[Q]Z,

then we may conclude exponential PIE to PDE stability.
Such equalities may then be enforced using SDP. All that
remains, therefore, is to choose a suitable Z so as to render
the equality constraints feasible. Specifically, Z is selected
by defining a vector of basis operators for Il . This is done
inductively by first defining a vector of basis operators for
I, [a;, b;] for each ¢, and then constructing the multivariate
Kronecker product of these bases. From [39], we recall that
such a basis for II;[a, b] is constructed using the degree-d
monomial basis vector, z4, yielding an associated basis of

polynomial 3-PI parameters, Zg € F‘lt(d)“[a, b] for p(d) ==

d?> +4d + 3, as
0
0 , (13)
Zd(S,Q)

Zd(S) 0
Zg:= { [ 0 ], [Zd(s,
0 0

9)
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which in turn defines the basis of operators Z; € IT{ (@x1
Given this basis, any P € II;[a, b] with polynomial param-
eters of degree at most d can be represented as P = ¢” 24
for a unique vector of coefficients ¢ € R*4). Given such
bases of operators Z4,; € IIi[a;,b;], defined by parameters
Zg; € I“f(d)Xl [a;,b;] foreachi € {1 : N} of the form in (13),
a basis for the space of multivariate 3-PI operators is then
constructed as

N
Zyi= 241 @ Zgn € IAY XN, (14)

so that any P € IIy[Q] (defined by parameters of degree

at most d in each variable s;) can be represented as P =
¢TI Z,. Note that while Z,; here defines a basis for the linear
representation of multivariate 3-PI operators, Z;M[R]Z4
is a quadratic form. However, by the composition rules of
multivariate 3-PI operators, Z;M[R]Z,; will be defined by
polynomial parameters of degree at most 2d + 1 in each
variable. Then, based on the monomial ordering of z;, we
can define an associated matrix A, such that for any matrix
R, we have Z;M[R]Z, = vec(R)T AZ3441, where vec(R) is
the vector of columns of R. In this way, Z; also defines a
basis for the quadratic representation of Iy [Q]. Using this
basis of ND 3-PI operators with parameters of bounded
degree, the following corollary tightens the stability LPI in
Thm. 34 to an optimization problem that can be solved
using SDP.

Corollary 35 Forgiven{A,,D;} defining a PDE asin (9),
let T,A € TI"™ be as defined in Thm. 19. Define Z4 as
n (14), with p(d) := d*> + 4d + 3. For any d,d’ € Ng, € > 0
and k > 0, if there exist P € R gnd R,Q > 0 such
that P = M[P](I, ® Z4) satisfies

PT=TP =TT + (1n®Z¢)"MR|(1,®Z4),

P*A+ AP+ 2kP*T = —(1,QZ4)*M[Q](I, @ Z4 ),
then the PDE defined by {A,,D;} is exponentially PIE to
PDE stable with rate k and gain M = \/|[|P*T |lop/€-

PROOF. Suppose there exist P, Q, R satisfying the con-
ditions of the corollary, with P = M[P|(I, ® Z4). Since
R = 0, we then have P*T — e2T*T = 0, and therefore
P*T = 2T*T. Furthermore, since Q = 0, we have P* A +
A*P + 2kP*T =< 0, and thus the LPI (12) is feasible. By
Thm. 34, it follows that the PDE defined by {A,,D;} is
exponentially PIE to PDE stable, with rate k£ and gain

M = \/P*Tllop/e. u

Cor. 35 allows stability of a broad class of ND PDEs to
be tested using SDP. We note, however, that the computa-
tional complexity associated with solving the resulting SDP
scales with the size of the basis Z;. Specifically, while the
length of the univariate parameter basis Z4 in (13) is pro-
portional to d?, the use of the Kronecker product implies
the length of Z,; scales as d>V — implying the number of
decision variables in P, Q, R scale as d*V. For higher spa-
tial dimension, then, solving the resulting SDP will require
either very low degree or the use of specialized large-scale
SDP solvers [50,4,46]. As in the univariate case, however,
computational complexity can be partially mitigated by re-
ducing the number of monomials. Specifically, the degree d
in Cor. 35 should be chosen to balance accuracy and com-
plexity — the required degree will depend strongly on the
type of PDE being analyzed, the required accuracy in decay

(15)



rate k, and the underlying difficulty of the stability problem.
In addition, kernels may be eliminated from P and multi-
pliers do not appear in the expression for 7*P. Finally, it
is often sufficient to use polynomial rather than polynomial
semi-separable kernels (i.e. Z¢ = {0, R; 1, R; 1}).

7 Software Implementation and Numerical Exam-
ples

Having developed a framework for representation and
computational stability analysis of a broad class of linear
multivariate PDEs, we now demonstrate the application of
this framework: providing efficient software construction of
the PIE representation and testing of LPIs; presenting the
PIE representation for 2D heat, wave, and plate equations;
verifying accuracy of the stability test; and providing tight
bounds on the associated rates of exponential decay.

7.1 The PIETOOLS Software Package

While Thm. 19 provides analytic expressions for the con-
version of a PDE to a PIE, and while such expressions of-
ten provide insight into the structure of the associated PDE
and PIE, evaluating such expressions may require substan-
tial effort on the part of the user. Therefore, to facilitate
the rapid prototyping and conversion of PDE models to a
PIE representation, and to construct the associated stabil-
ity test, such functions have been automated in the Mat-
lab software package PIETOOLS [40]. A brief introduction
and illustrative example of the most useful features of this
package are provided here.

Specifically, PIETOOLS is a MATLAB software package
whose essential function is to allow for the declaration and
manipulation of PI operators and PI operator variables in
a syntax similar to matrices — adapting approaches from
the widely used SOSTOOLS [35] and YALMIP [30] inter-
faces. In addition, a central feature of PIETOOLS is the
command-line interface for declaration of 1D and 2D ODE-
PDE systems. Given such a PDE model, the software al-
lows for: conversion to PIE; numerical simulation; stability
analysis; optimal controller synthesis, etc.

The command-line interface begins by declaration of PDE
state variables using pde_var, which creates objects which
can be added (+), differentiated (diff) and evaluated at
spatial positions (subs) in order to define the evolution
equations and boundary conditions which constitute a PDE
model. Using convert, such a PDE model may then be
converted to a PIE, returning the associated PI operators
{T, A}. For example, to compute the PIE representation of
the following modified 2D heat equation,

w(t,z,y) = (1+2)u(t, z,y)+uy,(t, z,y), x,y€(0,1],
u(t,0,y) =u(t,1,y) =u(t, z,0) =u,(t,z,1)=0, (16)

we can use the following code

>>pvar txy; dom= [0,1;0,1];
>>u =pde_var(’state’, [x;y],dom);
>>PDE= [diff (u,t)==(1+x)*diff (u,x,2)+diff (u,y,2);
subs(u,x,0)==0; subs(u,x,1)==0;
subs (u,y,0)==0; subs(diff (u,y),y,1)==0];
>> PIE = convert (PDE, ’pie’);
>>T=PIE.T; A=PIE.A;

Here, the convert function checks the declared PDE for
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Simulated Solution to Heat Equation at = 0.5 and y = 0.5

Fig. 1. Simulated solution u(t,z,y) to the reaction-diffusion
equation in (17) at « = 0.5 and y = 0.5, using r = 12 and with
u(0, z,y) = V2sin(rz) sin(3y) + v2sin(37z) sin(5y).

the highest order of the derivative of the PDE state taken
along each spatial direction — in this case finding a 2nd-order
derivative along both the z- and y-direction (u,, and u,,)
— and selects the fundamental state as the corresponding
highest-order mixed derivative — in this case v = Ugyy. Af-
ter verifying consistency, the operators {7, .4} defining the
resulting PIE are then returned as opvar2d objects, T, A, for
which operations such as addition (+), multiplication (*),
and transpose (’) have been overloaded to allow for easy
computation of the sum, composition, and adjoint of PI op-
erators. Moreover, given these operators, an LPI such as
the program in Cor. 35 can be declared as an lpiprogram
structure, using a programming structure similar to SOS-
TOOLS [35]. This program structure can be modified to
add indefinite and positive semidefinite PI operator decision
variables using 1lpivar and poslpivar, and declare equality
and inequality constraints using 1pi_eq and 1pi_ineq, after
which an SDP solver such as SeDumi [41] or Mosek [5] can
be used to solve the program by calling 1pisolve. For ex-
ample, to solve the program in Cor. 35 with d = 4, ¢ = 1071,
and k = 1 for the PDE in (16), we can call

>>d=4; ep=1le-1; k=1;

>> prog = lpiprogram([x;y] ,dom) ;

>> [prog,P] = lpivar(prog,T.dim,d);

>> prog = 1pi_eq(prog,P’*T-T’*P) ;

>> prog = 1pi_ineq(prog,T’*P-ep~2*T’*T) ;

>> prog = 1pi_ineq(prog, - (P’ *A+A’ *xP+2xk*P’xT)) ;
>> prog = 1pisolve(prog);

A more optimized version of this LPI is also included as
a script PIETOOLS _stability. We refer to the PIETOOLS
manual [40] for more details on how to declare PDEs, PIEs,
and LPIs using PIETOOLS, as well as for other applica-
tions of the software such as controller design and simula-
tion. Note, however, that PIETOOLS does not currently
support PDE models of spatial dimension greater than two.
Therefore, the application of this software in the following
subsection will be limited to analysis of heat, wave and plate
equations in 2D.

