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ABSTRACT

We propose an approach to modeling large-scale multi-agent dynamical systems allowing interactions among more than just pairs of agents
using the theory of mean field games and the notion of hypergraphons, which are obtained as limits of large hypergraphs. To the best of our
knowledge, ours is the first work on mean field games on hypergraphs. Together with an extension to a multi-layer setup, we obtain limiting
descriptions for large systems of non-linear, weakly interacting dynamical agents. On the theoretical side, we prove the well-foundedness
of the resulting hypergraphon mean field game, showing both existence and approximate Nash properties. On the applied side, we extend
numerical and learning algorithms to compute the hypergraphon mean field equilibria. To verify our approach empirically, we consider
a social rumor spreading model, where we give agents intrinsic motivation to spread rumors to unaware agents, and an epidemic control

problem.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0093758

Recent developments in the field of complex systems have shown
that real-world multi-agent systems are often not restricted to
pairwise interactions, bringing to light the need for tractable
models allowing higher-order interactions. At the same time,
the complexity of analysis of large-scale multi-agent systems on
graphs remains an issue even without considering higher-order
interactions. An increasingly popular and tractable approach of
analysis is the theory of mean field games. We combine mean field
games with higher-order structure by means of hypergraphons, a
limiting description of very large hypergraphs. To motivate our
model, we build a theoretical foundation for the limiting sys-
tem, showing that the limiting system has a solution and that it
approximates finite, sufficiently large systems well. This allows
us to analyze otherwise intractable, large hypergraph games with
theoretical guarantees, which we verify using two examples of
rumor spreading and epidemics control.

I. INTRODUCTION

In recent years, there has been a surge of interest in large-
scale multi-agent dynamical systems on higher-order networks
due to their great generality and practical importance, e.g., in

epidemiology,' opinion dynamics,” network synchronization,"’
neuroscience,’ and more. We refer interested readers to the excel-
lent review articles.””” In addition to providing a more realistic
description of the underlying processes, such large-scale systems
with higher-order interactions pose interesting control problems for
the reinforcement learning and control communities.'’""* To this
end, a big challenge has been to find tractable solutions.'*"

An increasingly popular and recent approach to the tractabil-
ity issue has been to use the framework of learning in mean field
games (MFGs)""~ and their cooperative counterpart commonly
known as mean field control (MFC).”*~* It is important to note that
here, learning refers to the classical learning—i.e., iterative computa-
tion—of equilibria in game theory, as opposed to, e.g., reinforcement
learning; see also, e.g., the discussion in Lauriére et al.’' Here are
also some extensive reviews on mean field games.””~** Popularized
by Huang et al.” and Lasry and Lions™ in the context of differ-
ential games, mean field games and related approximations have
since found application in a plethora of fields, such as transportation
and traffic control,”~*' large-scale batch processing and scheduling
systems,’”~*! peer-to-peer streaming systems,’” malware epidemics,"®
crowd dynamics and evacuation of buildings,”~*" as well as many
other applications in economics™ and engineering.” Tractably find-
ing competitive equilibria and decentralized, cooperative optimal
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control solutions has been the focus of many recent works.””* Since
then, mean field systems have also been extended to dynamical sys-
tems on graphs, typically using the theory of large graph limits
called graphons.””” The graphon mean field systems can be con-
sidered either as the limit of systems with weakly interacting node
state processes,”*' or alternatively as the result of a double limit
procedure where each node constitutes a large population, or “clus-
ter” of agents, each of which interacts with each other via inter-
and intra-cluster coupling. First, infinitely many nodes are consid-
ered according to the graphon, and then infinitely many agents are
considered per node (see, e.g., Caines and Huang*>").

In this work, we will consider the former. The goal of our work
is the synthesis of dynamical systems on hypergraphs with compet-
itive or selfish agents. Existing analysis of hypergraph mean field
systems typically remains restricted to special dynamics such as epi-
demiological equations® " or opinion dynamics®’ on sparse graphs.
In contrast, our work deals with general, agent-controlled non-
linear dynamics and equilibrium solutions. We build upon prior
results for discrete-time, graph-based mean field systems™"* and
extend them to incorporate higher-order hypergraphs as well as
multiple layers.

Our contribution can be summarized as follows: (i) To the
best of our knowledge, ours is the first general mean field game-
theoretical framework for non-linear dynamics on multi-layer
hypergraphs. Multi-layer networks® have proven extremely useful
in many application areas, including infectious disease epidemiol-
ogy, where different layers could be used to describe community,
household, and hospital settings.” (ii) We prove the existence and
the approximation properties of the proposed mean field equilibria.
(iii) We propose and empirically verify algorithms for solving such
hypergraphon mean field systems and thereby obtain a tractable
approach to solving and analyzing otherwise intractable Nash equi-
libria on multi-layer hypergraph games. The proposed framework is
of great generality, extending the recently established graphon mean
field games and thereby also standard mean field games (via fully
connected graphs).

After introducing some graph-theoretical preliminaries, in
Sec. 11, we will begin by formulating the motivating mathemati-
cal dynamical model and game on hypergraphs, as well as its more
tractable mean field analog. Then, in Sec. 111, we will show the exis-
tence of solutions for the mean field problem as well as quantify its
approximation qualities of the finite hypergraph game, building a
mathematical foundation for hypergraphon mean field games. Last,
in Sec. I'V, we will evaluate our model numerically for an illustra-
tive rumor spreading game, verifying our theoretical approximation
results and the obtained equilibrium behavior. All of the proofs can
be found in Appendixes A and B.

Notation. On a discrete space A, define the spaces of all
(Borel) probability measures Z(A) and all sub-probability mea-
sures B(A), equipped with the L, norm. Define the unit interval
I:=[0,1] and its N equal-length subintervals IY,...,IN such that
UilIﬁ\’ =1 for any integer N, where | | denotes disjoint union
and each IV includes its rightmost point i/N. Denote the expecta-
tion and variance of random variables X by E[X], V[X]. Define
the indicator function 1,4(x) mapping to 1 whenever x € A and 0
otherwise. For any integer k, define [k] :={1,...,k}. Let r(A,m)
denote the set of all distinct non-empty subsets of any set A with
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at most m elements and denote the set of all distinct non-empty,
proper subsets by r-(A) :=r(A,|A| — 1) as well as the set of all
distinct non-empty subsets by r(A) := r(A,|A|). To keep the nota-
tion simple, in the following, we write r_ [k] := r_([k]), r[k] := r([k])
and identify, e.g, r-[k] with [|[r-[k]|] :={1,...,|r<[k]|} whenever
helpful. Denote the set of permutations of a set A as Sym(A).
Define the space of bounded, r_[k]-dimensional, symmetric functions
Sym™ (k] induced by permutations of the underlying set [k], i.e.,
any bounded function f: I'<W — R is in Sym™[k] whenever f is
invariant to all permutations o € Sym([k]), f(x1,. .., Xk X1, X125 - - -)
= fXo(1)> - - +» Xo (k) Xo (o (1) Xo (Yo @) - - -)- Analogously, we define
spaces of such functions Symfd[k] and Symi"d[k] over r(k] and [k],
respectively. -

Il. MATHEMATICAL MODEL

Before we formulate the stochastic dynamic hypergraph game
and its limiting analog in Secs. II A and 11 B, we discuss some graph-
theoretical preliminaries. A (undirected) hypergraph is defined as
a pair H= (V,E) of a set of vertices V and a set of hyperedges
E C 2V \ {&}. In contrast to edges in graphs, here hyperedges may
connect an arbitrary number of vertices instead of only two. If there
is no scope of confusion, we will call hyperedges of a hypergraph
just edges. Denote by V[H] and E[H] the vertex set and edge set of
a hypergraph H. The maximum cardinality of all edges of a hyper-
graph H is called its rank. A k-uniform hypergraph is defined as a
hypergraph where all edges have cardinality k. A multi-layer hyper-
graph H = (V, E', ..., EP) with D layers is obtained by allowing for
multiple edge sets E', ..., E? € 2V\ {&}, and we analogously write
E[H] for the dth set of edges of a multi-layer hypergraph H. We
define the dth sub-hypergraph H of a multi-layer hypergraph H as
the hypergraph with vertex set V[H] and edge set E[H] = E*[H].

