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Abstract

We study a simple first-order mean field game in which the coupling with the mean field is
only in the final time and gives an incentive for players to congregate. For a short enough time
horizon, the equilibrium is unique. We consider the process of iterating the game, taking the
final population distribution as the initial distribution in the next iteration. Restricting to one
dimension, we take this to be a model of coalition building for a population distributed over
some spectrum of opinions. Our main result states that, given a final coupling of the form
G(x,m) = f ¢(x — z)dm(z) where ¢ is a smooth, even, non-positive function of compact
support, then as the number of iterations goes to infinity the population tends to cluster into
discrete groups, which are spread out as a function of the size of the support of ¢. We discuss
the potential implications of this result for real-world opinion dynamics and political systems.

Keywords Mean field games - Dynamical systems - Long time behavior - Polarization

1 Introduction

Mean field games describe the strategic Nash equilibrium behavior of large (continuum)
populations [3, 5-7, 14]. A typical mean field game of first order can be described by a
system of PDE as follows:
—osu + H(x, Vyu) = F(x,m),
dsm — Vy - (DpH (x, Veu)m) = 0, (1.1)
m(x,0) =mo(x), u(x,1) =Gx,mx,1)).
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Dynamic Games and Applications

The Lasry-Lions monotonicity condition [14] can be defined as
[ e = Fama dom =m0 20 vimms € 2@, (12)

It is well-known that when F and G satisfy the Lasry—Lions monotonicity condition, players
have an incentive to spread out from one another, and for this reason one can expect uniqueness
of the equilibrium on an arbitrarily long time horizon 7. If we assume, to the contrary, that F’
and G exhibit an anti-monotonicity property, then players have an incentive to congregate,
i.e. form clusters. It is this latter case which interests us in the present study. In such a
case, we do not in general expect uniqueness of the equilibrium, unless the time horizon ¢ is
sufficiently small. Cf. [2, 4, 8, 11] for some general results on existence, non-existence, and
non-uniqueness under this anti-monotonicity assumption.

As we seek to model cluster formation, a lack of uniqueness for the equilibrium presents a
problem. One way around this is to assume the game is played over a sufficiently small time
horizon, and then iterate, that is, take the final distribution of players to be our new initial
distribution, and then repeat this process over many iterations. Such an iterative process can be
taken as a model for population dynamics resulting from a string of small strategic decisions
on the part of relatively myopic individuals. In the limit as the time horizon converges to zero,
it has been shown in [12] that there is a connection between such a process and the “best-reply
strategy,” in which players choose their moves based on a gradient descent along their own
cost function, via what is called “model predictive control.” See also [1]. In this paper, our
goal is to study the explicit long-term behavior of this iterative process. Assuming the cost to
player provides an incentive to congregate, we expect that after sufficiently many iterations,
we will see players accumulate in tighter and tighter clusters. Our results provide some
conditions under which we can prove that clustering occurs as well as numerical simulations
showing the location of the clusters for specific examples.

We are going to keep the focus on the clustering phenomenon described above and not
on abstract results for mean field games. For this reason we posit a simple game by making
the following assumptions. We will take F = 0, so that only the final cost depends on
the distribution. In addition, we will assume H (x, p) = % | p|2. Then the game becomes
equivalent to the following fixed point problem. Define

bx — yP?

Ji(x,y,m) = o + G(x,m). (1.3)

Let y/*(x) := argmin J; (x, -, m). We will specify below conditions under which y;" (x) is a
well-defined (single-valued) function. Define F,jm 2R > 2RY) by

Fy, (m) = y"mo, (1.4)

where mo € 2 (R?) is the given initial measure. Then m is a Nash equilibrium if and only if
m = F,’no (m). The interpretation of this game is that individuals are willing to make a small
move from their present state if and only if it will land them in a region of sufficiently high
population density to justify the move.

By taking ¢ sufficiently small, we will be able to ensure that F,fm has a unique fixed
point in the Wasserstein space 21 (R?), defined below. We now define the equilibrium map
E' . 2/(R) > 2|(RY) to be the map which, for any given initial measure m, outputs
the equilibrium measure m = F}, ,(m). We then wish to consider the following dynamical
system:

mo s g:ven, (15)
miy1 = E'(mg), k=0,1,2,...
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The main theoretical contributions of this paper are as follows:

(1) We give a straightforward algorithm to reliably compute E’(m) by discretizing the mea-
sure, i.e. by putting an empirical measure in its place.