7.2 Numerical Examples

In this subsection, we use the PIETOOLS software suite
to verify exponential PIE to PDE stability of 2D heat, wave,
and plate equations and to compute a maximal lower bound
on the associated exponential rate of decay. For the wave
and plate equations, second-order temporal derivatives are
eliminated through introduction of auxiliary states to ob-
tain a first-order PDE representation as in Eqn. (9). For
each example, stability was verified by using the scripts in



Simulated Solution to Wave Equation at = 0.5

uy(t,0.5,y)

Fig. 2. Simulated solution to the damped wave equation in (19)
at = 0.5, using K 1 and starting with initial values

u1(0,z,y) = sin(Zz)sin(Zy) and uz(0,z,y) = 0.

Subsection 7.1 to solve the optimization problem in Cor. 35
with e = 1071, using Mosek [5] to solve the underlying SDP.
Maximal lower bounds on the decay rate were calculated via
bisection on the parameter k in Cor. 35. Each PDE was sim-
ulated using the PIESIM routines included in PIETOOLS,
expanding solutions using a basis of 17 x 17 Chebyshev
polynomials in space, and using the Crank-Nicolson scheme
for time integration. All numerical tests were performed on
a computer with Intel(R) Core(TM) i7-5960x CPU @3.00
GHz, with 128 GB RAM. Analytic proofs of stability for
the heat and wave equation are provided in Appx. C.

7.2.1 Reaction-Diffusion Equation

First, consider again the reaction-diffusion equation from
Example 21,

W (t, @, y) =g (t, 7, y) +uy, (8, 2, y) +ru(t, z,y),  (17)
u(t707y):u(ta17y):0a u(t,x,O):uy(t,x,l)zo,

where u(t) € 852’2)[[0, 1]%]. A PIE representation of this
PDE is presented in Example 21. This PDE can be shown
to be exponentially PIE to PDE stable if and only if r» <
1172 ~ 12.337, with rate k = 1172 —r — see Appx. C.1.
Using PIETOOLS to verify the stability LPI via Cor. 35
with d = 1 and & = 0, and performing bisection on the
value of r, stability of the PDE can be verified for any r <
1 %ﬂz —1073. Fixing r and performing bisection on the value
of k, exponential PIE to PDE stability can be verified with
maximal rates k as in Table 1, for several values of r, and
for several values of the maximal monomial degree d. The
mean computation time ¢ needed to parse the stability LPI
and solve the resulting semidefinite program for each value
of d is also displayed in the table. A simulated solution to
the reaction-diffusion equation for r = 12 is displayed in
Fig. 1, at « = 0.5 and at y = 0.5, for initial state u(0, z,y) =
V2sin(rz) sin(3x) + v2sin(3rz) sin(5 ).

d\r 0 4 8 12 12.3 t (s)
0 || 12.336 8.3362 4.3340 0.33578 0.03613 | 43.44
1 [/ 12.336 8.3363 4.3367 0.33666 0.03685 | 55.74
E| 2 |[12.337 8.3368 4.3369 0.33700 0.03700 | 149.1
k 12.337 8.3370 4.3370 0.33700 0.03700
Table 1

Largest exponential decay rate k for which stability of the
reaction-diffusion equation in (17) was verified for several val-
ues of the parameter r > 0, using Cor. 35 with d € {0: 2}. The
average time £ required to numerically parse and solve the op-
timization program for each value of d is also displayed, as well
as the analytic rate of decay k for each value of r.
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7.2.2  Wave Equation

Next, consider the 2D wave equation with stabilizing feed-
back, parameterized by k € R,

Due(t) = bua(t) + Byy (1) — 26 (t) — K2 (1), (18)
¢(t707y) :¢$(talay) 207 QS(t,JJ,O) :¢y(t’xv 1) 207

where ¢(t) € S5*2[0,1]2]. Using the augmented state

u(t) = (w (), ua(t) = (8(1), e(t)) € 5?7, we repre-
sent this PDE in the first-order form of Eqn. (1) as
0 1

ou(t) = { }u(t),
02 + 8; — K2 =2k
u(t,0,y)=0,u(t,1,y)=0, u(t,z,0)=0,u(t,z,1)=0,

for (z,y) € [0,1]2. For x > 0, this PDE can be shown to be
exponentially PIE to PDE stable in the sense of Defn. 33
with rate of decay k — see Appx. C.2.

Although PIETOOLS can be used to find a PIE repre-
sentation of this PDE directly, we may provide some ad-
ditional insight into the structure of the PIE by noting
that u; and us satisfy the same regularity and boundary
constraints. Thus, using Thm. 16, we can define opera-
tors 71,72 and T = 7173 such that u;(t) = T@gazui(t),
d2u,(t) = T10207u,(t), and d2u,(t) = T29202u4(t), for each
i € {1,2}. It follows that u(t) satisfies the PDE (19) if and
only if v(t) = gy (t) satisfies the PIE

(19)

at{fo]v(t):{ 0 T 1,
0T Ti+ T2 — 2T —26T

(t).

Simulating this PIE for 1 and with uy(0,z,y)
sin(Zx)sin(%y) and uy(0,z,y) = 0, the obtained solu-
tion at = 0.5 is plotted in Fig. 2, showing that both
u; () = ¢(t) and uz(t) = ¢¢(t) converge to zero. Using
Cor. 35 with d = 1, exponential stability can also be veri-
fied with PIETOOLS. Maximal lower bounds on the decay
rate, 12:, are provided in Tab. 2, in each case tightly lower-
bounding the true rate k = k. The mean computation time
to parse the stability LPI and solve the resulting SDP for
each value of k was 720 seconds, and the mean CPU time
for solving the SDP was 477 seconds.

k=k| 1 2 3 4 5 6 71

k ‘0.9999 1.9998 2.9874 3.9973 4.9980 5.9906 6.9645
Table 2 .
Largest lower bound on the decay rate, k, for which exponential
PIE to PDE stability of the wave equation in (19) was verified
with Cor. 35, using d = 1, for several values of the parameter
& > 0 (which is also the true decay rate, k).

7.2.8  Kirchhoff Plate Equation

As a final example, consider the following Kirchhoff plate
equation with structural damping, used to model the verti-
cal deflection w of a clamped plate,

Wit (t) = —Waaaa(t) — 2Waayy (1) — Wyyyy (1) (20)
+ [e%s) (thx (t) + Wtyy(t>)a
W(f,O,y) = Wz(t7 07y) = W(t, 17y) = Wr(t7 179) =0,
w(t,z,0) = wy(t,z,0) = w(t,z,1) = wy(t,z,1) =0



Norm of Simulated Solution to Plate Equation for Several Initial States
T T T T T

'
o

T
———-MeH
u(0) = u!
30 u(0) = w2|1
u(0) = u?

4

[u(®)llz,
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Fig. 3. Evolution of the norm ||u(?)||z, of simulated solutions to
the Kirchhoff plate equation in (21) for ey = 0.2 and for ini-

tial states u’ := a'/||a’||,, with @* as in (22) for i € {1,2,3}.
An exponential bound Me™*t for M = 37 is also plotted, with
k = 3.6328 corresponding to the largest rate for which exponen-
tial PIE to PDE stability was verified using PIETOOLS.