Consider any (non-uniform) hypergraph H with bounded rank
kmmax. Observe the isomorphism between multi-layer uniform hyper-
graphs and such H by splitting hyperedges of each cardinality
k < kmax into their own layer. Since this procedure can be repeated
for each layer of a multi-layer hypergraph, any multi-layer hyper-
graph is, therefore, equivalent to a correspondingly defined multi-
layer uniform hypergraph. Hence, from here on, it suffices to define
and consider [k, .. ., kp]-uniform hypergraphs H as D-layer hyper-
graphs, where each layer d =1,...,D is given by a k;-uniform
hypergraph with k; < km,x (see also Fig. 1 for a visualization). For
instance, in social networks, each layer could model, e.g., the k-
cliques of acquaintances formed at work, friendship at school, or
family relations.

To formulate the infinitely large mean field system, we define
the limiting description of sufficiently dense multilayer hyper-
graphs as the graphs intuitively become infinite in size, called
hypergraphons.”' Here, dense means a number of edges on the order
of O(N?), where N is the number of vertices, to which existing
hypergraphon theory remains limited to. However, we note that
an extension to more sparse models by fusing the theory of hyper-
graphons with Lf graphons~* could be part of future work. The
space of k-uniform hypergraphons Wy is now defined as the space of
all bounded and symmetric functions W € Sym™[k], W: T'< — T
that are measurable. We equip Symii‘d[k] with the cut (semi-)norm
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FIG. 1. An example hypergraph H is transformed into a multi-layer uniform hypergraph. On the left, a hypergraph H with nodes V[H] = {1, ..., 5} and hyperedges
E[H] = {{1,4},{1,5}, {1, 3,4}, {1,2,5}} is depicted. An equivalent representation of H as a [2, 3]-uniform hypergraph Hy.s as well as its associated hypergraphons are
given, where the first and second layers each consist of edges {{1, 4}, {1, 5}} and three-hyperedges {{1, 3,4}, {1, 2, 5}}, respectively. The associated (step-)hypergraphons
WIH! ;] and W[H? ] are given as continuous versions of the (multi-dimensional) {0, 1}-valued adjacency matrices. Here, we depict only the first three coordinates for the
second layer step-hypergraphon W[I-Funif], given by the constant 1 (black) or 0 (white). Note that while each edge corresponds to two entries in the adjacency matrix of the
two-uniform case, for the three-uniform case each hyperedge corresponds to six entries, resulting in the step graphon shown (bottom right).

[I-llgk—1 proposed by Zhao,” defined by € Wy, in the cut norm as visualized in Fig. 2, similar as in standard
graphon mean field systems.””"!

k

._ ‘ A Assumption 1: The sequence of step-hypergraphons WY

I W”Dk—l = u”]lys[llcl}?]—ﬂl _Ardk] W(Q)Huz(ar([k]\h))) do|, (1) = (Wfi\])de[D] converges on each laygr in cut norm ||||D to some

uieSymind[k—1] hypergraphons W := (Wy) seip] € Xdeip) Wi, i-€.,

which (see, e.g., Lemma 8.10 of Ref. 59) coincides with the standard H ij —wy “D — 0, Vde [D]. (4)

graphon case for k = 2,
Wi = sup f Wi Bf@)g(h) d(a,ﬂ)’- (2) A Finite hypergraph game
fg 1TV In this subsection, we will formulate a dynamical model on

To analytically connect k-uniform hypergraphs to hyper- hypergraphs where each node is understood as an agent that is

graphons, we define the step-hypergraphons of any k-uniform
hypergraph H as

1
WIH)@) = ) L (m) - [ ] 1y . (3)
me[N] ie[k]
For motivation, note that for any sequence of graphs with con- o

verging homomorphism densities, equivalently the step graphons
converge in the cut norm to the limiting graphon, and their lim-
iting homomorphism densities can be described by the limiting
graphon.” Similarly, cut-norm convergence for the more general —>
uniform hypergraphs at least implies the convergence of hypergraph 0 o4 1

1 1
0.8
o 0.6
0.4
0.2

0

0 g I
homomorphism densities.”” Accordingly, we assume hypergraph

convergence 1n each layer of a given sequence of [k"',"’kD]' FIG. 2. Visualization of the convergence of two-dimensional step graphons to the
uniform hypergraphs (Hy)yey via the convergence of their step- uniform attachment graphon Wyt (1, ot2) = 1 — max(eut, ).
hypergraphons WY := W[H%] to a limiting hypergraphon W,
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influenced by the state distribution of all of its neighbors, accord-
ing to some time-varying dynamics. Furthermore, each agent is
expected to selfishly optimize its own objective, which gives rise to
Nash equilibria as the solution of interest.

Consider a [ky,...,kp]-uniform hypergraph and let T be
the time index set, either T =1{0,1,...,T—1} or T=N,
:=1{0,1,2,...}. We define N agents i € [N] each endowed with local
states X! and actions U! from a finite state space X and finite action
space U, respectively. Here, X and U are assumed finite for tech-
nical reasons, though we believe that results could be extended to
more general spaces in the future. States have an initial distribu-
tion X} ~ pop € P(X). For all times ¢ € T and agents i € [N], their
actions are random variables following the law

U, ~ 7 IX), ®)

with policy (i.e., probability distribution over actions) 7' € Il
= P(U)™¥, that, for each node i, depends on the ith state at time
t. Then, the states are random variables following the law

Xip1 ™~ Pt('|Xi> Ui’ VzN’i)> (6)

with transition kernels P;: X x U x Z(X) — (X) that, for each
node i, depends on the ith state and action at time ¢, and vf\”’.
Here, the x2_, 92(Xk~1)-valued multi-layer empirical neighbor-
hood mean field v is defined as

N 1

Vv =

td "7 kg1 Z ﬂEd[HNl(mUi)Sx#,»x:"f’ @)

me[N—lkd—l

in its dth layer, consisting of the unnormalized state distributions
of an agent i’s neighbors on each layer. In other words, the state
dynamics of an agent depend only on the states of nodes in their
immediate neighborhood and can be influenced by the agent via its
actions U'.

For example, in an epidemics spread scenario, the states of
each agent could model their infection status, while the actions of
an agent could be to take protective measures. As a result, each
agent will randomly become infected with probability depending on
how many neighboring agents are infected and whether the agent is
taking protective measures.

The cost functions R;: X x U x A(X) — R with discount fac-
tor y € (0,1) or in the finite horizon case y € (0, 1] define the
objective function for the ith agent,

', 7V) :=E [Z Y'R(X, U, vf\]’i)i| , (8)

teT

which can also describe, e.g., random rewards R;' that are con-
ditionally independent given X!, U, v} by the law of total
expectation and taking the conditional expectation, Rt(Xf, Uf, vtN’i )
=E[R | X, U, 0]

Our goal is now to find Nash equilibria, i.e., stable policies
where no agent can singlehandedly deviate and improve their own
objective. Note that finding Nash equilibria in games such as the
above is difficult, since (a) even existence of Nash equilibria under
the above, decentralized information structure of policies is hard to
show, and (b) computation of the Nash equilibria fails due to both

scitation.org/journal/cha

curse of dimensionality under full observability and general com-
plexity of computing Nash equilibria’® (see also Saldi et al.”® and the
discussion therein).

