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Abstract—To achieve control objectives for extremely large-
scale complex networks using standard methods is essentially
intractable. In this work a theory of the approximate control
of complex network systems is proposed and developed by the
use of graphon theory and the theory of infinite dimensional
systems. First, graphon dynamical system models are formulated
in an appropriate infinite dimensional space in order to represent
arbitrary-size networks of linear dynamical systems, and to define
the convergence of sequences of network systems with limits in
the space. Exact controllability and approximate controllability
of graphon dynamical systems are then investigated. Second, the
minimum energy state-to-state control problem and the linear
quadratic regulator problem for systems on complex networks
are considered. The control problem for graphon limit systems
is solved in each case and approximations are defined which
yield control laws for the original control problems. Further-
more, convergence properties of the approximation schemes are
established. A systematic control design methodology is developed
within this framework. Finally, numerical examples of networks
with randomly sampled weightings are presented to illustrate the
effectiveness of the graphon control methodology.

Index Terms—Graphon control, large networks, complex net-
works, graphons, infinite dimensional systems

I. INTRODUCTION

Complex network systems such as the Internet of Things
(IoT), electric, neuronal, food web, epidemic, stock market
and social networks, are ubiquitous, and they have been the
focus of much research over the past 20 years. In particu-
lar, researchers have been studying networks of interacting
dynamical systems to learn which collective behaviours may
emerge from system interactions over complex networks ([|1]-
[3]). Furthermore, in addition to the structural properties of
networks, system theoretic notions such as controllability,
observability, consensus dynamics and synchronization have
been widely applied to systems on networks ([4]—[11[]). How-
ever, to achieve general control objectives for extremely large
scale networks with complex interconnections (henceforth,
complex networks) using these standard methods is essentially
an intractable task.

Graphon theory, introduced and developed in recent years
by L. Lovész, B. Szegedy, C. Borgs, J. T. Chayes, V. T. S6s,
and K. Vesztergombi among others (see [[12]-[15]), provides
a theoretical tool to characterize complex graphs and graph
limits. This work draws on graph theory, measure theory,
probability, and functional analysis, and has been applied in
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different areas such as games [[16]], [17]], signal processing [[18]],
network centrality [19]], and the heat equation [20].

We propose a graphon based control methodology for
controlling complex network systems. The general graphon
control strategy consists of the following steps:

1) Identify the graphon limit of the sequence S of networks
as the number of nodes goes to infinity.

2) Solve the corresponding control problem for the limit
graphon dynamical system.

3) Approximate the control law for the limit system so as to
generate control laws for the application to any given finite
system along the sequence S of finite network systems.

Specifically, in this paper, the minimum energy state-to-state
control problem and the linear quadratic regulator problem
are solved for complex network systems using this graphon
control strategy.

The main contributions of this paper include:

1) the formulation of graphon differential equations and
graphon dynamical control systems, which allows us to
represent linear control systems on arbitrary size networks
and compare systems of different sizes. This further permits
us to design the graphon control methodology based on the
network limit.

2) the graphon state-to-state control methodology to solve
state-to-state control problem on complex networks.

3) the proposed graphon linear quadratic regulation method-
ology to solve linear quadratic regulator problems on large-
scale networks.

This paper contains the complete proofs omitted in the
previous articles [21]-[23] and the extension of previous
results, as well as new numerical examples.

The paper is organized as follows: In Section II, the
fundamentals of graphon theory are presented, followed by
the development of the graphon unitary operator algebra
and graphon differential equations. Section III introduces the
network system model and its equivalent representation by
the graphon dynamical system. Section IV presents the prop-
erties of graphon dynamical systems, including existence and
uniqueness of the solution and controllability. In Section V and
Section VI, the graphon control strategies for the state-to-state
control problem and the linear quadratic regulator problem are
presented respectively. For each problem, the approximation
method is developed and the corresponding convergence prop-
erties are established. Section VII contains numerical examples
to illustrate the graphon control methodology.

Notation: Bold face letters (e.g. A, B, u) are used to
represent graphons and functions. Blackboard bold letters (e.g.



A, B) are used to denote linear operators which are not
necessarily compact. Let I denote the identity operator. Let
(-,+) denote inner product for L?[0,1] and || - || represent
norm. 1g(-) denotes the indicator function for a set S, that is,
lg(z) =1if z € S, and 0 otherwise. 15 denotes the L2[0, 1]
function with 1 in S C [0,1] and O in [0, 1]\\S. The set of all
real numbers and that of all natural numbers (excluding 0) are
respectively denoted by R and IN.

II. PRELIMINARIES
A. Graphs, Adjacency Matrices and Pixel Pictures

The underlying structure of a network can be described by
a graph G = (V, E) specified by a node set V' and an edge
set EF which represents the connections between nodes. An
equivalent representation of a graph G = (V, E) by a matrix
called an adjacency matrix is defined to be the square |V| x|V
matrix A such that an element A;; is one when there is an edge
from node ¢ to node j, and zero otherwise. If the graph is a
weighted graph where edges are associated with weights, then
the adjacency matrix has corresponding weighted elements.

Another representation of the adjacency matrix is given by a
pixel diagram where the Os are replaced by white squares and
the Is by black squares. The whole pixel diagram is presented
in a unit square, so the square elements have sides of length
%, where n is the number of nodes.
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Fig. 1. Diirer Graph, adjacency matrix, pixel diagram

B. Graphons

A meaningful convergence with respect to the cut metric
is defined for sequences of dense and finite graphs [I15].
Graphons are then the limit objects of converging graph
sequences. This concept is illustrated by a sequence of half
graphs [15] represented by a sequence of pixel diagrams on
the unit square converging to its limit in Fig. 2] Readers are
referred to [15] for more examples of convergent graph se-
quences such as uniform attachment graphs, complete bipartite
graphs, and Erdos-Rényi graphs. Exchangeable random graphs
can also be modeled by graphons [24].

"

Fig. 2. Graph sequence converging to its limit

The set of finite graphs endowed with the cut metric gives
rise to a metric space, and the completion of this space is the
space of graphons. Graphons are represented by bounded sym-
metric Lebesgue measurable functions W : [0,1]2 — [0, 1],

which can be interpreted as weighted graphs on the node set
[0,1]. We note that in some papers, for instance [23], the
word "graphon" refers to symmetric, integrable functions from
[0,1]% to R. In this paper, unless stated otherwise, the term
"graphon" is used to refer to functions Wy : [0,1]? — [-1,1]
and W, denotes the space of graphons. Let W, represent the
space of all graphons satisfying Wy : [0,1]2 — [0, 1] and let
W denote the space of all symmetric measurable functions
W : 0,12 — R.
The cut norm of a graphon W € W; is then defined as

Wllo = | W (z,y)dzdy| (1)

MxT

sup
M,TCl0,1]
with the supremum taking over all measurable subsets M and
T of [0,1]. Evidently, the following inequalities hold between
norms on a graphon W:

Wil < [Wl < [[Wl2 < [W]leo <1, 2)

where the second to the forth norms are given by the cor-
responding LP norms on W;. Denote the set of measure
preserving bijections from [0,1] to [0,1] by Sjo ). The cut
metric between two graphons V and W is then given by

So(W, V)= inf [[W?_-V 3
o0(W,V) ¢€1g[071]|| o, (3)

where W (z,y) = W(¢(z), ¢(y)). We see that the cut metric
da(-,+) is given by measuring the maximum discrepancy
between the integrals of two graphons over measurable subsets
of [0, 1], then minimizing the maximum discrepancy over all
possible measure preserving bijections. Strictly speaking the
cut metric is not a metric since the distance between two
distinct graphons under the cut metric can be zero (see e.g.
[13[)). However, by identifying functions V and W for which
6o(V, W) = 0, we can construct the metric space JV; which
denotes the image of W, under this identification. Similarly
we can construct WO from W, and W from W. See [15].
The L? metric for any graphons W and V is defined as

dr2(W, V) = [W = V||

- ( / Wz, y) V<x,y>|2d:cdy>
[0,1]2

and the d2 metric as

= 1 2 qb =
62 (W7 V) ¢€1g[£,1] dL (W ,V)

> @

inf |[W? — V|
?€S|0,1]
®)

similarly, the L' metric and the 6, metric are defined respec-
tively as
dLl(va) = HW_VHlv (6)
§1(W, V)= inf [W?—V]. (7
P€S0,1]
For any two graphons W and V the following inequalities
hold immediately:

a(W, V) < 51(W,V) < 5,(W,V) < dp2(W, V). (8)

The J5 (or 61) metric and g metric share the same equivalence
classes under the measure preserving transformations [15}
Corollary 8.14]. Clearly, the do (or d;) metric is also well
defined on Wl.



C. Compactness of the Graphon Space
Theorem 1 ([15]) The space (Wo, 0n) is compact. o

This remains valid if W, is replaced by any uniformly
bounded subset of W closed in the cut metric [[15].