Introducing u(t) = (w(t), w(t)) € 5';4’4)’2[[0, 1]?], we rep-
resent this PDE in the first-order form as

dpu(t) = 0 !

t —DW0) 2D _ DO (D204 DO2))
u(t’ 07 y) :uflj(t7 07 y) :u(t7 17 y) :uw<t7 1) y) :O’
u(t,z,0)=uy(t,z,0)=u(t,z,1)=uy(t,z,1)=0. (21)

As for the wave equation, we use Thm. 16 to define PI
operators 7, R;, Q; such that v(t) = D**u(t) satisfies

o K 2]"@) - {Ql - 22 20, ao(RlT+ Rg)}v(t)'

Applying Cor. 35 to this PIE, using d = 0, the PDE (21)
with ap = 0.2 was found to be exponentially PIE to PDE
stable with rate at least k£ = 3.6328. Here, although stability
properties of plate equations such as that in (20) have been
studied in the literature, including in e.g. [29,11,15], these
results commonly prove exponential decay of a different en-
ergy functional E(u(t)), rather than of the norm |u(t)||,. .
Therefore, to verify that the PDE is indeed exponentialfy
stable with rate at least k = 3.6328, solutions to the PDE
were also simulated using the PIESIM software. The norm
[lu(t)]| L, of the simulated solutions is displayed in Fig. 3, for
three initial states u’ := a'/||a’| 1, where @* = (1}, 0%) for

0} (w,y) := (cos(2mz) — 1)(cos(2my) — 1), w3(z,y) :=0,
ai(z,y) = 01(z,2y), 03(x,y) = 207(22,y), (22)
ai(z,y) = 2?(1 —2)*y?(1 — ¢?), 63(z,y) := 2aj(z,y).
These numerical simulations verify that the norm of the

solution for each initial condition decays exponentially with
a rate greater than the computed lower bound.

Juto

8 Conclusion

We have shown how a broad class of coupled, linear PDEs
on a hyper-rectangular spatial domain can be equivalently
represented as Partial Integral Equations (PIEs). This rep-
resentation was constructed inductively, based on a repre-
sentation of the multivariate domain (including boundary
conditions and Sobolev regularity constraints) as the inter-
section of lifted 1D domains. For such a domain decomposi-
tion, we proposed an algebraic consistency condition which
was shown to be necessary and sufficient for invertibility of
the multivariate spatial differential operator, D, on the do-
main of the PDE — thus providing a bijection between the
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PDE domain and the Hilbert space L,. Furthermore, an
expression for this inverse was constructed inductively as
the composition of univariate integral operators with poly-
nomial semi-separable kernels. This inverse operator was
then shown to be embedded in a *-algebra of multivariate
Partial Integral (PI) operators, allowing for the construc-
tion of an equivalent PIE representation of the evolution of
the PDE. Given this representation, a notion of exponential
PIE to PDE stability was defined and a sufficient condition
for such stability was formulated as feasibility of a set of
linear PI operator inequalities. Feasibility of such operator
inequalities was then verified by constructing a basis for the
PI operators and using positive matrices to enforce posi-
tivity. Software implementation was proposed which auto-
mates construction of the PIE representation and verifica-
tion of the associated stability conditions. Finally, accuracy
of the resulting stability analysis was verified by applying
the stability test to 2D heat, wave, and plate equations.
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A A Bijection Between the PDE Domain and Fundamental State Space

In Section 4, an explicit expression was derived for the inverse of the multivariate differential operator D® : D — Lo (€],
on the PDE domain D C S§[€)]. Specifically, it was shown that if we can decompose D = ﬂfil D;, for lifted univariate
domains D;, then the inverse to D? : D — Ly[Q)] can be expressed as the product 7 = Hivzl T : Lo[Q2] — D of the inverse

T; to each 82;? : D; — Lo[Q]. The proof of this result, however, relies on the commutability of the operators T;, 8§j, and
of the operators 7;, T;, for distinct 4, j. In this appendix, we show that these commutative properties are indeed satisfied
under the conditions presented in Section 4 — in particular when the domains D; are consistent — providing some of the
proofs and details omitted from that section.

To start, consider a univariate domain D C Sg’n[a, b] as in (6), lifted to the multivariate setting as D +— D; = 75[2] -
59:°¢"[Q)] using d — &; and [a,b] — [a;, b;]. Recall from Cor. 6 and Cor. 7 that if D is admissible as per Defn. 5, we can
define the inverse to 9% : D; — L[] as an integral operator 7; : L3[€2] — D; with polynomial semi-separable kernel.
As such, for any distinct 4,5 € {1 : N}, we can define a right-inverse to 8;5;83{ : D, ND; — L[] as T;7;, satisfying
a0 83; T, Tiv = 0% Tiv = v for all v € L3[Q)]. In order to show that this operator also satisfies 7;7; afj;aﬁ-;u = u for

u € D; N Dy, however, we first need to prove that 8§j u € D;, for which we have the following lemma.

Lemma 36 Let N €N, § € N)Y, and Q = Hi]\il[ai, bi]. For given B} ., Ct . let associated domains D; be of the form in (6)
(letting By, = B} ;,, Cj . = C} 1, [a,b] = [ai, bi] andd = &; ), and lifted to the multivariate setting as defined in Subsection 2.1
(so that D; = D[i] C S57°"[Q]) for eachi € {1: N}. Ifu € D:=DyN---NDy, then 957 ---0%Nu e Dy N---NDj_q for
allj € {1: N} and0 < a <9.

PROOF. Fix arbitrary 0 < a < §. We prove the result by induction on j, ranging from N to 1. For the base case, j = N,
fix arbitrary u € D. Then u € S5°°""[Q)] for all i € {1 : N}, and therefore 0N € SenmO) foralli € {1: N —1}. In
addition, by definition of the domains D;, we have

§i71
> [Bisl@h ) (9loima, + Cin0E W) (s)lsm | =0, VEe {058~ 1},
k=0
for all 4 € {1: N — 1}. It follows that also
61'71 ) )
> B0 023 0) () sima, + CL (05,02 W) (3)]i0,
k=0
5171
= 05 2 [Bi (05 W)(3)sima + CL(OE W) (6) sz, | = 0,
k=0

for every £ € {0 : §; — 1}, and therefore dg¢¥u € D;, for all i € {1: N — 1}. Thus, 93¥u € D1 N---NDy_;.
Now, suppose for induction the lemma statement holds for all j € {J : N}, for some J € {1: N}, and let j = J — 1.
Then, for any u € D, we have 9574 ---92¥u € Dy N---ND; C S5 "[Q N --- N 857", by the induction hypothesis.

Sj+1
It follows that d57 - - 0%Nu € Sgi'ei’”[Q] for all i € {1:j — 1}. In addition, by definition of the domains D;, we have
-1
> [B;;,k(ag(ag;:; 00N 0)) (8)]s,=a, + CF g (05 (05921 - - 923 ) (s) S,.,:bl} =0, Ye{0:6—-1},
k=0
for all i € {1: j}. It follows that also
6;—1 ) )
> B (05,07 - 02 W) () sima, + Chi (95,955 -+ 02 w)) (5) o=
k=0
= 05 3 [Bia (08005 - 0 W) ($) s, + Ol (O (055 - 22 W) (9] =0
k=0
for all £ € {0: 0;}, and therefore 957 --- 93N u € Dy, for all i € {1: j — 1}. We find that 857 ---92¥u € Dy N--- N D;_y,
whence the result holds by induction. ]

Lem. 36 proves that, for any u € D;N---NDy, we have 355 o -8g]’§u € DiN---ND;_ forallj € {1 : N}. Assuch, if both
D; and D; are admissible as per Defn. 5, then for any u € D; N'D; we have by Cor. 6 and Cor. 7 that 82/ u = T:0° (82u),
and thus 7;7; 8;5: 8§§u = u. More generally, the following corollary proves that 7 := Ty ---7T; defines a left-inverse to
D? :D — LY, as well as a right-inverse to the extension of D° to the range of 7.
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Corollary 37 Let T :=Tn---T1 and D :=D1N---N Dy, for T; as in Cor. 7. Then the following statements hold:
(1) TD’u = u for anyu € D.
(2) D°Tv =v for anyv € LY.