Thus, in the finite game, we are interested in finding the follow-
ing weaker notion of approximate equilibria,'”” where a negligible
fraction of agents that remain insignificant to all other agents may
remain suboptimal.

Definition 1: An (e,p)-Nash equilibrium for e,p >0 is
defined as a tuple of policies (7',...,7") € IV such that for any
i e JN, we have

]f](nl,...,nN) > sup]f.\] (7{1,..
mell

.,ni_l,n,ﬂi+l,...,7tN) —e (9)

for some set JN C [N] of at least |_(1 —p)NJ agents.

While it may seem excessive to reduce to approximate opti-
mality limited to a fraction of the agents, it is always possible
under Assumption 1 for a finite number of agents to deviate arbi-
trarily from the limiting system description. Therefore, under our
assumptions, it is only possible to obtain an approximate equilib-
rium solution for almost all agents via the mean field formulation.
Although we could make stronger assumptions on the mode of con-
vergence for hypergraphons, such a concept of convergence would
be difficult to motivate from a graph theoretical perspective. There-
fore, we restrict ourselves to the cut-norm convergence” and the
above solution concept.

B. Hypergraphon mean field game

Next, we will formally let N — oo and obtain a more tractable,
reduced model consisting of any single representative agent and the
distribution of agent states, the so-called mean field.

To analyze the case N — 0o, however, we first introduce
some preliminary definitions. We define the space of mean fields
M € 2(X)™ such that g € M whenever o e (x) is measur-
able for all t € T, x € X. Intuitively, a mean field is the distribution
of states each of the infinitely many agents in I is in. Analogously,
the space of policies I C I1* is given by policies = € IT' where
o+ wf(u | x) is measurable for any t € T,x € X,u € U. Intu-
itively, = € T1' defines the behavior for each agent @ € I. For any
f: X x I — R and state marginal ensemble p € P2(X), define

JGES /HZf(x,oz)p,“(x) da.

xeX

In the limit of N — 00, assuming that all agents follow a pol-
icy I C I, we obtain infinitely many agents o € [, for each of
whom we define the limiting hypergraphon mean field dynamics
analogously to the finite hypergraph game.

The agent states have the initial distribution X§ ~ u, € 2(X).
For all times ¢ € T and agents « € I, their actions will be random
variables following the law

Up ~ 7 CIXE), (10)
under the policy 7 € I, while their states follow the law
X¥, ~ PCIXE UYL v, (1mn

with the limiting, now deterministic neighborhood mean field
v € xb_ 22Xk, Informally, by a law of large numbers, we have
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replaced the distribution of finitely many neighbor states by the lim-
iting mean field distribution v. The dth component of this mean
field is given by

kg—1

[ B
= [ Wewp [Tl0d )

j=1

where for readability, (-) denotes separate coordinates of the input
(the order does not matter due to symmetry). In other words, the
d-layer neighborhood mean field distributions are functions

ky—1

G [ Wi [Tuleds a3

j=1

that give the probability of random neighbors of a shared hyperedge
on layer d to be in states (x;,...,Xx,~1) € Xka-1,

Note that the same, shared € I is used for all D layers, i.e.,
all layer neighborhood distributions of agents jointly converge to
the limiting descriptions vf*. This makes sense, since by Assump-
tion 1, we assume that the agents are already ordered such that
the corresponding step-hypergraphons converge to the limiting
hypergraphon in cut norm on all layers jointly.

Finally, the objective will be given by

() :=E [Z y'R(X, U';‘,v;")} , (14)

teT

which leads to the mean field counterpart of Nash equilibria. Infor-
mally, a mean field (Nash) equilibrium is given by a “consistent”
tuple of policy and mean field, such that the policy is optimal under
the mean field and the mean field is generated by the policy. As a
result, if all agents follow the policy, they will be optimal under the
generated mean field, leading to a Nash equilibrium.

More formally, we define the maps ®: M — 2™ mapping from
fixed mean field p € M to all optimal policies & € IT: Vo € II:
m® € argmax; J¥(7) and similarly ¥: I — M mapping from pol-
icy m € II to its induced mean field u € M such that for all
a € I, t € T we have the initial distribution u§ = 1o and mean field
evolution,

M = / / PCx, u, v)m (du | x) g (dx). (15)
x Ju

Definition 2: A Hypergraphon Mean Field Equilibrium
(HMFE) is a pair (m,p) € I x M such that m € ®(n) and
n=\V(r).

Importantly, the mean field game will be motivated rigorously
in the following, and its computational complexity is independent
of the number of agents. Instead, the complexity of the problem will
scale with the size of agent state and action spaces X, U and the con-
sidered time horizon in case of a finite horizon cost function, since
we will solve for equilibria by repeatedly (i) computing optimal poli-
cies for discrete Markov decision processes’”” m* € argmax; J% ()
and (ii) solving the mean field evolution equation (15). In particular,
mean field equilibria are guaranteed to exist, and the correspond-
ing equilibrium policy will provide an equilibrium for large finite
systems.

scitation.org/journal/cha

To obtain meaningful results, we need a standard continuity
assumption (e.g., Ref. 61), since otherwise weak interaction is not
guaranteed: Without continuity, a change of behavior in only one of
many agents could otherwise cause arbitrarily large changes in the
dynamics or rewards.

Assumption2: Let R;, P, W each be Lipschitz continuous with
Lipschitz constants Ly, Lp, Ly > 0.

Remark 1:  For all but Theorem 1, we may alternatively let W
be Lipschitz on finitely many disjoint hyperrectangles, i.e., let there
be disjoint intervals {I, . ..,1q}, Uil; = I such that Vi e {1,...,Q},
Ya,& € I, Vd € [D], VB € I'<kal\l} ye have

[Wala, B) = Wa(@, B)| < Lw o — ] . (16)

Remark 2:  Note that our model is quite general: In particular,
it is also possible to model dynamics and rewards dependent on the
state-action distributions instead of only state distributions, replacing
(Sx#,-x:”j by 6Xj#i(x:nj’u:”j) in (7). This can be done by reformulating any
problem as follows. Assume a problem with state and action spaces
X, U and dependence of rewards and transitions on joint state-action
distributions. We can rewrite the problem as a new problem with new
state space X U (X x U), where in the new problem, each two decision
epochs t, t + 1 correspond to a single original decision epoch, where in

the first step t ,we transition deterministically from X, to (X:"j, U:n’)

for the taken action U:nj, while in the second step t + 1, we transition
and compute rewards according to the original system, ignoring any
second actions taken. Choosing the square root of the discount fac-
tor and normalizing rewards will give a problem in our form that is
equivalent to the original problem.

Ill. THEORETICAL RESULTS

In this section, we rigorously motivate the mean field formula-
tion by providing existence and approximation results of an HMFE.
Essentially, HMFEs are guaranteed to exist and will give approxi-
mate Nash equilibria in finite hypergraph games with many agents.
The reader interested primarily in applications may skip this section.

We lift the empirical distributions and policies to the contin-
uous domain [, i.e, for any (r!,...,7Y) € IIV, we define the step
policy ¥ € I and the step empirical measures uN € M by

A=) In@) - w, Ve elxT, (17)
i€[N]

=y @) - 8> V(@) eIxT. (18)
i€[N]

Proofs for the results to follow can be found in Appendixes A and B
and are at least structurally similar to proofs in Cui and Koeppl,”
though they contain a number of additional considerations that we
highlight in Appendixes A and B.