Theorem 2 ([15]) The space (Wl, 0n) is compact. o

Sets in Wl (or WO) compact with respect to the do metric
are compact with respect to the cut metric. It follows imme-
diately from (8) and Theorem [2] (or Theorem [I), if a graphon
sequence is Cauchy in the J, metric then it is also a Cauchy
sequence in the cut metric and under both metrics, the limits
are identical in V~Vl (or Wo).

Define the L? closed ball in W with radius C' > 0 as
Br»(C) :={W :[|W]|, < C,W e W}

Theorem 3 ([25]) The space (Br»(C),0n) with 1 < p < oo
is compact. O

By compactness, infinite sequences of graphons will neces-
sarily possess one or more sub-sequential limits under the cut
metric.

D. Step Function Graphons

A function W € W is called a step function if there is a
partition Q = {Q1, ..., Qx } of [0, 1] into measurable sets such
that W is constant on every product set ¢); X ;. The sets Q);
are the steps of W.

Graphons generalize weighted graphs in the following
sense. For every weighted graph G with N nodes, a step
function W € W, is given by partitioning [0, 1] into N
measurable sets Q1,---,Qy of measure u(Q;) = % and
defining

N N
W(;(l‘,y) = ZZILQi (x)ILQj (y)ﬁ”(G), (x,y) € [0’ 1]27

i=1 j=1
(©))
where «; denotes the node weight of i’ node, a(G) = 3_; o
and f;;(G) denotes the weight of the edge from node ¢ to node
j (e, Bij(G) is the ij'" entry in the adjacency matrix of G).
Evidently the function W depends on the labeling of the
nodes of G.
We define the uniform partition PN = {P,P,,..., Py}
of [0,1] by setting P, = [52, £),k € {I,N — 1} and

' N
Py = [%,1]. Then u(P;) = +, i € {1,2,...,N}. Under

N>
the uniform partition, the step functions can be represented by

the pixel diagram on the unit square. See [15].

E. Graphons as Operators
A graphon W € W), can be interpreted as an operator W :
L?[0,1] — L?[0,1]. The operation on v € L?[0, 1] is defined
as follows:
1

Wv](z) = | W(z,a)v(a)da. (10)
0
The operator product is then defined by
1
UWleg) = [ Ul Wiz an
0

where U, W € W;. See [15] for more details. For simplicity
of notation, UW is used to denote the graphon given by
the convolution in (I1)); similarly, Wv denotes the function
defined by (I0). Note that if U € W; and W € W, then
UW e W, since for all z,y € [0, 1]

I[UW](%Z/)IS/O U(z, 2)W(z,y)ldz < 1.  (12)

Consequently, the power W™ of an operator W € W is
defined as

Wn(xa y) = 0.1] W(Ia al) e W<an—17 y)dal e dan—l
with W™ € Wy (n > 1). WO is formally defined as the
identity operator I on functions in L2[0, 1], but we note that
W29 is not a graphon.

Any A € W; gives a self-adjoint compact operator [26]
and hence has a discrete spectral decomposition as follows:

Afz,y) =D Mf(@)fu(y), (z,9) €[0,1%,  (13)
=1

where the convergence is in the L?[0,1]% sense, {\1, Ao, ...}
is the set of eigenvalues (which are not necessarily distinct)
with decreasing absolute values, and {fi,f>,...} represents
the set of the corresponding orthonormal eigenfunctions (i.e.
Ifell2 = 1, and (£, f) = 0 if I # k). The only accumulating
point of the eigenvalues is zero [[15], that is, limy_, o, A\¢ = 0.
This implies that A can be approximated by a finite trunca-
tion of the spectral decomposition which preserves the most
significant eigenvalues [26].

FE. The Graphon Unitary Operator Algebra

It is evident that the operator composition defined in (II)
above yields an operator algebra with a multiplicative binary
operation possessing the associativity, left distributivity, right
distributivity properties and compatibility with the scalar field
R, that is, for any V, W, H in the vector space L?|0, 1]2 and
a,beR,

(VW)H = V(WH),
V(W +H)=VW + VH,
(W+H)V=WV +HV,
(aW)(bH) = (ab)WH.

Thus we have an operator algebra G 4 over the field R acting
on elements of L2[0, 1] with operator multiplication as given
in (I0). By adjoining the identity element I to the algebra G 4
(see e.g. [27]) we obtain a unitary algebra G 47. The identity
element I is defined as follows: for any W € L2[0, 1)?

1
IW) (2. ) = / W (e, y)0(, 2)dz = W(ay),  (14)

where §(-, z)dz is the measure satisfying fol u(2)0(x, z)dz =
u(z) for all u € L?[0, 1], and in particular fol 0(z, z)dz = 1.
The graphon unitary operator algebra G 47 will be used in
the definition of the graphon dynamical systems. More specif-
ically, we use the subset G7 := {(al+A) : A € G}, a € R}
where g}4 is the subset of G 4 that corresponds to W;.



G. Graphon Differential Equations

Let X be a Banach space. £(X') denotes the Banach algebra
of all linear continuous mappings T : X — X, endowed with
the norm [|T{op = sup,ex =1 IT2[|- A mapping S: R —
L(X) is said to be a strongly continuous semigroup on X if
the following properties hold:

1) S(0) =1, S(t +s) =S(t)S(s), Vt,s>0

2) for all z € X, S(-)z is continuous on R.

A uniformly continuous semigroup is a strongly continuous
semigroup S such that lim; o+ [|S(¢) —If,, = 0, with
|| - |lop as the operator norm on a Banach space. The
infinitesimal ~ generator A of a strongly continuous
semigroup S is the linear operator in X defined by
Az = limo+ 7[S(t)z — ], forallz € D(A), where
D(A) ={z € X : s.t. limy_o+ 1 [S(t)z — 2] exists}.

Let A : [0,1]> — [-1,1] be a graphon and a € R.
Hence (all+ A) is a bounded linear operator from L?[0, 1] to
L?[0,1]. Following [28], (al+A) is the infinitesimal generator
of the uniformly (and hence necessarily strongly) continuous
semigroup

N >tk (ol 4+ A)*

S(t) = 6( ]H_A)t = Z 7]€' .

k=0

Therefore, the initial value problem of the graphon differential
equation

Yt = (aH + A)y1;7
has a solution given by y; = e(®!TA)ty,

Lemma 1 Let A : [0,1]2 — [—1, 1] be a graphon and o € R.
Then e(@THA) = eoteAt polds for all t > 0. 0

yo € L?[0,1] (15)

Readers can readily check this and hence we omit the proof.

Lemma 2 Consider any u € L*0,1], any A € GY7, and any
t€[0,T). Let A = o+ A, A € W, then the following holds

(16)

O

< etlatllAll < ctlatlAl

le**ull, ™ ull ?ulls.

This result is immediate from Lemma [Tl and Lemma [8l

Theorem 4 (Appendix For any an,a,t € R, any
AN, A, € W, and any x € L?[0,1], the following holds:

et — etx], < te”|| A lopllx]2, 4

_ e(a]I+A*)t

He(OLNH+AN)tX X

’ < te(aN+1)t||A llopll]|2
+ |a — ay|teFetlAdat x| (18)

where AN = An — A, and L, = max{|a|,|ay|}. Further-
more if a sequence of graphons {An}S_, and that of real
numbers {an}_, converge as follows

lim [|[AA —Aillop=0 and lim |ay —a| =0, (19)
N—00 N—o00

then for any x € L?[0,1] and any T > 0,

A A, _
Jim_ sup et — e, =0, ©0)
lim sup He(aNHAN)tx — e(a]H'A*)tXH =0. 21
N—o0 te[0,T7] 2

[}

The operator norm in (I7), (I8) and (I9) can be replaced
by the stronger L?[0, 1] norm since |[W/||o, < |[W]|2 for any
W € W, (see Lemma [/).