PROOF. For the first statement, we note that, by Lem. 36, we have 85;111 .- ~8§j§u €eDinN---ND; CDjforallueD
and j € {1: N}. Since, by Cor. 7, 7}8§ju = u for all u € Dy, it follows that for every u € D,
TDu= Ty To(T102})(92 - - - N u)
=Tn- ..7’3(7*23;53)(3;52 "'3S§U) e Tmixu —_—
Now, for the second statement, note that 7,_1---Tiv € Ly for all v.€ L} and j € {1 : N}. Since, by Cor. 7, af;ﬁij =V
for all v € L%, it follows that

D(STV = 83; AN aéN?l(aggTN)(TNfl o 7—1V)

=90 ON 2 ON N TN-) Tz Tiv) = - = Tiv =v.

Cor. 37 shows that 7 := Ty - - - 7 defines both a left- and right-inverse to D° : D — L% on the image of D°. In order for
T to define an inverse to D° : D — L%, then, it remains to prove that the image of D? is indeed LY, or equivalently, that
Tv € DO for all v € LY. Unfortunately, admissibility of the domains D; is insufficient to guarantee that this is indeed the
case. Indeed, as shown in Subsection 4.2 for Q@ = [0,1]? and § = (d, d), a unique inverse to 9405 : Dy N Dy — L3[[0,1]?]
may not exist if the boundary conditions defining D; and D, impose conflicting constraints at any of the corners of the
domain, i.e. (z,y) € {(0,0),(1,0),(0,1),(1,1)}. A necessary condition on the parameters { By, Cy,} and {B7,,C7,} to
avoid such conflicting conditions was presented in Lem. 12, which we restate and proof here.

Lemma 38 Suppose B;'-JC, C;:,k as in Eqn. (6) define admissible domains D C Sg’"[(), 1] as per Defn. 5 (using B; = B;'.,k,

Cjk = Ciy, la,b] = [0,1]), lifted to the multivariate setting as D +— Di, and let [H}]; = B}, [Hiljx = C},. Define

associated K' := (Hfl + H{Q(b; — ai))_ng € R4 for Q as in Defn. 5, and decompose the matriz K* into blocks as
Ki, .. Ki,
Ki=1| 1t . |, where  Kj, € R™" Vk, (€ {1:d}. (A1)
Kj, ... K,
If there exists an operator T : L3[[0,1]*] — D := D; N D; such that 8%8;1Tv = v for all v € L}[[0,1])?], then
K, K}, =K; K,  Vkptlqec{l:d}. (A2)

PROOF. Suppose there exists an operator 7 : L3[[0,1]?] — D such that 9¢94Tv = v for all v € L3[[0,1]?]. For any
v € L%[Q], let u=Tv. Then, v = afjagu and u € D. By Lem. 36, it follows that also 8gu € D; and 9% € D,.

Now, fix arbitrary k,¢ € {1 : d}. To prove that (A.2) holds, we will use the fact that u € Dy and agu € D1, and the
fact that u € D; and 9%u € Dy, to derive two distinct expressions for the same corner value, (8];_185_1u) (0,0), in terms
of v = agagu. First, given that u € Ds, we remark that by the proof of Cor. 6, u must satisfy

0=H? (8§O:d_1)u) (x,0) + H? (8750:d_1)u) (z,1)

1
= (Hg + HZ?Q(I)) (aéo:d_l)u) (z,0) + /0 erd(l — y)BZu(a:,y) dy.

where Q is as in Defn. 5, and where

- a1 T
(d=1)! u

: J,u
eq(z) = 1,2 ® I, 8?’(,0:d_1)u:: y
. :

d—1

9, u

Since, by assumption, the domains D; and D are admissible, it follows by Defn. 5 that the matrix (H, 2+HJ2 LQ(1)) € Rndxnd
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is invertible, and thus u must satisfy

1 1
(054 Mu) (x,0) = —/ (H2 + H?Q(1)) ' Hiea(1 — y)dltu(z, y) dy = —/ K?eq(1 —y) ddu(z,y) dy,
0

0

Taking the derivative 9¥~! of both sides of this identity, and remarking that 85*1u =(e® In)T(‘?g(,O:d_l)u for e, € R the
(th standard Euclidean basis vector, it follows that the derivative 9¥ ']~ u must satisfy

(051001 (2,0) = (e¢ ® L,)T05 (914~ Du) (x, 0) / K2, jea(l — y) 05100z, ) dy.

where now K7, ) = (e,®1,)" K?. Here, since 9%u € Dy, by Cor. 6 and Cor. 7 we can express 95~ (9%u) = R} ' 92(9%u) =
RE=1y where the operator R¥ is defined by

(RE1v)(2,y) = /0 Grr (@, 0v(0,)d0,  Gi(,0) = {C“(””)T(I”d ~Khea(1-0) <,

—ck_l(x)TKled(l — 9) T <0,

where ) ) ) )

1 Or—1

z 1

e1(2):=| 322 | @1, cr1(z) =0 tei(z)=| 2z | @1,
d—1 2d—k
L(da=1)' ] L (d=k)! ]
It follows that
(Bk 18Z lu / Ke )ed )(Rk ! )(a:,y) dy.

Evaluating this expression at x = 0, we note that, by definition of Rl , we have

(R]fflv) (0,y) = —/0 cr_1(0 — O)TKled(l —x)v(z,y)dx = —/0 K(lk,:)ed(l —z)v(z,y)dz.

Using this expression it follows that

(05719, u / K pea(l—y) (RY™'v)(0,y) dy

/ K% eq(l (/ Khea(l - 2)v(z, y)dx>dy
:/0 /0 (K(Qfar)ed(l7y))(K(1k,;)ed(1f;v))v(x,y) dy dz.

Here, to derive this expression for 85’185’1u(0, 0), we only used the fact that u € Dy and Gju € D;. Conversely, then,
using the fact that u € D; and d%u € Dy, we can apply similar reasoning to find that also

(05719, M) (0,0) = /0 /0 (K nea(l —2)) (K ea(l — y))v(z,y) dy dz.

Sinceu e D C S(d"d)’n[Q] and k, ¢ < d, the derivative 8’;_185_1u is continuous, and therefore we must have

/ / ed (1-— )) (K(lk ;)ed(l — x))v(x,y) dy dx

= (9~ 16[ 'u)(0,0) / / yea(l— z)) (K?Z’:)ed(l —y))v(z,y) dy dz.
Since this holds for arbitrary v € L}[€], it follows that in fact
(K?Z’:)ed(y)) (K(lk}:)ed(a:)) - (K(lk’:)ed(x)) (K?Z’:)ed(y)) =0 for a.e. z,y € [0,1]. (%)
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Finally, to see that this implies (A.2), we decompose K' and K7 as in (A.1), and invoke the definition of e4 to find

Zd71
@yt
d—2
1 1 1 1 (Z 2yl -
Kk,yea(z) = [Km Ko - ch,d]
p:l
I,
Similarly, we can express K(ngz)ed(z) = Zg | @ q) LY d=4_for all z € R. It follows that
(K(Qe,;)ed(y)) (K(lk,;)ed(x)) (K(k eq(r )(K )ed )
d
1

[Kk oK KEQ,qK/i,p} wl Pyt

for all z,y € [0,1]. By (x), it follows that K}, K7 = Kg’qK,Qp for all p,q € {1 : d}. |

Lem. 38 proves that the differential operator 994 : Dy N Dy — L3[[0,1]?] admits a right-inverse only if a suitable
commutative condition is satisfied, ensuring that the boundary conditions defining D; and Dy can be simultaneously
satisfied at the corner (z,y) = (0, ) We refer to this commutative property as consistency of the domains D; and Dy —
see also Defn. 10. In order to prove that consistency of the PDE domains is also sufficient for 9395 : Dy N'Dy — L3[[0, 1]%]

to be right-invertible, we remark that the operators 7 = 7>7; and T = T; 75 both already satisfy 8%857' = 8%3372 =1I,,

though 7v ¢ Dy and Tv ¢ D, for general v € L3[[0,1]%]. As such, a right-inverse to 9409¢ : Dy N'Dy — Ly[[0,1]?] exists
only if the operators 7; and 75 commute. The following lemmas, generalizing Lem. 13 in Sec. 4.2, prove that this condition
is equivalent to consistency of the domains Dy and D-.