A. Existence of equilibria

First, we show that there exists an HMFE. We do this by rewrit-
ing the problem in a more convenient form as done in Cui and
Koeppl.”” Consider an equivalent, more standard mean field game
with states (o, X)), i.e., we integrate the graphon indices « into the
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state. The newfound states follow the initial distribution Xy ~ 1,
oy ~ Unif(I). Then, the actions and original state transitions follow
as before, while the ¢, part of the state remains fixed at all times, i.e.,

th ~ ﬁ’t('lit:at):
(19)

Xip1 ~ P X U D)y gy = oy,

where we used the standard (non-graphical) mean field /i,
€ P(X x ) (cf. Saldi et al.**) and let

kg—1

= [ Wil [Tt ap. )

j=1

Using existing results for mean field games,** we obtain the existence
of a potentially non-unique HMFE.

Theorem 1: Under Assumption 2, there exists a HMFE
(m,p) € I x M.

For uniqueness results, we refer to existing results such as the
classical monotonicity condition.””> However, using existing theory
will not analyze the finite hypergraph structure and instead directly
uses the limiting hypergraphons. In the following, we, thus, show
also that the finite hypergraph games are indeed approximated well.

B. Approximation properties

Next, we will show that the finite hypergraph game and its
dynamics are well approximated by the hypergraphon mean field
game, which implies that the HMFE solution of the hypergraphon
mean field game will give us the desired (¢, p)-Nash equilibrium in
large finite hypergraph games.

To begin, we define and obtain finite N-agent system
equilibria from an HMFE via the policy sharing map Idy(r)
= (rrl, . ,JTN) e IV, ie, Idy is defined such that each agent will
act according to its position « on the hypergraphon,

T x) =] x), Yitowe N xTxXxU. (21)

Now consider (i, 7)-deviated policy tuples where the ith agent
deviates from an equilibrium policy tuple to its own policy 7, i.e.,
policy tuples (7!, ..., 775 #, 7™, ..., 7). Note that this includes
the deviation-free case as a special case. In order to obtain a (&, p)-
Nash equilibrium, we must show that for almost all 7 and policies
7, the (i, 7)-deviated policy tuple will be approximately described
by the interaction with the limiting hypergraphon mean field. For
this purpose, the first step is to show the convergence of agent state
distributions to the mean field.

Define for any n € N the evaluation of measurable functions
f: X* x I" — R under any n-dimensional product measures ®"p
€ P(X”)Hn as

n) = / Zf(x,ﬂ) 1_[ 1P (x;) dB, (22)

I vexn ie[n]

where ®”u denotes the n-fold product of the measure u, i.e., the
n-dimensional distribution over agent states.

Then, our first main result is the convergence of the finite-
dimensional agent state marginals to the limiting deterministic
mean field, given sufficient regularity of the applied policy. For

scitation.org/journal/cha

this purpose, we introduce and optimize over a class Ilj;, of
Lipschitz-continuous policies up to at most D, discontinuities, i.e.,
n € Iy, whenever @ +— 7 at any time ¢ has at most D, discon-
tinuities. Note, however, that we could in principle approximate
non-Lipschitz policies by classes of Lipschitz-continuous policies.

Theorem 2: Consider a policy m € Iy, with associated
mean field p = W(x). Let (x!,...,7") =1dy(x), 7 €11, t e T.
Under the policy tuple (x',...,7" L7, 7%, .., 7aN) e IV and
Assumption 1, we have for all finite dimensionalities n € N and all
measurable functions f: X" x I" — R uniformly bounded by fixed
My > 0, that

E[|®"wi(h — &"mP|] — 0, (23)

uniformly over all possible deviations. Furthermore, the rate of con-
vergence follows the hypergraphon convergence rate in Assumption 1
up to O(1/ VN).

As a special case, by considering n =1 and f= 1 for any
x € X, we find convergence in L, of the empirical distribution of
agent states y 3 .y Sy to the limiting mean field [, 1uf' der.

Our second main result is the (uniform) convergence of the
system for almost any agent i € [N] with deviating policy 7 € IT to
the system where the interaction with other agents is replaced by
the interaction with the limiting deterministic mean field. Hence,
we introduce new random variables for the single deviating agent,

beginning with initial distribution )A(Oﬁ ~ to. The action variables
follow the deviating policy

N~ fy (45(?“) , (24)

%5 ~p, <.|5gﬁ, oF, U,N) , (25)

i.e., we assume that all other agents act according to their corre-
sponding equilibrium policy Idy(rr), such that the neighborhood
state distributions of most agents can be replaced by the limiting

term v, with little error in large hypergraphs.

Theorem 3: Consider a policy m € Ilyy, with associated
mean field p = W(x). Let (n',...,7N) =Idy(n), # €11, te T.
Under the policy tuple (x',..., 77 7,7, .., 7aV) e IV and
Assumptions 1 and 2, for any uniformly bounded family of functions
GfromXtoRand anye,p > 0, t € T, there exists N' € N such that
forallN > N/,

sup
<G

E[gX)] - E |:g (X}’)” <e (26)

uniformly over # € T1,i € JN for some JN C [N], |JV| > |_(1 —p)NJ.

Further, for any uniformly Lipschitz, uniformly bounded family
of measurable functions H from X x #(X) to R and any ¢,p > 0,
t € T, there exists N' € N such that for all N > N/,

E [h (X:, vf\”i)] —E [h ()A(,ﬁ, Utﬁ)i” <e¢ (27)

uniformly over 7 € I,i € JN for some J¥ C[N] with |JV|
> [(1—p)N].

sup
heH
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As a corollary, we will have a good approximation of the finite
hypergraph game objective through the hypergraphon mean field
objective, and correspondingly the approximate Nash property of
hypergraphon mean field equilibria, motivating the hypergraphon
mean field game framework.

Corollary 1:  Consider a policy m € Iy, with associated mean
field p = W (m). Let (n',...,7N) =1dy(x), 7 € I, t € T. Under
the policy tuple (z',...,n'"L 7,7, ..., 7aN) € IY and Assump-
tions 1 and 2, there exists N' € N such that for all N > N/, we have

Gt ) < F )| < 8)

uniformly over 7 € I,ie JV for some JN C[N] with |JV|
> [(1—p)N].

Corollary 2: Consider an HMFE (m, p) € Iy, x M. Under
Assumptions 1 and 2, for any €,p > 0 there exists N' such that
for all N > N/, the policy (n',...,7N) = 1dy(x) is an (s, p)-Nash
equilibrium.

Therefore, we find that a solution of the mean field system is
a good equilibrium solution of sufficiently large finite hypergraph
games.

The assumption of a class IIy;;, of Lipschitz-continuous policies
up to finitely many discontinuities may seem restrictive. How-
ever—similar to Theorem 5 of Ref. 57—we may discretize and
partition I in order to solve hypergraphon mean field games to an
arbitrary degree of exactness, preserving the good approximation
properties on large hypergraph games.

IV. NUMERICAL EXPERIMENTS

In this section, we shall introduce an exemplary numerical
problem of rumor spreading and show associated numerical solu-
tions to demonstrate the hypergraphon mean field framework,
verifying the theoretical results.

In order to learn an HMFE in our model, we shall adopt the
well-founded discretization method proposed in Cui and Koeppl”’
analogous to the technique used in the proof of Theorem 1 to
convert the graphon mean field game into a classical mean field
game and thereby allow application of any existing mean field game
algorithms such as fixed point iteration to solve for an equilib-
rium. In other words, we will split I into subintervals IV, . . ., I¥, for
each of which we will pick a representing « € IY. This « together
with an agent’s original state in X will constitute the new state. In
Appendix B, we perform additional experiments for another numer-
ical problem of epidemics control, where existing algorithms fail,
pointing out potential future work.