III. NETWORK SYSTEMS AND THEIR LIMIT SYSTEMS
A. Network System Models

Definition 1 (Network System) Consider an interlinked net-
work S of linear (symmetric) dynamical subsystems
{SN:1 < i < N}, each with an n dimensional state space.
The subsystem S7 at the node V; in the network Gy (V, E)
has interactions with SJN ,1 <7 < N, specified as below:

: o1 X , R L ,
o | &y = anTy + . Z;Aisz + Bnug + . z;Bijui,
(] Jj= J=
zhul e R i€ {1,.., N},

(22)
with Ay = [A;5], B~ = [Bij] € R"V*"N ag the (symmetric)
block-wise adjacency matrices of G (V, E) and of the input
graph, where A;; = [0] if S}¥ has no connection to SV and

similarity for B;;. We call S™ a network system. O

Then the (symmetric) linear dynamics for the network
system S™V(Ax, By,Gx) can be represented by

Ty = anzy + An oy + Bnug + By o uy,
T, Up € RnN7AN7BN S RannN7

where o denotes the so called averaging operator given by
Ay oz = rjAne. Let S = x9_, SN where SNV =
Uay.Bx.cn SV (AN, By, G ). For simplicity, we require the
elements of Ay and By to be in [—1,1] for each N (note
that in general Ay and By have elements that are uniformly
bounded real numbers for which case we would achieve
similar results). In addition, we note that if we take the
supremum norm on vectors in R™V, ie. ||z]|o = sup,
and the corresponding o operator norm of A, i.e. ||Allopoc =
ozloe " then || Alfopoc < 1.

llzlleo

SN (23)

SUD|| 2| o 0

B. Network Systems Represented by Step Functions

Let {(anI+ An;BnI + Bn)}y—; € S be a sequence of
systems with the node averaging dynamics each of which is
described according to . Let |[Anij| < 1 and |By;j;| <
1 for all 4,j € {1,..,nN}. Let AN BNl € W, be the
step functions corresponding one-to-one to Ap and By ; these
are specified using the uniform partition P™V of [0, 1] by the
following matrix to step function mapping Mg:

nN nN

A[ ZZ ]].P AN2]7 V(axy) € [0’ 1]2
i=1 1

= (24)

and similar for BN, In fact, the step function AN! can
represent a set of matrices of different sizes given by {Any ®
one,,,m € IN} where one,, is the m x m matrix of ones.
Define a piece-wise constant (PWC) function on R to be
any function of the form 2221 a1y, (+) where aq, ..., aq are
real numbers and each [ is a bounded interval (open, closed,
or half-open). Let prc[O, 1] denote the space of piece-wise
constant L2[0, 1] functions under the uniform partition PV,



uEN] eL?

2 wel0, 1] corresponds one-to-one to u; € R™Y via
the following vector to PWC function mapping also denoted
by Mg:

nN

u (o) =Y 1p(a)u(i), Yae0,1], (25
=1

and similarly XLN] € L2

swel0; 1] corresponds one-to-one to
Ty € ]RnN.

Lemma 3 (Appendix [B) The trajectories of the system in
correspond one-to-one under the mapping M¢a to the
trajectories of the system

K = (anT+ AN 4 (33T + BN)u,

(26)
XLN]7u£N] € L]23wc[07 1]) A[N]a B[N] € Wl - g_,l41'
with graphon operations defined according to . o

Since the system in (26) corresponds to a network system
SN in @]) we also refer to it as a network system. We use
(AN, BIN)) to denote the network system in (26) where AN =
anl+ AN and BN = gy1 + BN,

C. Limits of Sequences of Network Systems

A sequence of network systems with node averaging dy-
namics in (23)) can be represented by the sequence of systems
{(anI+ AN NI+ BN € 6L, x GL 1%, in (26).
Definition 2 (System Sequence Convergence) A sequence
of systems {(anI+ AN NI+ BN € gL L 9}41};?:1
is convergent if the following two conditions hold
1) there exist «, 3 € R such that

lim ay =« and
N —o00

2) there exist A,B € Wy,
i AN — i BNl —
A}gnoo |A—A™], =0 and A}gnoo |B-B™|o, =0. o

I = B;
NgnooBN 67

The limit system is represented by (A; B) where A = o+ A
and B = S + B.

Since any W € W), defines a self-adjoint and compact
operator, the maximum absolute value of eigenvalues of W
equals to the operator norm [29, Theorem 12.31], that is,
[[W{lop = max, |A\¢|. Furthermore, the following inequalities
between the cut norm and the operator norm hold [16], [30]:

[Wlla < [[Wllep < v/8[W][o. @7
By Lemma [7] the following inequality also holds:
[Wilop < W12 (28)

Based on (27) and (28], we obtain that the convergence of a
sequence of graphons in || - ||2 or ||- ||o implies its convergence
in || - [|op. Under certain extra conditions, the convergence
of a sequence of graphons under the cut norm implies its
convergence under the L2[0, 1] norm [31, Corollary 1.1].

Let the graphon sequences {AM™NI} and {BM™!} be Cauchy
sequences of step functions in L2[0, 1]2. Due to the complete-
ness of L2[0,1]2, the respective graphon limits A and B exist
and these will then necessarily be the limits in the cut metric

(see Section and [15])).

IV. THE LIMIT GRAPHON SYSTEM AND ITS PROPERTIES

We follow [32]] and specialize both the Hilbert space of
states H, and that of controls U appearing there, to the
space L?[0,1]. Let L?([0,T]; L?[0,1]) denotes the Hilbert
space of equivalence classes of strongly measurable (in the
Bochner sense 33| p.103]) mappings [0, 7] — L?[0, 1] that are

. . T 2
integrable with norm ||£] 12 (0. 77:z2(0.1)) = [ I5 ||f(s)||§ds} :

Definition 3 (Graphon Systems) We formulate an infinite
dimensional linear system, which we call a graphon system
(A;B), as follows:

Xy = Ax¢ + Buy, xg € LQ[O, 1], 29)

where A,B € 9,141, and are hence bounded operators on
L?[0,1], x¢ € L?[0,1] is the system state at time t and
u; € L?[0,1] is the control input at time . O

Notice that the network system in (26) is a special case of the
graphon system in (29).

A solution x(y € L*([0,T]; L*[0,1]) is a (mild) solution
of @9) if x; = e(t~VAx, + f; e(t=)ABu.ds for all ¢ and ¢
in [0, 77, taken to be a < t (see [32]). Let C([0,T]; L?[0, 1])
denote the set of continuous mappings from [0, 7] to L]0, 1].

Proposition 1 The graphon system in has a unique
solution x € C([0,T); L?[0,1]) for all xo € L?[0,1] and all
u € L%([0,T); L?[0, 1)). o

PROOF A as a bounded linear operator generates a uni-
formly continuous semigroup and B € Q}L‘I as a bounded
linear operator forms a continuous linear mapping from con-
trol space L2[0,1] to the state space L?[0,1]. Hence fol-
lowing [32] p.385], the system (29) has a unique solution
x € C([0,7); L?[0,1]) for all xg € L?[0,1] and all u €
L2((0,7}; L2[0, 1)) .

A system (A;B) is exactly controllable on [0,T] if for any
initial state xo € L?[0,1] and any target state x5 € L?[0,1],
there exists a control u € L2([0,77]; L?[0,1]) driving the
system from xg to Xy, i.e. xp = x; with xp = e*Txg +
fOT AT=OBugdt. A system (A;B) is approximately control-
lable on [0, T] if for any initial state xo € L?[0, 1], any target
state x; € L?[0,1] and any ¢ > 0, there exists a control
u € L%([0,T); L?[0,1]) which drives the system state from X
into the L?[0, 1] e-neighborhood of x, i.e., [|[xr —xf[]2 < e.

The controllability Gramian operator Wr : L2[0,1] —
L?[0,1] is defined as

T
Wy = / A=IBBTA () gs T > 0. (30)

0
A necessary and sufficient condition for exact controllability
on [0,T] is the uniform positive definiteness of W:

(Wrh, h) > cr||h|? 31)

for all h € L?[0,1], where e > 0 and | - || is the L?[0,1]
norm. The positive definiteness of the controllability Gramian
operator Wr as a kernel is equivalent to the approximate
controllability of the corresponding system (see [32]], [34]).



Define the kernel space (or null space) of a linear operator
T on L?[0,1] as: ker(T) := {z € L?[0,1] : Tz = 0}. The
spectrum o(T) of a bounded linear operator T on L?[0,1] is
the set of all (complex or real) scalars A such that T — Al is
not invertible. Thus A\ € o(T) if and only if at least one of
the following two statements is true:

(i) The range of T — Al is not all of L?[0, 1], i.e., T — AL is

not onto.
@ii) T — AT is not one-to-one.
If (ii) holds, A is said to be an eigenvalue of T; the corre-
sponding eigenspace is ker(T — AI); each = € ker(T — )
(except x = 0) is an eigenvector of T; it satisfies the equation
Tx = Ax. See [29].

Theorem 5 (Appendix [C) Let A be an element in G and
let B be a bounded linear operator on L?[0,1]. The linear
system (A;B) is exactly controllable on a finite time horizon
[0,T] if all the values in the spectrum of BB are lower
bounded by a strictly positive constant. o

Proposition 2 (Appendix [C) Ler A and B be graphons in
Wi. Then the linear system (A; B) is not exactly controllable
on any finite time horizon [0,T). O

The results in Theorem [5] and Proposition [2] generalize to
the case where the underlying graphons lie in any uniformly
bounded subset of W, i.e., any set of symmetric measurable
functions W : [0,1]> — I where I is a closed bounded
interval in R.