Lemma 39 Fori,j € {1: N}, let T(z,0) := —eq(x — aZ)TKZeg (b — 0) for some K' € R™:*"% and where ey, e;, are
as in Cor. 6 (using d = ;). Then T,T; = T;T; if and only sz ko KJ K’ p forallk,p € {1:6;} and l,q € {1:0;}.
PROOF. By definition, we have

T;(x + a;,b; — 0) == —e1(z)K'es, ()

r i i i 9ot
I, Kiy Kio ... Kis | |gi=oiln
) ) . 5;—2
| =l Kjy K3o oo Kis | | g=aynln
-
= Z — K} zFlgeir
— (5 — ) R ’
DRSO
for all z,0 € [0,b; — a;]. It follows that
Ti(z + a;, bi - Q)T‘(y +a;,b; —n) — Tj(y + aj,b; — n)Ti(z + a;, b — 0)
1 , . o
z z Kl pKG g = K KLy | 1000y e,
e ( 5—1)) (¢ =1)44; — q)!
for all 2,6 € [0,b; —a;] and y,n € [0, b; — a;]. It follows that T;T; = T;T; if and only if K};’ng’q = ngqK,i,p for all k,p, ¢, q.

Lemma 40 Ford € N} and Q) = Héil[ai, b, let D; C Sgi'ei’"[ﬂ] foreachi € {1: N} be admissible, and define associated
operators T; as in Cor. 6 and Cor. 7 and matrices K* as in Defn. 10. Then, for anyi,j € {1 : N} such thati # j, we have
TioTj=T;oTi &  Ki,Kl =K K, Vkpe{l:5}0qe{l:5;},

where Kj, , = (ex @ I,) T K'(e, ® I,) for ey, € R? the kth standard Euclidean basis vector.

PROOF le arbitrary ¢,j € {1 : N} such that i # j. If either §; = 0 or §; = 0, then 7; = I,, or T; = I,,, and the result
holds trivially. Otherwise, let parameters K* be as in Defn. 10, and let T; (m 0) == —ei(z — a;)T K'es, (b; — 0) for ey, ey as
in Cor. 6. Then, by deﬁnition of T; in Cor. 7, we can express 7} = Q; + R;, where for any v € L% [Q}

ER S; — iﬁifl
/ Ti(84,0i)v(s)|s,=0,d0;, and (Riv)(s) := / (((Slﬁ)wv(s) s

,=0,d0;,
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for all s = (s1,...,s,) € €. Here, we note by inspection that for any T;, we have Q;R; = R;Q; and R;R; = R;R;. Hence
the 7; will commute if and only if the Q; commute. By definition of Q;, we have for every v € L[],

((QlQ] / T S’La 7,
_/]1-'3'(8]7 [/ T 517 z )|51_9“53—9 d@] dQJ

// i(i,0) (%9;)—Tj(sj'ﬁj)Ti(Su91)]V(5)|si=ei,s,-=9jdejdaz*

Therefore, T;07; = T;o7; if and only if T;T; = T} T; except on a set of measure zero. However, since the T are polynomial,
by Lemma 39, T;T; = T;T; if and only if K} K} = K; Kj , for all k,p, ¢, g, concluding the proof. [ |

T'j (8j7 QJ)V(S) |5i:9i,8j:9j d9]‘| do;

Lem. 40 proves that for any distinct ¢, € {1 : N}, the operators 7; and 7; commute if and only if the n x n sub-blocks

of the matrices K* and K’ commute — i.e. if the domains D; are consistent as per Defn. 10. Assuming admissible and
consistent domains, then, not only can we define an inverse 7; : L5[Q2] — D; to each 0% : D; — L[€2], but these operators
T; and T; also commute for i # j. Using this fact, Thm. 16 proves that for admissible and consistent D;, the inverse of the

differential operator D : i1 Di = Ly[Q] takes the form T = Hl 1 Ti  L3[Q] — D. In proving this result, we also relied

on the fact that for ¢ # j, the integral operator 7; commutes with the dlfferential operator 85;, as proven in the following
lemma.

Lemma 41 For N € N and§ € N, let D := ﬂfil D; C Sg’ with D; C S‘S“" admissible and consistent.
Let T;, A; ; be defined as in Cor. 6 and extended to multivariate space using Cor. 7 (letting T — T; and A A, ;), for

I,, k=
d=6;, D =D, and {H}} where Hy, := { " for each k € {0 :d}. Then, for anyi,j € {1: N} such thati # j and

0, k#J,
alld € {0:6;} and k € {0:6;}, we have

0% Tiu = T;0% u, and 0% Ajpu= A; 0%,
for allu € Sg7Q) == {ue L[Q] | 0L, u € L, Y0 < ¢ < d}.

PROOF. We prove the result only for the operators A; ; (not for 7;), noting that 7; = A, 0.

Fix arbitrary 4,5 € {1 : N} such that ¢ # j, and let d € {0 : 6;} and k € {0 : §;}. Fix further arbitrary u € ng[ﬂ]
If d =0or k = d, we have 9¢ = I,, or A; . = I, (by the definition in Cor. 6), and therefore agiAjku = Aj,ka;{,u holds
trivially. Otherwise, if k # d and d # 0, then by definition of the operator A; ; in Cor. 6,

jkV / Rjk Sj, (31,...,sj,hej,sjﬂ,...,SN)dﬁj

(s Sj — 9]) -
+ o) W V(Sl, ce ey S5—1, 9j, Sj41y---, SN) d@j,
where R; i (z,y) := —cx(z — a;)Keq(b; — y) for K as defined in Cor. 6, and where

Zd71 1.2 T Zd7k71 T
It follows that

bj
(Aj’kaiu) (S) = / I%j’k(Sj7 QJ) Ggiu(sl, ey Sj,h Qj, Sj+1, ey SN) dej

S5 s; —0; k—1
+/ (](k_l))ai_u(sl,...,Sj_1,9j78j+1,...,SN)d0j

</ R]k SJ, (81,...781‘1,(9j,5j+1,...,81\[)d9j>

oo ([0 10,55 do; | = (92 A,
+ 0%, 1) u(si,...,8-1,05,8j41,...,5n)d0; | = (82 Ajpu)(s).

J
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B The x-Algebra of ND 3-PI Operators

In Section 5, a class of multivariate 3-PI operators was defined — ITy[€2] — generalizing the definition of univariate 3-PI
operators to the ND setting. In this appendix, we show that the class of multivariate 3-PI operators includes a particular
class of integral operators, namely that of integral operators with polynomial semi-separable kernels. In addition, we
provide some of the proofs omitted from Subsection 5.2, proving that the class of multivaraite 3-PI operators is indeed
closed under linear combinations, as well as composition and adjoint operations — thus defining a *-algebra.

To start, recall that by Defn. 23, the class of ND 3-PI operators, IIy[)], is defined by taking sums of products of 3-PI
operators along each dimension ¢ € {1 : N}. Here, we recall that any univariate 3-PI operator is given by the sum of
a multiplier operator deﬁned by a polynomial and an integral operator with polynomial semi-separable kernel, so that

R € fa,b] if Rv(s) = )+ f 0)df for some M € R[s] and some K of the form
_ Kl(svo)a 0 < S,
K60 = {00 650

for K1, K5 polynomial. Taking sums of compositions of such 3-PI operators along different intervals [a;, b;], then, the
proposed class of ND 3-PI operators will include (but is not limited to) any operator of the form

(Rv)(s Z (HR 55 (si ) s), and (Kv)(s Z (H K, (s, Z)) v(0)db,

j=1 \i=1 7j=1 \=1

where M ; are polynomial, and K ; are polynomial semi-separable. Note here that, any multivariate polynomial can
be expressed as R(s) = Z]M:1 vail R, ;(s;) for some univariate polynomials R; ;. As such, the class IIx[2] will include
any multiplier operator defined by a polynomial. In addition, defining multivariate polynomial semi-separable functions
as in Defn. 24, any such polynomial semi-separable function can be expressed as Z]M:1 Hf\il K; ; for some univariate

polynomial semi-separable functions. Consequently, any integral operator with polynomial semi-separable kernel will be a
multivariate 3-PI operator, yielding the following result.

)= /Q K (s,0)v(0)d6

where K (s,0) € Ly[Q] is multivariate polynomial semi-separable. Then K € TIN[Q].