A. Hypergraphons

In our experiments, we shall sample finite hypergraphs directly
from given limiting hypergraphons, which should ensure that we
obtain hypergraph sequences that fulfill Assumption 1 analogous to

the standard graphon case at rate O (ﬁ) (see Lemma 10.16 of
Ref. 59). To sample a k-uniform hypergraph with N nodes from a k-
uniform hypergraphon W, we sample |r_[k]| uniformly distributed
values from the unit interval {o;: o ~ Unif([0, 1])}]. o Then, we

add any hyperedge B C [N] with probability W(e,_ ).

scitation.org/journal/cha

For the sake of illustration, unless otherwise noted, we will
in the following consider two-layer hypergraphons, where the first
layer is a two-uniform hypergraph (standard graph), while the sec-
ond layer shall be a three-uniform hypergraph. For the first layer, we
consider the uniform attachment graphon,

Wanie(0t1, @) = 1 — max(ay, @3),
the ranked attachment graphon
Wiank (001, 02) = 1 — oy,
and the flat (or p-ER) random graphon
What :=p = 0.5.

In particular, the uniform attachment graphon is the limit of a ran-
dom graph sequence where we iteratively add a new node N and
then connect all unconnected nodes with probability +. Similarly,
for the ranked attachment graphon, at each iteration n, we first add
a new (nth) node. Before adding the node, the nodes 1,...,n — 1
exist from prior iterations. The new node 7 is connected to all pre-
vious nodes i = 1, ...,n — 1 with probability 1 — ﬁ Then, all other
nodes that are not yet connected with each other will connect with
probability 2 (see also Chap. 11 of Ref. 59 and Fig. 3).

For the second, three-uniform layer, we similarly consider the
hypergraphon resulting from converting all triangles in a standard
p-ER graph into hyperedges,”

Wina(e0) := L g3 (o)
as well as the uniform attachment hypergraphon
Wanie(@) = 1 — max(a, o, @3)

and its inverted version

A

Winv—unif(a) =1- max(l —a,l—a,1— 013),

resulting from a similar construction as in the standard case.

B. Rumor spreading dynamics

In this section, we will describe some simple social dynamics
and epidemics problems to illustrate potential applications of hyper-
graphon mean field games. Here, each layer could model different
types of interpersonal relationships. In our particular example of
two-uniform and three-uniform layers, the latter can model small

1 1 1
0.8
(0% [0} [07) 82
0.2
0
0 a 1 0 a 1 0 a 1

FIG. 3. Visualization of example graphons in the two-dimensional case. Left:
Uniform attachment graphon; Middle: Ranked attachment graphon; Right: 0.5-ER
graphon.
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cliques of friends, while the former could model general acquain-
tanceship. We do note that social networks are typically more sparse,
possessing significantly less edges than on the order of O(N*). How-
ever, our model is a first step toward rigorous limiting hypergraph
models and in the future could be extended by using other graph
limit theories such as L? graphons’””"* by extending their theory
toward hypergraphons. We further imagine that similar approaches
could be used, e.g., in economics’’ or engineering applications.”’

In the classical Maki-Thompson model,”*” spread of rumors
is modeled via three node states: ignorant, spreader, and stifler.
Ignorants are unaware of the rumor, while spreaders attempt to
spread the rumor. When spreaders attempt to spread to nodes that
are already aware of the rumor too often, they stop spreading and
become a stifler. In this work, instead of a priori assuming the above
behavior, we will give agents an intrinsic motivation to spread or
stifle rumors, giving rise to the Rumor problem. We shall consider
ignorant (J) and aware () nodes. The behavior of aware nodes
is then motivated by the gain and loss of social standing resulting
from spreading rumors to ignorant and aware nodes, respectively.
The possible actions U := {S, &} of nodes are to actively spread the
rumor (&) or to refrain from doing so (&). The probability of an
ignorant node becoming aware of the rumor at any decision epoch is
then simply given by a linear combination of all layer neighborhood
densities of aware, spreading nodes.

Since transition dynamics will depend on the spreading actions
of neighbors, following Remark 2 we define instead the extended
state space X = {J,%} U ({J,2} x U). We then assume the dynam-
ics are given at all times by

P((x,u) | x,u,-) =1, PE|&L,-),,v)=1,
P(Q[ | (j:')>')v) =1 _P(,j | (js')>'>v)

=min | 1, Z Tavd Z Ti@,e) ()

de[D] ielkgy]

(a)

(b)

1.0 1.0

=

0519 <05
S
[S

1.0

3 0.5

0.0 0.0 0.0
0 0

20 40 20
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forall x € {J,2}, u € U and similarly the rewards

R(&, 6),-,v) = Z vy Z ralizyu () — caliyxu (i) | »

de[D] ie(kg]

with R = 0 otherwise. In other words, any aware and spreading
agent obtains a reward in each layer that is proportional to the prob-
ability of a neighbor of any hyperedge sampled uniformly at random
out of all connected hyperedges to be ignorant. In our experiments,
we use 7, = 0.3, 7, = 0.5, r; = 0.5, ¢; = 0.8, () = 0.01, and
T =1{0,1,...,49}.

C. Numerical results

In our experiments, we restrict ourselves to finite time horizons
with y =1, 50 discretization points, and use backward induction
with exact forward propagation to compute exact solutions. Note
that a simple fixed point iteration by repeatedly computing an arbi-
trary optimal deterministic policy and its corresponding mean field
converges to an equilibrium in the Rumor problem. In general, how-
ever, fixed point iteration (as well as more advanced state-of-the-art
techniques) may fail to converge [see, e.g., the susceptible-infected-
susceptible (SIS) problem in Appendix BJ.

In Fig. 4, we can observe that the behavior for the rumor prob-
lem is as expected. At the equilibrium, agents will continue to spread
rumors until the number of aware agents reaches a critical point at
which the penalty for spreading to aware agents is larger than the
reward for spreading to ignorant agents. The agents with higher
connectivity are more likely to be aware of the rumor. Particu-
larly in the uniform attachment hypergraphon case, the threshold
is reached at different times, since the neighborhoods of different
a reach awareness at different rates depending on their connectiv-
ity. Here, a number of nodes with very low degrees will continue
spreading the rumors. In Appendix B, we show additional results
for inverted 3-uniform hypergraphons, which give similar results
to the ones seen here. Furthermore, as can be seen in Fig. 5, the L;

1.0

=
0.5

SES
S

0.0

40 40

0]

()
g (1)

0
¢ ¢
10 10 1.0
0.5 0.5 0.5
0.5 05 0.
0 . . ‘ 0. 0.0
003 20 10 0.0 003 20 10 0.0 )0
¢ ¢

ot

0 20 40
t

FIG. 4. Analysis of equilibrium behavior for the rumor problem. Top: The threshold policy allows spreading of rumors. It can be seen that agents spread the rumor up until
a point in time where too many other agents know of the rumor. As expected, agents are more likely to hear of the rumor if they have more neighbors. (a) (Wiank, Winit);

(b) (Wunih I/AVunif); (C) (Weh MA/ind)-
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N

FIG. 5. Comparison between the fraction of aware nodes in the finite and mean
field system under the equilibrium policy for (Wiank, Winv—uni) from Fig. 8(a) in
Appendix B, averaged over 50 stochastic simulations. The shaded region depicts
the 95% confidence interval at each N. It can be seen that the state distributions
are increasingly well approximated by the mean field.

error between the empirical distribution and the limiting mean field
system (as vectors over time),
} (29)

>
xeX teT
goes to zero as the number of agents increases, showing that the
finite hypergraph game is well approximated by the hypergraphon
mean field game for sufficiently large systems, though the error
remains somewhat large due to the high variance from our sparse
initialization 1to(J) = 0.01. Here, we estimated the error Au for
each N over 50 realizations. Due to the O(N?) complexity of simula-
tion and computational constraints, our experiments remain limited
to the demonstrated number of agents. We repeat the experiment
in Fig. 6 with a more dense initialization po(2() = 0.1 to reduce
the aforementioned high contribution of variance from random
initializations. Here, we observe that the resulting convergence is
significantly faster.