V. GRAPHON STATE-TO-STATE CONTROL OF NETWORK
SYSTEMS

A. Approximation of L*[0, 1] Functions

Theorem 6 ([35, Theorem 13.23]) Let p be any measure on
R and B, be the c-algebra of p-measurable sets, and let
1 < p < 0. Then piece-wise constant functions on R form a
dense subset of LP(R, B, ). o

Proposition 3 Ler v € L?[0,1] be approximated by viN €

LZQ,MC[O7 1] as follows: for all v € @Q; and for all i €
{1,...,nN},

viNl(z) = (32)

e / via)da

z

with the partition {Q1,Q2,...,Qnn} of [0,1] where u(Q;)
denotes the measure of Q;. Then |[vIN|lo < ||v]|2. 0

PROOF Applying the Cauchy-Schwarz inequality yields

1 nN
W= [ V@i =3" [ v
0 i=1 i

=5 s [, v @
ZZM(Q)[ <Qz>/,. (sc)dxr:|v[N]||§.
| ]

In this paper we wish to approximate any control input ugy €
L?[0,1],0 < ¢t < T, through a piece-wise constant function

in L2[0,1] denoted by u,[c ) Specifically, the approximation
N with the partition QQ =

of an input uy via the function uy
,Qnn} of [0,1] will be specified as follows: for

{Ql?QQ;' c
all Qi,i € {1,2,...,nN},

g (a) =

/ w(B)dB, VaeQi, (4

1
Qi) Jo,

where 1(Q;) denotes the measure of Q.

B. Limit Control for Network Systems

Theorem 7 (Appendix Consider the problem of driving
the systems (AMN:BMN) in and (A;B) in from the
origin to some target state. Let AN = anI + AN BN =
BNI+ BN A = ol + A and B = Bl + B. Let x7(u)
represent the terminal state of (A;B) under control u and
xN (ulNl) represent the terminal state of (AN;BMN) under
control u™N). Then for any T > 0, there exists a control u™!
for (AN, BN approximating the control u for (A;B) such
that
e (w) — 3 (u™)]|2

< Jor—an[(|8] + [Bllop)

T
/0 (T — t)eLatIAlle)(T-t) [ agll, dt

T
AN (18] + [Blop) / @V IDT=0 (T _ ) uydt

+ (18 = Bn1 + 1B lop)
T, (] _
/ 6( N+||A ”np)(T t)||ut||2dt
0

T
+ 18] / plen HIAM ) (7 1)
0

‘ut — uLN] H2 dt,

(35
where L, = max{|ay|,|a|}, AR = A — AN BY =B —
BN, and the control approximation is given in the following:

uLN] (o) =nN /P‘ u(B)ds,

for all « € P, t € [0,T], with the uniform partition
PN = {Py,---,P,N}. Furthermore, if a sequence of
network systems {(AN;BIN)YSe_ | converges to a graphon
system (A;B) as in Definition 2| then for any ¢ > 0 there

exists N > 0 such that each N > N,

(36)

[xr(w) — xR @™ <e.

2

(37

(]

The control law wu!Y, for the finite network system
(anI+ An;BnI + By) is given by

u (i) =uM(a), Vie{l,..nN},Vae P, tel0,T).

Note that u’V always exists by definition since the control
approximation given in the definition (34) uses the same
uniform partition as the step function approximation in the
graphon space.

The operator norm in can be replaced by the L2[0,1]?
norm since || - [[op < || - |2



C. The Graphon State-to-state Control (GSSC) Strategy

Consider the control problem of steering the states of each
member of {(an!+ An;BnI+ Bn)}F_, € S to each of a
sequence of desired states {z&¥ € R"V}_,.

The Graphon State-to-state Control (GSSC) Strategy
consists of four steps:

S.1 Let {(anT+ AN BNT + BN € GY o x GL 10, be
the sequence of graphon dynamical systems equivalent to
{(anI+ An; BNI + BN)}X_, € S under the mapping
Mg, and assume it converges to the graphon system (al+
A;BL+ B) € GYy7 x GLi7 as in Definition 2| Let {x§ €
L2[0,1]}3%5_, be the image of {z} € R™V}_, under
Mg, which is assumed to converge to some X € L?[0,1]
in the L?[0, 1] norm.

S.2 Specify the corresponding state to state control problem
CP*> for (al+ A; L+ B) € Ghy x Glyr with x¥ as
the target terminal state and choose a tolerance € > 0.

S.3 Find a control law u>® := {u, € L?[0,1],7 € [0,T]}

solving C'P*°,

Then generate the control law {u™N} according to The-

orems E] for which the convergence of {x§ (ulN)} to x5

is guaranteed. Together with the assumed convergence
of {x§ € L2[0,1]}%_, to X, it yields N. such that
xR (uN) is within e of x5 for all N > N. under the

L?[0,1] norm.

The notion of the effectiveness of the GSSC strategy for a
sequence of network systems is defined to mean that (1) the
terminal state is close to that achieved by the minimum energy
control; (2) the computation for generating the control law is
tractable.

The basic assumptions for the GSSC strategy are that (i)
a sequence of finite network systems of interest converges
to a limit graphon system (as in Definition [J) or a given
instance of the network sequence can be closely approximated
by a graphon system, and (ii) the corresponding state-to-state
control problem for the (limit) graphon system is tractable.

These assumptions, together with the approximation theo-
rem (i.e. Theorem E]), guarantee the effectiveness of the GSSC
strategy for the finite network, that is to say, the GSSC strategy
can achieve the target terminal state with a small error by
means of a tractable computation.

S.4

D. Min-Energy State-to-state Control for Graphon Systems

A specific control law which may be used in S.2 of the
GSSC strategy is described in this section.

Define the energy cost by the control over the time horizon
[0,7] as J(u fo |lu,||?dr, (0 < T < o00). The objective
is to drive the system from some initial state xo € L?[0, 1]
to some target state xp € L?[0,1] using minimum control
energy. A function u* € L*([0, T]; L?[0,1]) is called an opti-
mal control if J(u*) < J(u), for all u € L*([0,T7]; L?[0, 1])
which drive the system from xg to xT.

Theorem 8 (Appendix [E) If the graphon system (A;B) in
(29) with W as its graphon controllability Gramian operator
is exactly controllable, then the inverse operator W' exists
and is a bounded operator. o

Assume the system (A; B) is exactly controllable, then W;
exists and the optimal control law that achieves the minimum
energy control is given by

w =BT T DWW, (xp — e Txg), 7€[0,T]. (38)

The minimum energy for controlling the system in time
horizon [0, 7] is

[l 0,77 2200,17) =[x — €0 "W [xer — 4T xq].

(39)

Denote the spectral decomposition of A is as follows

A(z,y) = > e, Mefe(2)fe(y), where f; is the normalized

eigenfunction corresponding to the eigenvalue )\, and I, is

the index set for non-zero eigenvalues of A, which contains a
countable number of elements [[15]].

Proposition 4 (Appendix [E) Consider a graphon system
(A;1). Then

1) the controllability Gramian operator is given by

Wp =TI [2MT 1] —T ) f,£]; (40
T +éeZI (2)\[ ] )f@v ( )

2) the inverse of the controllability Gramian operator for
(A;1) is given by

) )\ 2)\5T 1] _T T
W = —H - ff,. (41
T T Z L [e2MT — A
tely \ 2, [e o
Note that limy, o (2%/3[62)‘” —1]—T) = 0. We further

note that approximate controllability is not sufficient to achieve
state-to-state control since in that case the inverse operator
W' may not be bounded on certain subspaces in L?[0, 1],
and moreover the corresponding energy required would be
unbounded.

VI. GRAPHON LINEAR QUADRATIC REGULATION (LQR)
OF NETWORK SYSTEMS

A. LOR Problems for Graphon Dynamical Systems

For finite 7" > 0, consider the problem of minimizing the
cost given by

T
3 = [ (€% 1B + arl) dr -+ Boxr,xx)  (42)
0
over all controls u € L?([0,T]; L?[0, 1]) subject to the system
model constrains in (29).

Assumption 1 Py, € L(L?[0,
negative; C € L(L?[0,1])

1]) is Hermitian and non-

Finding the feedback control via dynamic programming
consists of the two following standard steps [32]:

1) Solving the Riccati equation
P = ATP+PA-PBB'P+C'C, P, € £L(L?[0,1]); (43)

2) Given the solution P to the Riccati equation, the optimal
control u* is given by

u: - 7BTPT—tX:7 € [OvT] (44)



and the optimal trajectory x* is then the solution to the
closed loop equation

%y = Axy — BB"Pr_x¢, t € [0,T],%0 € L?[0,1].

45)
Let £(L?[0,1]) = {T € £(L?[0,1]) : T is Hermitian} and
(72
SH(220,1) o

={T € £(L?[0,1]) : (Tv,v) >0, Vv € L*[0,1]}.

Denote the topological space of all strongly continuous map-
pings F : I — X(L?[0,1]) endowed with strong conver-
gence (see [32]) by Cs(I;%(L?[0,1])) where I denotes a
compact interval, that is, the convergence of Fy to F in
C,(I;%(L?[0,1])) is defined by

vv € L?0,1], lim sup |Fy(t)v — F(t)v]z = 0.