Lemma 42 Suppose that

PROOF. Suppose that K is multivaraite polynomia semi-separable. Then there exist polynomials K, € R[s, 6] for
a € {—1,1}" such that

K(s,0) = K,(s,0) V(s,0) € {(s,0) € Q] a(s; —0;) <0, Vie {1: N}}.
Given these polynomials, we can then express
s) = / K(s,0)v(0)dd = > / I (s,0)Ka(s,0)v(0)do
Q ac{-1,1}N Q

where we define the indicator function

N
1, «;-(s;—6;)<0,Vie{l: N},
0) =[] La.(5:,0:)  where  Io(s,0):= {o else( ) {1: N}
i=1 ’ ’

Now, for each a € {—1,1}" since K, is polynomial, we can define R, ; ; € R[s;, ;] such that K, = Z;Vil Hfil R, ;;
for some M € N sufficiently large (e.g. expanding K, as a sum of monomials). Given these univariate polynomials, R, ; ;,
define the 3-PI parameters Rg;’ ;€T [a;, b;] by

R R {OvRa,i,j,O}, o; = 7]_,
Q] T {0707R04,i,j}, «; ]_7

Then, by definition

/Q o(5,0) Ko (s, 0)v( d9—/<ZHIa1 5i 0 ai,j(si,f)i)>V(0)d9

j=1i=1
M
=3 (T el )
=1 LNi=
Since Hf\[:l T [Ra,i;] € TIN[Q)] for all o and j, it follows that also K € ILy[Q]. [ |
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Lem 42 shows that the class of ND PI operators includes a particular class of integral operators, of which the kernel is
polynomial semi-separable. By construction, the operator 7 in Thm. 16, defining the inverse to D° : D — L3[€], will be of
this form. However, the class of ND 3-PI operators also allows for mixed multiplier and integral operators along different

spatial directions, e.g. f; R(z,y,0)v(n,y)dn and fyd (z,y,n)v(z,¢)d(. This ensures that the operator A defining the PIE
representation in Thm. 19 is also an ND PI operator, as proven in the following lemma.

Lemma 43 For N € N and § € N, let T and A be as defined in Thm. 16. Then T, A € II"[€Y].

PROOF. For the case n = 1, the result follows by inspection. In particular, by definition, 7 = ]_LN:l T; and A =

Y Gcacs M[AL] Hfil A; o, where the operators 7; and A; , are of the form of the operators 7 and A in Cor. 6, respectively.
By definition, then, we find that 7; and A; ,, are univariate 3-PI operators, wherefore 7 is a multivariate 3-PI operator.
Furthermore, since M[A,] € IIy for all A, € R[s] and Il is closed under compositions (by Prop. 29), it follows that also
A is a multivariate 3-PI operator.

For the case n > 1, we note that for each k, ¢ € {1,n}, we can express

N n n n

= || =323 3 (ol e
=1 ke  J1=1lj2=1 jN-1=1

Since, as established for the case n = 1, each [7;];, , , is a univariate 3-PI operator, it follows that each [T]x, is a

multivariate 3-PI operator, and therefore 7" € ITIy*"[Q]. By similar reasoning, it follows that also A € II}"[Q]. [ |

By Lem. 25, given a multivariate PDE as in (9), the operators 7 and A defining the associated PIE representation as
per Thm. 16 are in fact ND 3-PI operators. Having thus shown that the class IIx[Q] is suitable for parameterization of
ND PIEs, we now prove that this class in fact defines a x-algebra. To start, we show that IIx[Q] is a vector space, for
which we have the following lemma.

Lemma 44 For N € N and Q := HZ]-V:U if Q,R € IIN[Q), then AQ + uR € IIN[Q)] for all \, n € R.

PROOF. Fix arbitrary Q = Z]J\il My[Q;] € IIN[Q], where for each j € {1 : M}, we have Q; := {Q,;}Y, for
Q;.; € I'ifa;, b;]. Suppose that Q1 = {Qj,l, H 1,Q22} € T'1[a, b1], so that Qol € R[s1] and Qj 17Q§,1 € Risy, 64]. For
A € R, define AQ; 1 = {A\QY,,AQ; ;, Q5 ,} € I [a1,bi]. Then, by definition of univariate 3-PT operators (Defn. 22)

and linearity of multiplier and integral operators, ATTi[Q,1]v = TTI1[AQ,1]v for all v € L,. Define further A\Q; :=
{2Q;1,Qj2,...,Qjn} € IIN[Q]. Then, for each j € {1: M}

M M N M
AQ =AY TyIQ) = Y AT Qs = D MAQIM[Qje] - T [Qn] ZHN AQ;] € Tn[Q).
j=1 ji=1 i=1 j=1

Jj=1

Finally, fix arbitrary R = Z,I::l My [Ri] € TIN[Q]. Then, for all A\, 4 € R,

M K
AQ+ R = z My [AQ;] + Z My [pRe] € TIN[Q].
j=1 k=1

Lem. 44 shows that the class of multivariate 3-PI operators is closed under linear combinations, and is thus a vector
space. Next, we show that this vector space is also closed under compositions. Here, the composition of two multivariate
3-PI operators can be defined inductively, using the composition rules for unviariate 3-PI operators. In particular, if
Q0 =TIY, M[Q:] and R = [[X, TN, [R;] for Q;, R; € T'1[a;, b], then Qo R = [T, (M1 [Q] o T [R,]). In order for this to
hold, however, the different operators TT;[Q;] and TT; [R;] for i # j must commute. The following lemma proves that this
is indeed the case.

Lemma 45 Let N € N and Q = vazl[ai,bi], For R € T'i[a;,b;] and Q € T'[aj,b;] let R and Q be the multivariate
extensions of TI1[R] and T11[Q], respectively, so that e.g. (Rv)(s) := (TT1v(S1,...,5i—1,®,Si+1,---,5n))(8i) for v € L3[Q].
Ifi # j, then (RQ)v = (QR)v for all v € Ly[Q].

PROOF. Let R = {Ry, Ry, Ry} € T'[a;, b;] and Q = {Qo, Q1,Q2} € I'[a;, b;]. To prove the result, we first note that by
Defn. 22, for any v € L[], we can express Rv = Rov + R1v + Rov and Qv = Qgv + Q1v + Qov, where we define

(Rov)(s) := Ro(s:)v(s), (Qov)(s) := Qu(s)v(s),
(R1v)(s) := Ry (54,0;)v(s)|s,=0,d0s, (Q1v)(s) := ] Ql(SW )V (8)|s;=0,d0;,
RQV / R2 517 z )‘si:«%daia Q2V / Q2 3]7 )|5J—9 dgjv
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for all s = (s1,...,sn) € Q. Here, we remark that

(RoQov)(s) = Ro(s:)Qo(s;)v(s) = Qo(s;)Ro(si)v(s) = (QRov)(s),

as well as

(RoQ1v)(s) = Ryo(s / Q1(sj,05)v(s)]s;=0,d0;

= / Ql(sj,Hj)Ro(si)v(s)\szejdﬁj = (Q1R0V)(S)7

and

(RlQlV)( )7 Rl Sza i l/ Ql 3]7 ) ( )81—9173_7—9_7d0j1 do;

/ / Rl 51; Q1(5J7 ) ( )‘87‘,:9%5;’:9;‘} dejdoi

By similar reasoning, we find that 724 Qv = Qkng for all k, ¢ € {0,1,2}. Tt follows that

ROv = (Ro+Ri+ R2)(Qo + Q1+ Q2)v
=(Qo+ Q14 92)(Ro+Ri+ Ra)v=QRv.

5;=0;,5;=0; d0:| d9 = (QlRlv)( )

Using Lem. 45, the following corollary proves that the composition of two ND PI operators can indeed be expressed
using the composition of the defining 1D PI operators, as used in the proof of Prop. 29.