Last, in Fig. 7, we demonstrate some interesting non-linear
behavior for a two-layer setting where both layers consist of three-
uniform hypergraphs. Here, for the first layer, we use the block
hypergraphon

ie

1
—ZSi(x)—fu‘t’(x)da
NG !

Whioek (@) 1= L0593 70,13 (@) + L5113 10,01 (@)

for p = 0.5, while for the second layer, we again use the inverted
uniform attachment hypergraphon. In other words, we have a struc-
ture of two blocks on the first layer, while the second layer is more

50 100 150 200 250 300 350
N

FIG. 6. Comparison between the fraction of aware nodes in the finite and mean
field system under the equilibrium policy for (Wan, an_unif) asin Fig. 5, but with
higher initial awareness. It can be seen that convergence is much faster, since the
effect of random sparse initialization is avoided.
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20 40 00

t

(b)

FIG. 7. Analysis of equilibrium behavior for the rumor problem with two-layer

three-uniform hypergraphs (ka,ck, Wunif). We observe that the rumor originates
in nodes with @ > 0.5, but nodes with & < 0.5 eventually catch up due to their
increased connectivity. (a) The equilibrium threshold policy. (b) Mean field for
each «.

globally connected. Furthermore, we will initialize the rumor in the
second block where o > 0.5, i.e., g (A) = L(gs,)(e). As we can see
in Fig. 7, in the beginning, the rumor spreads in the second block
o > 0.5 where it originated from. After a while, however, the rumor
begins to spread faster in the first block a < 0.5, since nodes with
low o are significantly more interconnected on the second layer.

Overall, we can see that multi-layer hypergraphon mean field
games allow for more complex behavior and modeling of connec-
tions than a single-layer graphon approach.

V. CONCLUSION

In this work, we introduced a model for dynamical systems on
hypergraphs that can describe agents with weak interaction via the
graph structure. The model allows for a rigorous and simple mean
field description that has a complexity independent of the number of
agents. We verify our approach both theoretically and empirically on
a rumor spreading example. By introducing game-theoretical ideas,
we, thus, obtain a framework for solving otherwise intractable large-
scale games on hypergraphs in a tractable manner.

We hope our work forms the basis for several future works,
e.g., extensions to directed or weighted hypergraphs in order to
generalize to arbitrary network motifs,” adaptive networks,” coop-
erative control, or consideration of edge states in addition to the
vertex states we have considered in this work. Furthermore, it may
be of interest to consider graph models with more adjustable clus-
tering parameters. An extension of our rumor model and theory
to continuous-time models could be fruitful. Finally, so far our
work remains restricted to dense graphs and deterministic limiting
graphons, while in practice, this is not always the case (e.g., prefer-
ential attachment graphs®’). Here, L? graphons’”~"* could provide a
description for less dense cases, which are of great practical inter-
est. We also hope that our work inspires future applications in
inherently (hyper-)graphical scenarios.
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APPENDIX A: PROOFS
1. Proof of Theorem 1

Proof. Under our assumptions, we can verify Assumption 1 of
Ref. 68 for the equivalent standard mean field game given by (19)
as in Cui and Koeppl.”” By Theorem 3.3 of Ref. 68, there exists a
mean field equilibrium (7, &) for (19). The policy [ is «-a.e. opti-
mal under the mean field i by Theorem 3.6 of Ref. 68. For all other
a, there trivially exists an optimal action, i.e., we can change 7 such
that it is optimal for all . Since the change is on a null set of I,
(7, t) remains a mean field equilibrium. Define the hypergraphon
mean field policy @ by 7y (u | x) = (u | x,00), then & is opti-
mal under the hypergraphon mean field g where p = W (x), since
we = (-, o) for almost every «. Finally, both & and p are measur-
able. Therefore, we have proven existence of the HMFE (z, n). O

2. Proof of Theorem 2

In this section, we provide the full proof of Theorem 2. In con-
trast to prior work, such as Cui and Koeppl,”’, we (i) extend existing
mean field convergence results to n-fold products of the state distri-
butions; and (ii) replace the state distributions by their symmetrized
version, in order to obtain convergence results under the general-
ized cut norm (1). Propagating these changes forward, the rest of the
proof is (somewhat) readily generalized and given in the following.

To begin, we introduce some notation to improve readability.
Define the D-dimensional neighborhood mean fields vy,** with dth
component

kg—1

o .
Viva = _/Hr<[kdl\m Wa(e, B) l_[ whi()dp

=1

scitation.org/journal/cha

forall p € X)L, W= (W,,...,Wp) € delekd as well as the
transition operator Pi}f‘" : 2(X) - 2(X)! such that

(WP =" w0 Y w(u [ 2)P (- | % u i)

xeX uel

forall u' € ,@(X)H, T e .@(U)X, such that, e.g.,

“ttﬂt

iy = Py

Proof. In the following, consider arbitrary measurable func-
tions f: X x I — [—Mj, My], My > 0 and the telescoping sum

E[|®"w'(h — &"m(f|]

<

E[|®n i N®®”‘t(t) ®n i— IILN®®1+1’Lt(f)|]

n—1

i=0

n_l . .
=Y B[l u¥ @ (u) — n) ® @', (H ()]

i=0

:ZE fo DI CACH)

Fex[n\ti)

n—i—1

H 1N (%) H

Jj=n—it+1

1h (%) dB
: [//«N'a (x:) — p* (xi)] do

=ZE /Zg(xz,a) [V () — pn (x)] der |

xieX

where we defined g: X x I — [—Mj, My] as

g a) = /[ " Z f(Gxx2), (@, B))

jexin\i}

n—i—1

]"[ 1N () H

j=n—i+1

wh(x)) dB.

Since g is a measurable function bounded by M, due to the pre-
quel it suffices at any time t € T to prove (23) for n = 1, which will
imply the statement for all n € N.
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The proof is by induction over t for n = 1. Att = 0,

E[|r () — mo(h]

_E[ }
=5[ |5 (forsa -] [ o)
(o[ fm]))

(ZV [/ f(XB,oe)doeD <

i€[N] z

/Zu “(0) fln @) — Y () fix ) da

xeX xeX

%IE

.. ; : 4Mp\ 2
byiid. Xj ~ po = p§ and V [flfvf(Xb,Ot) dot] < (Tf) .
Assume that (23) holds at t € T. Then, at time ¢ + 1, we have

E{|uf () = me (]
= E[ ”’t+1(f) ILNPMI . (f)u
—|—E- Np”‘t “t(f) NP“[! “t(f)’]
(278
]

17T ¢, N T ¢,
s o - e

+E ,Livpi;ff o 0 —

+E|

WP — )

and in the following, we will analyze each term.
For the first term, observe first that by definition,

ky—1

WA B
[ Wi [T 1108

11
1
=

me[N]ka 1

L pappry (m U 1)8

j
X

>

and, therefore,

NPNrt ﬂt (]c) E |:f f(X;+1’°‘) do

d
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such that we again obtain

|

1,7
”’r+1(f) ﬂrP tut(f)H

{z

[N]

X1 [ Xi])

|

2
()~ B[ | x:]))

NI—

IA

te[M

1
2

( (i) ~E[g0) | X:])Z]) <

where g(x) := f’f\] flx, o) dev, |g] < %f, by using the law of total

5

expectation and conditional independence of {Xj,}, o 8iven
X, = {)q},'e[N]

For the second term, first note that we can replace the distri-
butional terms by their symmetrized version: For any k € N, any
W e Sym™[k] and any step empirical measure or mean field