N—oo ¢
Proposition 5 ([32, Part IV-1]) Under Assumption (1| there
exist a unique solution to the Riccati equation (43) in
Cs([0,T); ©F(L2[0,1])) and an optimal solution pair (u*,x*)
to and ([@3) where x* € C([0,T]; L[0,1]) and u* €
L2(0, 7; L2[0, 1)). ;

(47)

B. The Graphon-Network LOR (GLQOR) Strategy

Consider the control problem of regulating the states of each
member of {(an! + An;BnI+ Bn)}F_, €S.

The Graphon-Network LQR (GLQR) Strategy is as
follows:

S.1 Let {(AMN;BN) € GYy x GY7 15, be the sequence of
equivalent representation of network systems {(anI +
An; BNI 4+ BN)}S_, € S under the mapping M¢ and
assume that it converges to the graphon system (A;B) €
Glz x GYz as in Definition

S.2 Define the linear quadratic cost for (A;B) as

T
J(u) = / [HCXTH; + ||uT||ﬂ dr + (PoxT,xT) (48)
0

and the linear quadratic cost for (AN; BN as

T
TN = [ (e + ] e

+ @)=, <) @9)
where it is assumed that CN — C and IED([JN] — Py in

the strong operator sense. Solve the infinite dimensional
Riccati equation for (A;B) to generate the solution P.

S.3 Approximate P to generate PN and hence the control law
u,[cN] = —B[N]TIHP;%L%XLN] for (A[N];]B[N]).

Parallel to the state-to-state control problem, we take the no-
tion of the effectiveness of the GLQR strategy for a sequence
of network systems to be that (1) the regulation cost and the
state trajectory are close to those achieved by the optimal LQR
control; (2) the computation for generating the control law is
tractable.

In analogy with the state-to-state control problem, the basic
assumptions for the GLQR strategy are that the sequence of
finite network systems converges to a limit graphon system (as

in Definition [2)) or that a given network system can be closely
approximated by a graphon system, and that the corresponding
LQR problem for the (limit) graphon system is tractable.

These assumptions, together with Theorem [I0] guarantee
the effectiveness of the GLQR strategy for the finite network
systems that are sufficiently close to the limit graphon system
for sufficiently large node cardinality.

C. Control Law Approximations

By approximating the Riccati equation solution PP for (A;B)
we can generate P\ that provides the control law for the finite
dimensional network system:

T~
u™ = BB, <N (50)
Consider the strongly continuous linear operator P in
C,([0,T]; =T (L?[0,1])). Its approximation is given by

<1Qi7Pt1Qj>

N

Py (z,y) = vt € [0, 7],

vau ) v N
WQInQ,) (z:4) € Qi x Q;
(51)

where {Q1,Q2,...,Qnn} forms a partition of [0,1] and
1(Q;) represents the length of the interval @;. In the case

of uniform partition, 11(Q;) = .

Lemma 4 Let PN be generated by the step function approx-
imation of PP via the N uniform partition of [0,1] according

to (B1). Then
lim PY =P, in C([0,T); S(L2[0,1))).

N—oc0

(52)

(]

PROOF Consider an arbitrary function v € L?[0,1]. Based
on the definition of the step function approximation in (3T),
for any t € [0,7], Pi'v is the piece-wise-constant function
approximation of P;v € L?[0,1] as in (32) and by Proposition
, |[PNv|2 < ||Pyv]|2. Since the Riccati equation (#3) over the
closed bounded interval [0, 7] has a solution P (see Proposition
, for any v € L2[0,1] there exist C,, > 0 such that

|IPyyv — Pyvily < Cylto —t],  Vio,t € [0,T]. (53)

Note that (]FIVDE) —PN)v € L2[0, 1] is an approximation of (IP;, —
P;)v € L?[0,1] following (32). Therefore by the contraction
property in Proposition |3} we obtain

[Biv =B < Culto—tl, VioteoT, 54

and hence the sequence of functions {I?P"I(\T)v}]o\,o:1 is equicon-

tinuous (see e.g. [29, p.43]). Furthermore, PY, v and Peyv are
continuous functions defined over the closed bounded time
interval [0, T]. Hence by the Arzela-Ascoli Theorem,

vie[0,7], lim |[PYv - ]P’th -0 (55)
N —o0 2
implies that, for any v € L2[0, 1],
lim sup HR\IV - IP’th =0, (56)
N —o00 te[0,T) 2
which gives the result in (52). n



Lemma 5 (Appendix [F) Let PN pe generated by step func-
tion approximation from P via the N uniform partition of [0, 1]
according to (B1). If PN converges strongly to the solution P
in C([0, T); £(L?[0,1])), then for any x € L*[0,1],

lim sup H]T”TX—PLN]XH =0. o
N—o0 te[0,T) 2
Let Ricc(A,B,C,Py) denote the Riccati equation in (@3)
with initial condition Pg.

Assumption 2

1) For any N > 1, P} € £(L2[0,1]) is Hermitian and
non-negative, and C € £(L2[0, 1]).

2) The system sequence {(AN BN} converges to (A;B) as
in Definition 2]

3) The sequences {CN1} and {PgNl} converge strongly to C
and Py, respectively, as N — oo.

4) C and CN are self-adjoint linear operators.

Theorem 9 Consider a sequence of network systems {(anI+
Ay BNI+Bn) Y=y with {(AN;BM) € Gy x Gl )R-, as
the equivalent representation. Let P and PN be the solutions
to Ricc(A,B,C,Py) and Ricc(A[N],B[N],C[N],P([)N]) respec-
tively. If Assumption [2| holds, then for any horizon [0,T],
T >0,

lim PN = p

in Cs([0,T); 2(L?[0,1])). o
N—o0
PROOF From Theorem [ we know for all T > 0 and
all x € L2[0,1], imy_ o0 ety = ethy uniformly in
[0,T]. Since the system sequence {(AMN BIN)) converges
to (A;B) as in Definition 2 {BMN} converges to B in the
strong operator sense. We can now apply [32, Theorem 2.2,
Part IV], specialized to the Hilbert space L?[0,1]. Since its
hypotheses are then satisfied in the present case, the desired
result follows. n

Let PN denote the solution to the Riccati equation for
(AN, BIN) that converges strongly to the solution PP of the
Riccati equation for (A;B). Let PN be the step function
approximation of P generated via the N uniform partition of
[0, 1] according to (GI).

Theorem 10 (Appendix [F) Consider the time horizon [0, T.
Assume the sequence of initial conditions {X[ON] € L2[0,1]}
is convergent and Assumption [2| holds. Let the optimal linear
quadratic control law for (AIN; BMN) be generated by

Nx _ _gNTpN N«

Uy (T-HXt > (57)

where the optimal state trajectory is given by xV*, and let the
graphon approximate control law for (A[N];B[N]) be given by

al™ — g0 N

(T-t)%Xt > (58)

where the corresponding state trajectory is given by xNI. Then

and limy o0 | J(uN*) — J(uN))| = 0. .

VII. NUMERICAL EXAMPLES
A. Convergent Network Sequences with Sampled Weightings

The generation of a randomly sampled network of size IV
from a graphon A is specified as follows:

1) Sample N points from a uniform distribution in [0, 1]. Sort
the sample points in the decreasing order of their values
and label them from node 1 to node N. Denote the node
set by Vi and the value of node ¢ € Vi by v;.

2) Connect the nodes ¢,j € Vy with edge weight A (v;, v;)
to generate the network G'i. Then An;; = A(vs,v;) is
the ij*" element of the adjacency matrix of G y.

If A is almost everywhere continuous, then the step function
AN of Ay = [Any;] converges to A in the §; metric as
N — oo (see e.g. [36]), that is, 6; (AN A) — 0, as N —
oo. Furthermore, this implies d2(AMN A) — 0, as N — oo
since A € W is uniformly bounded. By the generation proce-
dure, we obtain the labeling that approximates the minimum
distance between the network and the limit, and hence the
sequence of networks converge in the L?[0,1]? metric to the
limit.

As an example, we consider the following sinusoidal
graphon A: for all z,y € [0,1],

A(z,y) =0.5cos(2m(z — y)) + 0.25 cos(4dm(x — y)).

The normalized eigenfunctions are f; = v/2cos 27 (), fo =
V2cos4dn(-), f3 = V2sin2x(-) and f; = V/2sindn(-) with
cigenvalues A\; = A3 = 1 and Ao = My = 1.

B. Minimum Energy Graphon State-to-state Control

Consider a network system evolving according to node aver-
aging dynamics with GG describing the dynamic interactions.
Suppose each node has an independent input channel. Denote
the system by (An;Iy), where Ay is the adjacency matrix
of G and Iy is the identity input mapping. The network
system (An;In) with node averaging dynamics is therefore
described by

1 X , S
iy = > Ayl +uf, xfup € Rii€{1,..,N}, (59)
j=1
where Ay ;; is sampled from the sinusoidal graphon.

We solve the minimum energy control problem of driving
the states of the network system (An;Ix) to a terminal
state xl¥ from the origin over the time horizon [0, 7] with
T = 2. Here we consider the limit target terminal state
XT = \/%6*50(0"0'5)2, a € 0,1].