Corollary 46 For given N € N and Q = val[az, bi], let Q = {Q}Y, € Tn[Q] and R = {R;}Y, € T[], where
Q; € I'y|ai, b;] and R; € Tn[a;, b;] for eachi € {1: N}. Then

N

N N
(qui])o [Im®;] | = [T(M(Q:] o MR-

=1

PROOF. By Lem. 45 we have that for all u € Lo[Q],

N N
(H mm) [TmR] ) u= (MiQ - ThQuI TRy T [Ry] )u

= (M[QM[RY]) - (Th[QN]T [Ry])u = (H(”l[Qi]nl[Ri])> u.

i=1
|

Using Cor. 46, Prop. 29 proves that the composition of two multivariate 3-PI operators is again a multivariate 3-PI
operator, so that ITy forms an algebra. Finally, to prove that ITy in fact forms a %-algebra, we show that this set is also
closed under the adjoint operation. Specifically, we have the following result, corresponding to Lem. 31 in Subsection 5.2

Lemma 47 For N € Nand() := Hi]\il[a”ﬁ bi] CRYifR € TIN[Q, then R* € TIN[Q]. In particular, if R = Z;\il My [R,],
where Rj = {R;;}]V, € Tn[Q], then R* = Zj | TN [R], where
R* - {R aJi= 1’

where the univariate adjoint parameters Rjz € I'y[a;, b;] are as defined in Lem. 30.

PROOF. To prove the result we first remark that, by Lem. 30, for each i € {1: N} and all R € T'y[a;, b;] we have
b;

b;
/ u(s) (M RIv) (s )d&_/ (MRJu)(s) v(s)dsi,  Vu,v € Lo[€),

i a;

where we define (TT;[R]v)(s) := (T [R]v(s1,...,8i-1,9,8i41,...,5n))(5;). Now, let R = Z]]Vi1 My [R;], where R; =
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{R;;}}Y, € Tn[Q]. Then, for all j € {1: M},
TRV 0y = [ [06) (TR, 0) ()]
b1 bN r
— [ ma,nﬁanm%ﬂ~wnquwxapuﬁm}@N~dﬁ

b b
/ (TR Ju)(s1,- .-, sn) (M[Ry2] - - Th[Ry N]V) (51, - ~35N)] dsy -+ -ds

b b
. / (ﬂl[R;Q]ﬂl[R;‘)l]u) (81, ey SN) (Ul [ijg] e ﬂl[Rj,N]V) (81, ey SN):| dSN e d81

I
=]
. g
n\
2 o
z
| —|

(ﬂl[R;,N]-~-ﬂ1[R;*-71}u)(51,...,sN)v(sl,...,sN)} dSN"~dS1

Il
T~
. s
m\
2 o

z
| — |
—~
|
i

--l'll[R;-‘,N}u)(sl,...,sN)V(sl,...,sN)} dsy -+ -dsy

= (My[R]u, V>L2[Q] )

where we remark that ITi [R} y]- - T [R} ;] = Tl [R] 1] - - TI1 [R} ] by Lem. 45. By linearity of the inner product, it follows
that if R := Zz 1 M [R;], then

M M
(u,Rv), Z u, My[R;lv), = Z <HN[R;]u7v>L2 = (R*u,v),, .

i=1 i=1

C Exponential PIE to PDE Stability of Classical PDE Examples

In this appendix, we verify exponential stability of the reaction-diffusion equation from Subsec. 7.2.1 and the wave
equation from Subsec. 7.2.2. For each example, an explicit solution is constructed using separation of variables, and it is
proven that the norm of this solution is bounded by an exponentially decaying function, providing an explicit value of
the decay rate. Since the reaction-diffusion and wave equations are classical examples of PDEs, for which existence and
uniqueness of solutions have been well-studied in the literature, several details in the derivation of the solutions will be
omitted, and it will not be shown that the obtained solutions are indeed unique. We refer to standard textbooks on PDEs
such as [9] for more details and proofs.

C.1 Ezponential PIE to PDE Stability of the Reaction-Diffusion Equation

Consider the following reaction-diffusion equation, with Dirichlet-Neumann boundary conditions
ut(t7$7y> = V[uzx(t7$7y)+uyy(taw7y)] +7’u(t7.’1/'7y), (:U7y) € [O7LI] X [O7Ly]’ (C]‘)
u(t,0,y) =u(t, L;,y) =0, u(t,z,0) = uy(t,z,Ly) =0

We solve this PDE using separation of variables. In particular, suppose u(t, z,y) = T(¢)U(x,y) for some function T that
depends only on time, and a function U that varies only in space. Substituting the relation u(¢, z,y) = T(¢t)U(z,y) into
the PDE, we find that it must satisfy

T'()U (z,y) = vT (O[O0 (2,y) + 93U (x,y)] + rT (1)U (2, y).
Dividing both sides by T'(t)U(z,y), and rearranging the terms, this yields
T'(t 2 02U (z,
(0 _,_ 2V, B0y
T(t) Ulz,y) Ulz,y)
where now the left-hand side depends only on ¢, and the right-hand side depends only on x,y. It follows that both sides
must be constant in time and space, whence solutions must satisfy
T'(t 2 02U (x,
()77,:7)\ and I/amU(x’y)+I/ y ( y) ,
T(t) U(z,y) U(z,y)
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for some constant A € R. Solving the first of these equations, we obtain
T(t) = T(0)elr N,
For the second equation, suppose further that U(z,y) = X (z)Y (y) for some functions X : [0,L;] - Rand Y : [0, L,] — R.
Substituting this identity into the equation, it follows that these functions must satisfy
X// Y/I
X'@) Y
X(x) Y(y)

Here, the left-hand side depends only on z, and the right-hand side depends only on ¥, implying that both sides must be
constant in x and y. Thus, the functions X and Y must satisfy
Y"(y)

XN(CC>
v = —pU, and -V —A=—p,
X)) " Y(y) :

for some constant 4 € R. To solve these problems, recall that the function u(t,z,y) = T(¢t) X (2)Y (y) must further satisfy
the boundary conditions

T(t)X(0)Y (y) = u(t,0,y) =0, T(t)X(La)Y (y) = u(t, Le,y) = 0,
T(#t)X(2)Y (0) = u(t,z,0) =0, T(t)X(2)Y'(Ly) = uy(t,z, L) = 0.
Excluding trivial solutions, these boundary conditions can only be satisfied if
X(0) = X(L,) =0, and Y(0)=Y'(L,) =0.

Thus, we obtain two boundary-value problems

A —
X"(2) = L X (@), and Y'(y) = -“=EY (),
v
X(0) = X(Lz) =0, Y(0) =Y'(Ly) = 0.
These are both standard 1D Sturm-Liouville problems of which solutions are well-known. In particular, we note that

2_2
non-trivial solutions exist only for u = p,, := v 23— L2 and A — = A — fin 1= 1/% for m,n € N, taking the form

Xon (@) = sin (”g%) . Ya(y) =sin <("—L1y/2)”y> . VYm,neN.

T

Here, the functions u,, ,(x,y) := X, (2)Y,(y) form a basis for functions on Ls[[0, 1]?] satisfying the imposed Dirichlet
and Neumann boundary conditions, and any solution to the original PDE takes the form

(t z, y Z Z m, n@ Amnl? Up, n Z Z Am ne ~Am.nlt sin <Tlnlﬂ—$> sin <(nLl/2)7Ty> ,

m=1n=1 m=1n=1 x Y
for some coeflicients a, ,, defined by the initial conditions, and where

(-2, [m L (=12

Am,n = HUm +v
L2 2 2

)

}, Vm,n € N.

It follows that

—1/2 —1/2
Uaayy (L, 2, 9) Z Z (v L/2 fm am,ne[r_)‘m'"]tsin (Tzﬂ-x) sin ((nLJ/)ﬂ-y) .
Y %

m=1n=1 z

By orthogonality of the basis functions u,, , with respect to the L inner product, we find

la(t ||L2 Z Z L.Ly a2, Q[T—)\myn]t

m=1n=1

2
At gy, (0117,

NgER
Mg

< (m27T2(n _ 1/2)27r2)2 %afmneﬂrw\mh,]t L2L2 2[r—

1 1

3
Il
3
Il

where Apin 1= miny, pen Ap,n = v [L% + 2} Thus, the PDE is exponentially PIE to PDE stable whenever r < Ay,

with rate of decay k = r — A\pin- ’