€ P(X), we have by symmetry that the associated neighborhood
probabilities are invariant to all permutations ¢ € Sym([k — 1]) of
states X1, ie, foranyx € Xk, o € 1

k-1

Bi(y.
/]Ir<[k]\(1) Wiew ) EM (x:))dp

1
E : Bi
/]1.'<[k]\(1) Wi ﬂ)n“ "(X0)) dB

— 1!
(k 1) oeSym([k—1])

1
- /Hrdkl\m Wee. f) (k—1)! Z 1_[“ "(X0())) dB,

" seSym([k—1]) i=1

up eSym?d [k—1]

and, hence, Assumption 1 implies that

J

W(a, dp| d
./11r<[k]\(1) (o, By (Bnay) /‘3‘ o

5/ / W(at, B)uy (erpay) dﬂ‘ dor
10kl | J1r<[kINK]

< sup /
up: Tt S

uy eSymifd [k—1]

= W(a, B) dBu, (ap {1 da
' Hr[k 1]ﬁ]I /[k] /Hr<[k]\[k] ( (ht ))

u1€Sym‘2d [k—1]

W(a, B)d d
/Hr<[k1\[k1 (@, B) dfuy (Ol[k]\{u])’ “

IA

Wligk-1 — 0
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for any xe X1, ael by letting w(a,_qm) =
> o esymlk-1D) TS} 1P (x, ) in (1). Therefore,

_1
*k—D)!

E|: Nptnt N (f) tn :,Lff(f)u
=E |: fzﬂf’“(x)ZnN“(u |2 ) fixa)
xeX uel xeX

a N
. |:P, (x | %, u,v 'L') — P, (x’ | x,u,vm}u‘ >:| do ]
< XIML,E [ f da}
I
kg—1

= XML T /Z Z ./uf<kd\<u I._IIMN)ﬁj(xj)
i

deD] yexckg—1

a,‘l—,
VN T l)W

Wi, B) — Waler, )] dB| da

< [XIMLpIX| Y IWY = Wall gt — 0
de[D]

by Assumption 1, and at rate O(1/+/N) if (4) converges at rate
O(1/VN).

For the third term, we have
E|: NP”'t ”'t (f) NP[IZ\’/”"L?I()‘)H
= E[ qu “@) Y [N x) — | 0]
xeX uelU
a ILN
.ZPt (x’ | % U vy ! )f(x/,a)dot j|

xeX
< ME [/|ntN’°‘(u %) — 7 (u| x)} da]
I

Nl
7N (] x)— (| x)| do

+ M/E [/N |72 | %) — 78 (u | )| dot:|
I

. 2|D|+M 2
=M+ M N

by e Iy, with Lipschitz constant L, and up to D, discontinuities,
where we bound the integrands by 2.
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For the fourth term, we find that

E [ P ]
—E[/Zuf’“(X)Zﬂ“(u |%) ) fid )

xeX uel x'eX
. |:Pt (x/ | x, u, v:;u{") P, (x | X, u, vy ):| da

< [XIMLy E [/ da]
I

wY P ()

|

o,
Vw

< [XIMLp E / >y /Hk[kd]\m Wal, B)
deD] Xkd
kg—1 kg—1

[T =TT ne) | dB| de
2

‘/Hlkdl\(l)/wd(“»ﬁyé') de¢
kg—1 byt
1_[ [LN,ﬂj (Xj) - l_[ Mﬁj (xj) dﬂ do

—mmts [ S 3

de[D] yexckg—1

E[|® ' u)(f.,) — @4 ,(f,)|] do — 0

at the rate in the induction assumption, by applying the induction
assumption (23) for n = k; — 1 to the functions

e [ Y B

delD) yexcka—1

fu @ B) = / W B8 dE - 14 @)
r<lkghlkg

for any (x, ) € Xki—! x L.
For the fifth term, we analogously obtain

e [l - wr |
_EUZ 1) — e @] 3w | 0
xeX uel
.ZP, (x/ | %, u, vf,\,”’) S, o) dev :|
x'eX
=E[[u() = m(N] > 0

at the rate in the induction assumption, by applying the induction
assumption (23) to

floa) = an‘(u | x) ZP[ (| % u,vp") fix, ).
uel x'eX
This concludes the proof by induction. O
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3. Proof of Theorem 3

The proof of Theorem 3 mirrors the proofin Ref. 57 apart from
propagating the multidimensional convergence results forward,
and we give the entire proof for completeness and convenience.
Again, we introduce some notation to improve readability. For any
a €1, d € [D], define maps v§: 2X)}! > Z(X) and UNPE 2X)"
— P(X) as

ky—1

gw= [ i) [Turod,

j=1

kg1
o — N Bi(.
= [ W) 1w

with D-dimensional shorthands
V() = (U5 () gy
v () = (R ()) 4y
such that by definition v* = v¥(p,) and v} = vlf,iv (uh).
Proof. To begin, we prove (26) = (27) at any fixed time ¢.

Define the uniform bound M), and uniform Lipschitz constant L, of
functions in H. For any h € H, we have

‘E [h(X’ o (uf»] -E [ho?f ¥ <ut>>”
- ‘E [h(Xi, o (ui”))} E [h(Xi, o mt»] ]
- ’E [h(x;, o (m))] —E[nex, v%(ut))]'

>

+ ’E [ vt )]~ E [h(va , v%(ut))}

which we will analyze as N — oo.
For the first term, we obtain

‘E [h(x;, oy (ut”))] “E [h(rg, o (m))] ’

<E [E Hh(Xi, v,é’ (m)) — h(X, vi (ut))‘ ‘ X’]]

]

WY («
/ﬂr<lkd1\(1) @)

ky—1 ky—1
AT =[] wfie) | dBl | — 0
=1 j=1
uniformly by applying Theorem 2 to the functions

S ) = /H

relkgh\lkg!

< thE[ v (1)) — v (1)

[z >

delD) ekt

Wif(Ai,,ﬂ,o g - 1y ().
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For the second term, we analogously have
‘IE [h()c;, W (ut))} —E[nex, vk <ut>>]‘
= Lo (k) = ¥ (Rl
kg1
Bi (.
<uy X[ ([ Tere
de[D] XEXkd—l j=1
i i
A WY (=, B) — Wa(=.B) | d
[ d(N B) d(N ﬂ)] B
ky—1
Bi (5.
/11.r<[kd1\(1) ]l;[ HO(5)

. |:W2’(Ii\'],ﬁ) — N/;N Wa(a, B) d(x:| dg

kg—1
B (x:
,/]I'<[kd]\m E W)

: {N / Wa(a, B) dor — Wd<i,ﬂ)} dp
Il N

535>

delD] ka1

Ly ¥

delD] yexch-1

>

where for the former (finite) sum, we have

k-1
Bi(x:
/ﬂv<[de\(1) E'u ()

. [wﬁ’(é,ﬂ) — N/N Waa, B) da:| B
I

i

kg—1
=[N Bi(x:
[15\’ /]1‘r<[kdl\(1) ]l;[ w5

(W (e, B) = Walar, B)] dB dax

kg—1
<N Bi (x:
- ./@V /]1’<[kd]\(l) ]l;[ w5

(Wi (@, B) = Walar, )] dB| dr

N
=:1I,
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since by definition of the step-hypergraphon, WY(%,B) = WY
(at, B) over a € IV. Therefore,

ky—1

1 N
NN = / i (Wi B = W] TT 1 ) dp — 0
i=1 r< i

j=1

as in the proof of Theorem 2 by Assumption 1. Fix &,p > 0. As N
becomes sufficiently large, there must exist JY, [JY| > | (1 — p)N|
such that

N<eg Vie .,]]Ilv .

i

We prove this by contradiction: Assume there does not exist such
IV, then there exist at least [pN| agents where IN > ¢. Since IV

> 0, it follows that + Zil I > L [pN]e > ep, which contradicts

the convergence to zero of 1\% Zil I¥. Repeating the argument for

each d € [D], x € Xk~ ! bounds the first sum.
For the latter (finite) sum, we have

kg—1

Bi(x.
/nr<[kd1\m H W)
j=1
. |:N/ Wd(a)ﬁ) dor — Wy (Z)B):| dﬁ
il N

‘ kg—1

-0
W Jr<lka\n

[Tw%e
j=1
: [Wd(a)ﬂ) - Wd (M),B)] dﬂ da

N
[Na
<N Wy, B) — Wy | ——, dpd
< fN /Hk[kd]\m i@, B) d( o8| dpda
iNl.Liw:Liwﬁo
N N N

by Assumption 2. Alternatively, under only block-wise Lipschitz W
asin (16), the same result is obtained by first separating out finitely
many i (at most Q — 1) for which Lipschitzness fails, trivially bound-
ing their terms by 24-2_ For all other i, there exists k € {1,...,Q}
such that IN x I; C I x I, i.e., the Lipschitz bound applies.