Based on PropositionE], the system (A;I) is exactly control-
lable and the inverse of the controllability Gramian operator
is explicitly given by (@I). The minimum control law based
on (38) is explicitly given by

_1

Ut = TXT
A 9 (62A5T71 B T) (e,\g(T—t) _ 1)
1 4 Vi
—&-Tzfe(XT,fD[_ o2nT _q
=1
22 (5t - 7)
+ (GM(T%) - 1) - e?)\éTZ_ 1 }’ tel0.1],



with <XT7f1> = —0.116, <XT,f2> = 0.064, <XT,f3> =
(xT,fy) = 0. Then the control law %, for a network system
(An; Iy) generated based on the approximation in (36). The
error ||xt(u) — x§ (u™)||; is bounded as in Theorem [7| and
converges to 0 as N — oo. The result of a simulation for a
network system with 100 nodes using the GSSC strategy is
shown in Figure [3]

Graphon Limit

(a) A network of size 100 in a sequence which
converges to the sinusoidal graphon limit A

Target Terminal State (100 Nodes) Achieved Terminal State (100 Nodes)

Error (100 Nodes)

05

State Value

of—— — 0

o e 4
Agents Agents Agents

(b) Target state, achieved terminal state and terminal state error

State Evolution (100 Nodes) Control Signal (100 Nodes) ‘Control Error (100 Nodes)

(c) State trajectory, control signal and its deviation from the optimal
control signal

Fig. 3. Minimum energy graphon state-to-state control

C. Graphon-Network LOR

Consider a network system with dynamics given by
1 ,
By = oz) + > Ayl +Bul, alup €R. (60)
j=1

The objective is to design a control law that minimizes the
following cost with network coupling:

N N2
+ar(oh — > An,ah) |, 6D

where ¢, gr > 0. That is we want to regulate the state of each
subsystem to be close to the local weighted network average
with small control effort. The equivalent formulation of this
problem for the graphon system following (26) is given by

)'(LN] S axLN] + AN XLN] + ﬁuLN]
N g NIV N[ N[
70 = [ [ @ - na® ] ol Jar ey
0

2
+qr H(H — 77A“\”)X[T1\”H2 :

(N] [N

where xI™ ul™N € L2,.[0,1], ANl € W, . The limit problem

(if exists) or the approximate problem is given by

Xt = aXt + AXt + BU.t
T
7 = [ a0 = n )l + e o

+qr ||(T—nA)xT]3,

(63)

where A € Wi, x¢,uy € L?[0,1]. Let us consider a special
case where A permits an exact finite spectral decomposition
as follows:

d
Az,y) =Y Mf(@)f(y), (z.y) €[0,1]%, (64
=1

where A1, Ao,...,\g are non-zero eigenvalues of A and
fi,f5, ..., f; represent orthonormal eigenfunctions. Then the
solution PP to the Riccati equation

Py = (ol + A)"P, + Py(al + A) — B2(P,)? + q(1 — nA)?

Py = qr(I — nA)?
(65)

is given by P, = IT,I + 23:1 (Hf - f[t) f,£], where TI and
II¢ are the solutions to the following scalar Riccati equations
ﬁt = QOZﬂt - ﬁg(ﬁt)z +q,
I = 2(a + AT — B2(T15)2 + q(1 — nhe)?,
5 = qr(1 —nAe)?, 1<€<d.

The optimal control for the limit problem is then given by

(66)
1\/_[O =dr,

d
uy = —Blp_pyxe — 5Z(H€T_t) — ) (xs, fo)fe.
(=1
See [26], [37] for the details of the solution method, which
provides solutions to a more general class of graphon control
problems with network couplings in states, controls and costs.

If ANl — A as N — oo in L?[0,1]%, then all the
conditions in Assumption [2] are satisfied. Hence one can
generate approximate control for the original network system.

Consider the following parameters: a = 2, § = 1.5, ¢ = 3,
gr =7,n=3,n=1and N = 100. The numerical example
is shown in Figure [

A direct solution to the original N-dimensional network
LQR problem involves solving an N x N dimensional Riccati
equation. However, the graphon approximate control method
here involves only solving d+1 scalar Riccati equations, where
d is the number of non-zero eigenvalues of the graphon limit
A. If the network is extremely large in size and the limit
A permits simple spectral representations, then the graphon
control method would significantly reduce the computation
complexity.

VIII. DISCUSSION

The basic assumptions justifying the application of graphon
control strategies are, first, that a given sequence of finite
network systems converges to a unique limit graphon system
(as in Definition 2) or that a given instance can be closely
approximated by a graphon system, along with the measure



(a) This is a network of size 100 in a sequence that converges to the
graphon A. This figure illustrates the structure, spectral properties and
the step function representation.
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(b) Graphon approximate control and optimal control

Fig. 4. Graphon approximate control and optimal control are applied to a
network of size 100 in the sequence converging to the graphon limit. With the
graph interpreted as an L2[0, 1] function, the distance between the graph and
the graphon limit is 0.061 in the operator norm and is 0.109 in the L2[0, 1]2
norm. The maximum trajectory difference from the optimal control is less than
3.320% of the maximum of initial states. The graphon approximate control
cost is 0.087% higher than the optimal LQR control cost.

preserving bijections that achieve the best fit, and second,
that the corresponding control problem for the (limit) graphon
system is tractable. Under these assumptions, Theorems [7 and
[T0] guarantee the effectiveness graphon control strategies for
the finite large-scale complex network systems.

A plausible empirical approach to model the required infi-
nite limit graphon G, is to fit two dimensional Fourier series
to the step function representation of the adjacency matrix.
Such parametric modelling of empirical data could resemble
parametric estimation in statistics and system identification.
Moreover, due to the compactness of graphon operators, repre-
sentations or approximations by simple spectral decomposition
are possible [38] and will be analyzed in future work.

The generation of the graphon approximation models in-
evitably deals with relabellings. Although in the graphon
control design methodology we do not restrict the labeling to
be that of the best fit to the data, the control error still depends
on the labeling of the nodes. Furthermore, the labeling of the
nodes on the networks is necessary for control implementation.
To find the best labellings for general graphs can be a complex
combinatorial task. Consequently, we underline that it is as-
sumed in this paper that the best labeling is known beforehand,
either through a specific way of growing the networks with
labels that ensure the best fit to the limit or through graphon
estimation methods [39]].

IX. CONCLUSION

We propose a method to approximately control networks of
linear systems using the inherent limit described by graphons.
Important aspects requiring further investigations include: (1)
the application of the proposed limit graphon control strategy

to asymmetric network systems where the interactions of
dynamics are described by directed networks; (2) the creation
of an equivalent theory for sparse networks to the dense
case developed here; (3) the generation of a methodology
for systematically fitting bivariate analytic models to network
data; (4) the application of graphon control to stochastic linear
quadratic Gaussian problems; (5) the analysis of decentralized
graphon control via Mean Field Game theory [17]; (6) the
graphon control analysis to problems with non-symmetric
local dynamic such as harmonic oscillator dynamics [40].

APPENDIX A
LEMMAS [6GHS!

Lemma 6 Consider a step function ANl € Wy defined via
a partition P = { P, ..., P,N } and ulN e L2,.00,1] defined
via the same partition P by

quwan/lhww@ Va e P,
P;

where u, € L?(0,1]. Then the following result holds:

(AN)FuN] = ANy g > 1, ©7)

(]

PROOF Let A%V} = AlNl(z,y), forall (z,y) €

for all x € P;,

(PZ,P]) Then

1
[qumz/ANumm@@
_Z/ AWy, yzzA%-V]/P u-(y)dy  (68)
7 J
_ ZA[N] u[TN] (x)’

Z/ AN () dy,
ZA[N u(Py) - ulN ().

and give the equality ANul™

AN N
(69)

= ANu_, which

immediately implies (67). m
Lemma 7 For any graphon W or any function W in
L2[0,1]?, < [IW][2. o
PROOF
Wz
Wiy = sup Wzl
z#0,2€L2[0,1] ||9C||2
¢kh B)a(B)ds] do
0, m€L2[O 1] ||x||2
\/f [y W2(a, B)d8 [, «2(8)d8] da
< sup
x#0,2€L2[0,1] |2

B)dpda

lellay/fo fy W2 5

]2

= [W]2.
x#0,2€ L?[0,1]



Lemma 8 For any u € L?[0,1], any A € Wy, and any t €
[0, T, the following inequalities hold

HeAtuH2 < etllAlo|jy|y, < eflAlz |y, o

PROOF By recursively applying the definition of the operator
norm, we obtain that [W*[|o, < W%k € INU {0}, for
any W € W;. Hence,

eAtull, < Z AR < Z ALk

= etHAllop||u||2 < etHAH2||u||2.

|
(by Lemma

Results in Lemma [6| Lemma [7]and Lemma [§] generalize to
functions in any uniformly bounded subsets of WV, that is, any
set of symmetric measurable functions W : [0, 1] — I where
I is a bounded interval in R.