C.2 Exponential PIE to PDE Stability of the Wave Equation

Consider the following wave equation with feedback, with Dirichlet-Neumann boundary conditions

wy(t,2,Y) = Waa(t, ,y) + Uy (t, 2,y) — 260, (t, z,y) — 2u(t, z,y), (z,y) € [0, Ly] x [0, Ly], (C.2)
u(t, an) = uz(t7 La:a y) = O’ u(t,x, 0) = uy(t>$7 Ly) = O
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where x > 0. Suppose solutions take the form u(¢, x,y) = T'(¢t)U(z, y) for some function T that depends only on time, and
a function U that varies only in space. Substituting the relation u(¢, z,y) = T'(t)U(z,y) into the PDE, we find that T and
U must satisfy
T" (U (z,y) = T()[0;U (x,y) + 35U (z,y)] + 2T (U (2, y) — &*T()U (z,y).
Dividing both sides by T'(¢t)U(z,y), and re-arranging the terms, this yields
T"(t) +26T"(t) |, 2 _ O:U(xy) 95U (x,y)
T(t) U(z,y) Ulz,y)
where now the left-hand side depends only on ¢, and the right-hand side depends only on z,y. It follows that both sides
must be constant in time and space, whence solutions must satisfy
T (t) 4 2KT" (¢ 2U ;U (z,
<)+ K () :‘{2:—)\7 and T ($7y) Y ( y):
T(t) Ulz,y) Ulz,y)

for some constant A € R. Solving the first of these equations, we find that if A > 0, solutions take the form

T(t) = ~ve " sin (t\f)\) + e~ " cos (tﬁ) ,

for some constants -, § depending on 7'(0) and 77(0). For the second equation, suppose further that U(z,y) = X (2)Y (y)
for some functions X : [0, L,] = R and Y : [0, L,] — R. Substituting this identity into the equation, it follows that these
functions must satisfy

_)\7

X"(z) _ Y'(y)

X(x) Y(y)
Here, the left-hand side depends only on x, and the right-hand side depends only on y, implying that both sides must be
constant in z and y. Thus, the functions X and Y must satisfy

X" (z
X<(x>) Tl TRy AT
for some constant 4 € R. To solve these problems, recall that the function u(t,z,y) = T(¢) X (2)Y (y) must further satisfy
the boundary conditions
T(t)X(0)Y (y) = u(t,0,y) =0, T()X' (L)Y (y) = us(t, Ls,y) =0,
Tt)X (z)Y (0) = u(t,z,0) =0, T(t)X (2)Y'(Ly) = uy(t,z, L,) = 0.
Excluding trivial solutions, these boundary conditions can only be satisfied if
X(0) = X'(L;) =0, and Y(0)=Y'(L,) =0.
Thus, we obtain the boundary-value problems
X"(z) = —pX (), and Y'(y) = -(A = )Y (y),
X(0)=X'(L;) =0, Y(0)=Y'(L,) =0.

These are again standard Sturm-Liouville problems, which we can solve to find that a solution exists only if p = pu,, =

(m — %)22—2 and Ay — fm = (0 — %)22—2 for m,n € N, with solutions taking the form
x Y

- A

_Y'(y)

X (z) = asin(y/tmz), Y. (y) = Bsin(\/An — pny), vm,n € N,
for arbitrary «, 8 € R. Thus, non-trivial solutions to the PDE exist only for

2 2 2 2
IR, 5 [(m—1/2) (n—1/2)
>\m,n = Ly + <n—2> L—g]:ﬂ l: L% + LZQI s VYm,n € N.

Note that the functions u,, »(z,y) = X (2)Y,(y) for m,n € N define a basis for the space of functions satisfying the
imposed Dirichlet and Neumann boundary conditions. Reintroducing the dependence on time, T'(t), we find that solutions
to the wave equation take the form

o0
u(t,z,y) = Z A ne” ™ sin ( )\m,nt) sin(y/ftme) sin ( Amn — umy)

m,n=1

+ Z bm,ne_“’t cos ( )\m,nt) sin( ,umx) sin ( Am.n — ,umy) ,

m,n=1
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for coefficients @y, n, bm,n determined by u(0, z,y) and u.(0, z, y). Given these coefficients, the temporal derivative of the
solution is then given by

w(t,z,y) = —ku(t Z mon\/ Am, ne t cos ( )\mmt) sin( ,um:r) sin ( Amon — umy)
7 1
. n,n=
Z m,n \/ ’UL ne Sin ( A'ffL,nt) Sin( /"L””/x) Sin < A’m,n - M’”Ly)
m,n=1
Z |:I<Jam n+bm n\/)\mm} e " sin ( )\m,nt) Sin( ,umx) sin ( Amon — ,umy)
m,n=1
— Z [/{bm n— ,n\/)\m’n} e " cos ( )\m,nt) sin( me) sin ( Amon — ,umy) .
m,n=1

By orthogonality of the spatial basis functions with respect to the Lo-inner product, it follows that

[, = 222 S [ s (Rt + b cos (vt

m,n=

L.L s 2
||ut(t)||i2 — Tye—%t Z Kﬁam’n + bm’n\/Amm> sin ( )\m,nt) + (nbmyn — amm\/)\m,n) cos ( Am’ntﬂ .
for any M > 1 and

m,n=1
[u(t)} [um)]
w(O], w(0)],,
k > 0. Indeed, to illustrate, consider L, = L, = 1, with the initial condition u(0,z,y) = sin((j — 3)7a)sin((j — 3)7y) for

some j € N. Then a,, , = 0 for all m,n € N, b; ; =1, and by, , = 0 for all other m,n € N. It follows that, the norm of the
solution at each time t is given by

Given these expressions, we note that solutions do not satisfy < Me™Ft

[u(t )||L2 L. Ly e 2nt COS(\/i(j —1/2)7t),
Hut(t)”i2 _ %6—2% |:\/§(] — 1/2)7Tsin(\ﬁ(j — 1/2)7Tt) + IiCOS(\/i(j — 1/2)7Tt)]2

Therefore, at t = 0, we have
2

u(0) 2 2 L,L, LyL, 5 L,L 2
=[Oz, + [ (0), = = + =7+ = =~ 1+ 5,
| Lt(O)] L 2 2 4 4 4
whereas at t =T} := m, we have
2
’ = (@), + ()7, = =7 V20 - 1/2)7
ut(Tj)

2

It follows that, for any M > 1, there exists j € N such that , and thus the wave equation

2
lu@-)] luw)

w (T[], w (0],

cannot be exponentially stable in the classical sense. However, we can prove that the PDE is exponentially PIE to PDE
stable, in the sense of Defn. 33. In particular, note that

uarxyy(o x y Z b n,um(/\m n ,Ufm) SIH( me) sin ( >\m,n - ,Umy) s

m,n=1
00
uthyy(ov €T, y) = - Z l:Hbm,n — Gm,n\/ )\m,n:| Mm(/\m,n - /J/m) Sil’l( Umx) sin ( )\m,n - Mmy) .
m,n=1

By orthogonality of the spatial basis functions, it follows then that

2
gy (0 L.L, & ?
" yy( ) == Z + (Kbmn_amn Amn) :U'En()‘mn_ﬂm)2~
gy (0) i~ T v A, ’
txxyy Lo m,n=1
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Thus, we can bound the norm of the solution to the wave equation at each time as

LoLy o < , 2
= Tye 2t Z [amyn sm( /\mmt) + b cos( /\mmt)]

Lo m,n=1
LIL?J —2kKt — . 2
+ Te Z KQm.n + Om.n\/Am,n | sin < )\m’nt) + | Kbm,n — G/ Am,n | COS ( )\m,nt>
m,n=1
LxLy —2kt = 2 2 / 2 / 2
S Te Z am)n + bm_’n + </€am,n + bm,n )\m,n) + (ﬁbm,n - am,n Am,n)
m,n=1
—ont || | Waayy(0) LyLy o = 2 2
<e 4k 4 Te K Z U + (nam’n + bm,n\/)\mm) .
uthyy (O) Lo m,n=1

Here, we note that for any L, L,, we can find a constant C such that A, ,, < Cufn Ao — ,um)2 for all m,n € N. It follows
that

o0 2 oo
3 [t (s b B) | € 32 b (5 ) )
m,n=1 m,n=1
o0
< Y (ot A (52 1) (a2, + b2 ,)]
m,n=1
< Z 2% n(1+ /<;2) (afn’n + bfnn)
m,n=1
<20(1+5%)% ) {b?n,n + (nbm,n — am,m/Am,n)z} fioy (Amn = fim)?
m,n=1
2
_ 80(L+ ~%) ||| Uaayy (0)
LoLy Urzayy (0)

Lo

[uwwyy(()) ]
Urzayy (0)

Defining, then, M := /1 + 8C(1 4 x2)2, it follows that

|
u ()

< Me 21
Lo

Lo
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