For the third term, again fix &,p > 0. Then, by our initial
assumption of (26), for sufficiently large N, there exists a set Jé" X
|JY] > |_(1 —p)NJ such that

’IE [h (X’,‘,uﬁ'(ut))] _E [h (Xﬁ,vi(ut)ﬂ‘ <e Vield

independent of 7 € II.

This completes the proof of (26) = (27) at any time ¢,
since by the prequel, the intersection of all correspondingly cho-
sen, finitely many sets JV for sufficiently large N has at least
N->, |—p,-N-| elements, which is always larger than N — [pN-‘ for
any p > 0 by choosing p; sufficiently small.

scitation.org/journal/cha

Finally, we show (26) at all times ¢ using the prequel by induc-

tion, which will imply (27). By definition for t = 0, )A(t%’ ~ o and
X; ~ o imply

sty -

For the induction step, define the uniform bound M, of functions in
G. Observe that

‘]E [g(Xis)] - E [g (”N*1>]‘

- ‘E [lm (X’ vF (ui”))] _E [IN,, (XN , v%(m)”

using the uniformly bounded and Lipschitz functions

i) == D A | x) ) P | x5 v)g(),

uel xeX

with bound M, and Lipschitz constant |X|M,Lp. By induction
assumption (26) and (26) = (27), there exists N' € N such that
for all N > N, we have

)] o (s )]

uniformly over 7 € I1,i € JV¥ for some J¥ C [N] with |JV|
> | (1 — p)N|. This concludes the proof by induction. g

4. Proof of Corollary 1

Proof. The result follows more or less directly from Theorem 3.
Consider first the finite horizon case T = {0,1,..., T — 1}. Define

R (x,0) = Y Ry, u, )7 (u | 5),

uelU

with uniform bound My and Lipschitz constant |U|Lg. Therefore, by
choosing the maximum over all N’ for all finitely many times t € T
via Theorem 3, there exists N' € N such that for all N > N, we have

Y (e ) T )
N
T-1 N X . i .
=Y B[R (Xviw)] - B [RI” (X?ﬂvw,))” <e
t=0

uniformly over 7 € I1,i € JV¥ for some J¥ C [N] with |JV|

> [(1—p)N].
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FIG. 8. Analysis of equilibrium behavior for the rumor problem on additional hypergraphon configurations. (a) (Wank, Wiwv—unit); (6) (Wanifs Winy—unif) -

For the infinite horizon problem T = N, we first pick some 5. Proof of Corollary 2

e(l—y)

time T’ > loglo“MRy such that Proof. The result follows directly from Corollary 1. Let € > 0,
&7 then by Corollary 1, there exists N' € N such that for all N > N', we

have
-1 ) ; )
f E[r;, (Xi,va’ )]—E[rﬁ <)A(N,VF17 ):H ) )
;J’ A\ Xb vV (ry) | ) max(]fv(rrl,...,n'il,ﬂ,ﬂ’“,...,JTN)—]fv(rrl,...,rrN))
- well
+y" Yy T E [ (Koo )| - E [r (’ vﬁ'(uo)}' < max (7 (o ) < )
=T

+max (o =7 (7))
+ (1'; (%) = (o))

8—{—0—}—8
<= —=¢
2 2

-1 )

< gyt ’IE [fﬁz (Xi:vl\%(’l’t)):l -E [rﬁt <Aﬁ,uﬁ(ﬂt))]‘ n 2

and again apply Theorem 3 to the remaining finite sum. O
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[5) [5) 5} ©
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FIG. 9. The solution policy and corresponding mean field for graphons (Wi, Wunif) from Fig. 10 at different iterations n. It can be observed that in the SIS problem, the
solution oscillates between taking precautions and not taking precautions. (a) n = 20; (b) n = 100; (c) n = 500; (d) n = 1500.
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uniformly over i € J¥ for some JV C [N] with |JV| > |_(1 —p)NJ,
where by definition of equilibrium optimality, we obtained

max (0 =7 (1)) =

This concludes the proof. |

APPENDIX B: ADDITIONAL EXPERIMENTS

In Fig. 8, we show additional results for the Rumor problem
and inverted three-uniform hypergraphons. There, we find almost
inverted results as in Fig. 4, indicating that the influence of con-
nections from the second layer are more important under the given
problem parameters. However, we note that surprisingly, the highest
awareness is reached for intermediate .

As an additional example, in the timely SIS problem, we assume
that there exists an epidemic that spreads to neighboring nodes
according to the classical SIS dynamics (see, e.g., Ref. 83). Analo-
gously, we may consider extensions to arbitrary variations of the SIS
model, such as susceptible-infected-recovered (SIR) or susceptible-
exposed-infected-recovered (SEIR). Each healthy (or susceptible, )
agent can take costly precautions (3) to avoid becoming infected
(3), or ignore () precautions at no further cost. Since being
infected itself is costly, an equilibrium solution must balance the
expected cost of infections against the cost of taking precautions.

Formally, we define the state space X = {&, J} and action space

U = {B, P} such that

P(J | 6,2f3, v) = min | 1, Z TqVy (]1(3)) R

de[D]

P(le,%,):O, P(6|j>>)=6>

with infection rates 7; > 0, > ;74 <1, recovery rate § € (0,1),
and rewards R(x, u,-) = cplqp)(u) + ¢;/1(5),(x) with infection and
precaution costs ¢p > 0, ¢; > 0. In our experiments, we will use
3,=08 §=02, ¢=05 <=2, wue(3 =05 and
T=1{0,1,...,49)}.

Existing state-of-the-art approaches such as online mirror
descent (OMD)(and similarly fictitious play, see, e.g., Ref. 19) as
depicted in Figs. 9 and 10 for ten discretization points did not con-
verge to an equilibrium in the considered 2000 iterations, though
we expect that the methods will converge when running for signifi-
cantly more iterations—e.g., 400 000 iterations as in Ref. 58—which
we could not verify here due to the computational complex-
ity. We expect that existing standard results using monotonicity
conditions’* can be extended to the hypergraphon case in order
to guarantee convergence of aforementioned learning algorithms.
However, this remains outside the scope of our work. In particu-
lar, for the ranked attachment graphon and hypergraphon, the final
behavior as seen in Fig. 9 remains with an average final exploitability
AJ of above 0.25, which is defined as

AJ() =/SUP J; @) = I () da
I

m*ell

and must be zero for an exact equilibrium.
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SIS-Hyper-Graphon, 2000 iterations

n
1 B
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FIG. 10. Average exploitability over iterations n of online mirror descent™ on the
SIS problem. It can be observed that for some configurations, the method fails to
converge to an equilibrium.
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