APPENDIX B
PROOFS OF GRAPHON SYSTEM PROPERTIES

A. Proof of Lemma 3]

PROOF Let P™N = {Py,...,P,y} be the uniform parti-

tion of [0,1] with P, = [5,-%),1 < i < nN, and
Py = [2YZ1 1], Consider any x5 € L2,.[0,1] and its

corresponding vector z € R™V following the vetor-to-PWC-
function mapping M¢. Since

AN ] () = / AN

it follows that for all o € P;,

Z/ AN (a, B)x,(8)dS

1 70
= Z/P ANij.ijdﬁ = Z WANUJTJ‘ ( )
j=1"%i j=1

xs(B8)dB, =xs€ L7,.[0,1],

pwc[

(AR x)(

W[ANJ;]'L' = [AN o a:]i,

where z; denotes the j* element of x € R™™ and [Anz];
denotes the i‘" element of Ayx € R™Y. This implies that
the step function ANl in the graphon space, considered as
an operator, represents a mapping in L?[0, 1]; this operator is
equivalent to the matrix transformation Ay with o operation
in R"Y and the corresponding mapping Mg. A similar
conclusion holds for BN and B ~. Furthermore, it is obvious
that

Vy € P, anlxs(y) = anXs(y) = anw, (71)
and a similar conclusion holds for SyI and BxI. Hence we
conclude that the trajectory of the system (anI+ An;SnI+
Bpy) corresponds one-to-one to that of (anI + AN B T+
B[N]) under the corresponding vetor-to-PWC-function map-

ping Mg. ™

B. Proof of Theorem

PROOF Let us define Py(x,y) = S+, z*~y’. Then z*
y* = (x — y)Pr_1(x,y). We obtain that for k > 1

A’f\'I — A’: = Pr1(AN, AL) (AN — AL).

Since AF==D AL € Wy, for all i € {0,1,...k—1}, we know
that [[A(*~=D A’||y < 1. Hence, by Lemma [1]

k—1
1Pe1(An Ad)lop < 3 IAC= DAL < k1. (72)
=0
For an arbitrary x € L2[0, 1] and finite ¢, 0 < < oo,
Ant Actl] N8 Ak k
He Nix — e XHQZ E”(AN — AD)x|2
< Z P A A AN gl (73)
<3 Lk A gl = 16! - [ AN gl
k=1
It follows that for ¢ € [0, T
HeANtx — eA*txH2 <TeT . ||Ag||(,p||x||2. (74)

Hence the convergence is point-wise in time and uniform in ¢
over [0, 7] and hence (20) holds. Furthermore,

_ e(aH+A*)tx at A t

X—e
eA*t)XHQ + [ (e — eat)eA*tXHz

< Ve | AR lopll X[l + o — an|telbat At 11l ,

He(aN]I+AN)tX

, = llemweenne X
2 2

S ||6aNt(eANt _

where L, = max{|a|,|ax|}. The last step of is due to
equation (73), Lemma [§] and the following

o0

1
|eat _ eaNt| _ Z g[(Oé)le _ (OzN)k]tk
=0 (76)
< Z |a —an| - ELFVF = |o — ay|tette

where ¢ > 0 and L, = max{|a|,|ay|}. An immediate
implication of is that for ¢ € [0, 77,

He("N“AN)tx - e(aHA*)tXH
2
< eNTTel AR lopllx[|2 + |ov — an|TelLot AT %1l ,

By the convergence of {«x}, we know {ayn} and {L,} are
both uniformly bounded. This, together with (77), implies the
convergence in (ZI) which is uniform in time over a closed
time horizon [0, T7]. n

APPENDIX C
PROOFS FOR EXACT CONTROLLABILITY

A. Proof of Theorem 3]

PROOF Since any A € W defines a self-adjoint and compact
operator, it has a discrete spectrum [15], and the maximum
absolute value of eigenvalues of A equals to the operator norm



[29, Theorem 12.31], that is, || Al|op = maxy |A¢|, where {\;}
denotes the set of eigenvalues of A. For any A € Wi, A is a
bounded operator on L? [0, 1], that is, there exists some finite
c1 > 0, such that ||Allo, < ci. Therefore for £ € IN, ¢; >
A¢ > —c; and hence for t > 0, HeAtHop > Mt > et 5 ),
Hence based on Lemma [T} for ¢ > 0,

”eAt”Op — ||e(aI+A)t||0p _ 6atH6At”np > 6(04761)15 > 0. (78)

This implies e** as an operator is uniformly positive definite.

Since all the values in the spectrum of BBT as a self-joint
operator are lower bounded by a positive constant, there exists
¢ > 0 such that, for all z € L?[0, 1],

(BBTx,z) > c||x|3. See e.g. [29} Theorem 12.12]. Consider
the time horizon [0, 7. For any h € L?[0,1],

T T
(WTh,h):/ (IB%IB%TeATth,eATth}dth/ e )| 2dt
0 0

> cT(el =T |3,
(79)
and hence the system (A;B) is exactly controllable. n

B. Proof of Proposition

PROOF By Lemma [/} since A and B are graphons in W;,
there exists ¢; > 0 and ¢y > 0, such that

cr 2 [[Allz = [[Aflop and ¢z = [[Bl|2 = [[Bllop.  (80)
Hence
€2 lop < sup *||At|| [[2]|2
S s tonelae 1,;J BT 81)
=ellAllot < g1t ¢ ¢ [0,T7.
Therefore

T T
||WT||2§/ |eABBTAT 2dt§/ |eAB| dt
0

T
< / (1A loplIBll2)? d < T(e T en)? < oo,
0

(82)
which implies Wy € L?[0,1]? and hence Wr is a compact
(and self-joint) operator on LZ2[0, 1] functions (see e.g. [41)
Chapter 2, Proposition 4.7]). This means that Wp has a
countable number of nonzero (real) eigenvalues {A1, A2, ...}
such that \,, — 0, and each eigenvalue has finite multiplicity
(see e.g. [32]). Therefore W is not uniformly positive definite
and hence the system (A;B) is not exactly controllable. g

APPENDIX D
PROOFS FOR STATE-TO-STATE GRAPHON CONTROL

Lemma 9 Consider any u € L? ([0,T); L?[0,1]), A, AN €
Gl and any t € [0,T]. Let A = (al + A), AN = (anI+
A[N}). Then the following inequality holds

T
/ (eA(Tft) — eAN(T*t)) ugdt
0 2
<|a—ap| /

AN o / (ax T (T

t)eLatIAle)(T=1) 1y || dt (83)

— t)[|ugl|2dt

where L, = max{|al, |ay|} and AN = A — AN, o

PROOF An application of (I8) in Theorem[d]leads to the above
result. ]

A. Proof of Theorem 7]
PROOF

eep (w) — x5 (uN)] |2

T T
= / eA(T_t)]Butdt—/ eA[N](T_t)IBE[N]u,[CN]dt
0 0

T
/ [AT—t) _
0 2

T
+ / AM(T-1) {But —]B%[N]uLN]} dt
0

la = an| (18] + [Bllop)

T
/0 (T = £)eLet 1AL T |1y, | gt

2

eA[N](T_t)]IB%utdt

IN

2

IN

T
+||A§||Op(|ﬂ|+”B”0P)/O N IVE=T — ) g2t

T [N] N
/ AT 1) {Bu _ BNy ]}
0

+ (by Lemma [9)

2
<l —an|([5] + [Bllop)

T
/0 (T — t)e(LaHIAHop)(T—t) (g, dt

T
+||A§||op(|BI+IIBllop)/0 el IDE=T — ) g |2 dt

+(18 = Bn| + B = BN||qp)
T
/ e(ouw—HA[N]||0p)(T—t)”ut”2dt
0

T
—|—|/8N‘/ elan 1AMl (T—1)
0

’ut — uLN] H2 dt.

(84)
The last step is due to Lemma [2] and the following

[IB%ut . B[Wu“‘”} - [(5}1 4+ Bug — (Bn] + B[N])uLN]}
= [(Bu— pyul™) + Bu, — BN M|
[(ﬁu Ayul™) + Bu, — B[N]ut} (by Lemma G)
= (8= Bv)us + B (s —ui") + (B — BN u,
(85)

By the convergence of {an},{An}, {AN} and {BIN]},
we obtain that they are uniformly bounded. Based on Propo-
sition 3] [[ul™ |5 < [|ug2, for any ¢ € [0, T] and any N € V.
Hence from (84), we obtain

HXT(u) - ><¥(u[1\”)H2 =0. n

lim
N—oo

APPENDIX E
INVERSE OF THE CONTROLLABILITY GRAMIAN

Let T and S be linear bounded operators on a Hilbert space.



Proposition 6 ([32]) Assume that T and S are symmetric and
nonnegative. Then 1+ TS is one-to-one and onto; moreover
IS+ TS)~*|| < [IS|], and [|(I+ TS)~

Following this we prove the result on the existence of the
inverse mapping of graphon controllability Gramian operator
when the system is exactly controllable.

A. Proof of Theorem [§]

PROOF If the graphon system (A;B) is exactly controllable,
then

Vh € LQ[O, 1], der > 0, (WTh,h) > CT||hH2.

Let I denote the identity operator from L? [O 1] to L?[0,1]. Let
M =W, — CTH then W = cT(]I + - M) By definition,
the operator M is nonnegative and symmetrlc and hence 2 =M
is nonnegative and symmetric. By Proposition|6] (I+ 2 M) is
one-to-one and onto and the inverse operator 1s bounded By
a scaling factor 1 scr, Wr = 7CT(H+ M) is one-to-one and
onto and hence the inverse operator WT exists. Since the
scaling factor 7CT is strictly positive and finite, the inverse
operator W7." is also bounded. ™

B. Proof of Proposition
PROOF The controllability Gramian is given by

T T oo
T 1
At _A't 7
Wr = dt = I E 2A8)' = | dt
T /0 ee / ( + i:1( ) Z')

=TI+ ) (M [e2MT 1] —T) f,£] .

Lely

(86)

Suppose u = Wrx. We need to find the operator that maps
u to x. So we set

u=Wprx=Tx+ Z (2)\ 2>“T—1]—T> fof)x
¢

Lely
Therefore X = U — 7 > ,c; (2%2[62)‘” —1] - T) f,f)x.
From the definition of wu, we obtain feT u =
(2§\£ [e2AeT — 1]) £/ x. Therefore
X = lu— 1 Z (%M[ew\m ! _T)ffTu
T T el (2}\, [e2AeT — 1]) o
Equivalently, we obtain the result in @T). ™

APPENDIX F
PROOFS FOR GRAPHON-LQR

A. Proof of Lemma

PROOF By Lemma [4] and the definition of the convergence in
C,([0,T];%(L?[0,1])), we obtain that for any x € L?[0, 1]

lim sup ||PYx — Pyx|s =0,
N—=ootelo0,1]
87
lim sup ||Pxx— IP’ x||2
N—=ootelo0,1]

Since
sup [|By'x — P} x|
te[0,T] (88)
< sup ||]P’ x — Pyx||2 + sup IPx — P x||27
te[0,T] te[0,T
we obtain limy_ o0 SUPyco, 7 HP?IX — ]P,[EN x|l2 = 0. n

Lemma 10 If a sequence {Tn € L(L?[0,1])} of bounded
linear operators for L*[0,1] functions converges strongly to
T € L(L?[0,1)), that is,

vx € L?[0,1], lim |Tnxx —Tx|2 =0, (89)

N—o0

then there exists ¢ > 0 such that
VN € N, ||TN||op <ec O

PROOF Consider any fixed x € L2[0,1] and an arbitrarily
fixed ¢ > 0. The strong convergence of {Tx} implies there
exist Ny > 0 such that for N > Ng, [|[Tyx — Tx|2 < e,
which implies ||[Tyx|2 < e + ||Tx[]2 for N > Nj. Let
L = max{||Tyx|2 : 1 < N < Ny}. Then | Tyx|2 <
max{L,e + |Tx||2}. That is, for any fixed x € L2[0,1],
|ITnx||2 is uniformly bounded in N. Since Ty is a linear
bounded operator from L2[0,1] to L2[0,1], the Uniform
Boundedness Principle applies here and hence ||Tx|op is
uniformly bounded in N. ™

B. Proof of Theorem

PROOF The closed loop system with the optimal control law
is given by

. N« N *
XN = (Am BNBN PE N t>)><iv 7

the closed loop system under the graphon approximate control
law is given by
) (N]
T—t) )

s = (AN B
and O1 l are 1ven by x¢ €
By | ) and (9 | we obtain

€1[0,7]; (90)

[N]B[NN@ e[0,7]. ©1)

The initial condltlons for
L?[0,1]. Let el := x{V* — xt

N _ N
& =1I; et +Vtv

— TpIN
FN .= (A[N] _ gNN H»(T_t)>7 ©2)
N ._ pN®rNT (pD BN N
vN .= NN (P(T ) IP(T%)) xN*.

Since e =0 € LQ[O 1], the 1ntegral representation of (92) is
given by elN = fo vNdr + fo FNeNdr. Hence we obtam

e < [ IV atr + [ 1 gl
Applying the Gronwall-Bellman inequality [42] p.7], we obtain

t
t N
[Nl < / I I [N .

By the convergence of AN BN and PN, we obtain that
the limit F := A — BBTP(,, of the sequence {F"} exists
in C,([0,T]; ©(L?[0,1])), that is,

FYN — Fas N — oo in C4([0,

93)

(94)

T}; S(L*[0,1]));  (95)



furthermore, F is bounded in C,([0, T); £(L?[0, 1])), that is,

vx € L*[0,1], sup [[Fix||z < oo. (96)

t€[0,T)
By the convergence of {FV} in C,([0,T]; £(L2[0,1])), we
obtain that for every x € L?[0, 1] there exists ¢ > 0 such that
supyc (o7 [F %||l2 < ¢ holds for all N. Therefore,

vx € L?[0,1], sup [Tx||2 < oo, 97)
S

where F := {FN :t € [0,T],N € {1,...,00}}. By the
Uniform Boundedness Principle [41, Chapter III, Theorem
14.1], there exists c,, > 0 such that

sup || T|[op < cpp- (98)
TeF

Furthermore, since {B["} converges strongly to B, {||BMN||o,}

is uniformly bounded in N by Lemma [T0} Let ¢, denote this
uniform bound. This, together with (94) and (98)), yields

t
ez < / et=r |yN|[, ds
/H (1~ Bl ) 5

e epl/ UK (T—s) — U s)WHNX§*_
+ ||(]P>[N 9 WT—s))X:HQ)dS’
99)
where x* denotes the trajectory of system (AN, BIN) with

the optimal control in (57) under the initial condmon xg which
is the limit of the convergent sequence {XO } Note that

ds

X:)HQ

sup [[x{Y*[ls = sup_[lefo TR lo < €70 [|x) |,
t€[0,T] t€[0,T] (100)

where the initial conditions {x2"* € L2[0, 1]} are assumed to

converge to x;;. Hence

sup [ —xilla = sup [lefo T — )
te[0,T] te[0,T]
< e ™ — x|,

(101)
that is, {x)¥*} converges to x; with respect to N and are
uniformly bounded with respect to ¢ over the horizon [0, T7].

Following a similar argument in (©8), {H]P’LN] - @?HOP} is
uniformly bounded for all ¢ € [0,7] and all N € IN. This,
together with the uniform convergence of {x{"*} to {x{} in
(TOT) and the result in Lemma [5| implies for any ¢ € [0, 77,

Jim [l =0, de  lim [x¥T —xV ] = 0. (102)

Next we prove the convergence of the cost function.

|7(u™*) = J(u)]
' N
< [ (e 4 o -
0 N] IN] (103)
e - a )ae
+ {250 | i~

Since x* = x, following a similar argument in (T00) we

obtain there exists ¢, > 0 such that

N
sup [t |2 < €T [|x)* |o.
t€[0,T]

(104)

The convergence of {x)*} implies that there exists a uniform
bound ¢, > 0 for xV* and x,[; ! for all N € {1,2,...} and
all t € [0,T)]. The strong convergence of {C[N} 1mphes that
{||IC™}|5p} is uniformly bounded in N by some constant c., >
0 (see Lemma Flljl) Therefore,
lim (HC N ) e = M, ) e
N—o00

T
< lim cwcc/0 ||Xt —xt ]H dt

N—oo
g IN]
gcmcc/o A}gnoon Xy H2dt:0
(105)
Recall
N " N N
ul* = —BMPL XV Y = —BIBY, Y.
(106)

Note that {|BN ||Op} is uniformly bounded in N, and
{||IPN]||OP} and {HIF’NHOP} are uniformly bounded in N and
in t. These, together with the fact that xY¥* and X[N] are
uniformly bounded in N and ¢, imply that there exists a
uniform bound ¢,, > 0 for {u{’*} and {ut } in N and in ¢.
Hence

’ N ]
Qo = )

T
<o [ =l
0

(107)
SCuCB/ (H( (T—t) (T t)) N*Hg
By (' =) ) e
Hence,
T
Jm | (J[ud™ + u™ ] ud = uf],)de = 0. 108)
A similar argument yields
fim [0 ey ) et — %l = 0. (109)

N —oc0

Therefore, we have limpyx_, o0 |J(uN*) - J(u[N])| =0. -
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