(2) We study the asymptotic behavior of the dynamical system (1.5). We prove that for
dimension d = 1 and couplings of the form G (x, m) = f ¢(x — y)dm(y), where ¢ is
an even, non-positive, smooth function of compact support, we can explicitly locate the
fixed points of E’ and show that they are asymptotically stable.

The motivation behind this analysis is an interest in the implications for human behavior.
Humans instinctually like to form groups. People form groups of different sizes for numerous
reasons, but specifically, people join social groups to access grouping utility that is otherwise
unavailable to lone individuals. Social groups also benefit when new members join. A larger
platform could provide the necessary leverage to accomplish a group’s goals. Moreover, group
membership transforms individuals by providing them with a group identity and inviting
members to take part in a shared belief system, and individuals affect their groups by adopting
organizational roles and relating to other members. How people group and their groups’
actions can completely change a population’s status quo and reshape society at large. Cf. [9,
10, 13, 16]. Given the impact of grouping behavior on society, how does a population arrange
itself considering only the individual proclivity to group?

The results of this paper show that a population may “cluster” into multiple discrete
groups, despite having no aversion whatsoever to one another. Specifically, assume that
G(x,m) = f ¢(x—y)dm(y) is asin point (2) above and that the initial population distribution
is sufficiently spread out over an interval compared to the radius of the support of ¢. Then
after a sufficient number of iterations of the game, players will myopically cluster into small
clusters sufficiently separated from each other so that they will not see any incentive to
move toward each other. For example, consider a population whose ideological positions on
an issue are distributed over some interval (say, between “left” and “right”). If the initial
distribution is sufficiently spread out, then over time the incentive to congregate will in fact
induce “polarization,” i.e. the formation of two distinct groups with no incentive to move
toward one another. This occurs despite the fact that no individual has any preference for
moving one direction over another; they are driven solely by the incentive to find themselves
in a crowded region. Somewhat counter-intuitively, the desire to maximize crowd size results
in multiple insular groups rather than all players congregating in the middle. We find this to
be a thought-provoking result that may have implications for social science.

In the remainder of this introduction, we introduce some notation and assumptions on the
data which will hold throughout this study. Then in Sect.2 we provide a simple proof that
the problem is well-posed and give an algorithm to explicitly compute solutions when the
initial condition is a given discrete (empirical) measure. In Sect.3 we study the dynamical
system (1.5) over the set of discrete measures; this section contains our key theoretical results.
Section4 discusses numerical simulations that illustrate our main results. Finally, we give
some concluding remarks in Sect.5.

1.1 Notation and Assumptions

We denote by P;(R?) the set of all Borel probability measures m on R? such that the first
moment f |x| dm(x) is finite. It will be endowed with the Wasserstein metric

Wl(,u,v):inf{/Ix—yldn(x,y):n el'[(u,v)} (1.6)
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where IT(u, v) denotes the set of all couplings between p and v. By Kantorovitch duality,
we also have the characterization

Wi (. v) = sup{/«pd(u—v) Vel < 1}. (1.7)

When A and B are symmetric matrices, we write A > B to mean that A — B is positive
semi-definite, i.e. all of its eigenvalues are non-negative.
The basic assumptions on the data are given here:

Assumption 1.1 G : R¢ x P;(R?) — R is continuous in both variables, twice differentiable
with respect to the variable x € R?. D, G(x, m) is L;-Lipschitz with respect to the measure
variable in the W metric, i.e.

|D,G(x,m) — DxG(x,m)| < LiWi(m,m) Vx € RY, Vm,m € Pi(R?). (1.8)

Both D,G and D)%XG are bounded. In particular, there exists A1(G) > 0 such that
D2 .G(x,m) + A1(G)I > 0 for all x, m.

2 Computation of Solutions
The purpose of this section is to propose an algorithm to compute E’ (m), based on discretiza-
tion of the measure. To begin with, however, we prove that our problem is indeed well-posed.

We then provide a simple algorithm for computing solutions when m is an empirical measure,
i.e. a sum of Dirac masses.

2.1 Well-posedness

Theorem 2.1 Assume 0 < t* <
tion 1.1. If 0 < t < t*, then

m, where L1 and )1(G) are defined in Assump-

(1) Ji(x, -, m) has a unique minimizer for every x and m, hence y;"(x) and F,’no (m) are
well-defined;

(2) F,flo is a contraction on Py (RY) with Lipschitz constant o = #:(G) < 1 and therefore

has a unique fixed point, so that E' is well-defined;
(3) E' is continuous with the respect to the Wasserstein metric, i.e. if {mg n} is a sequence
in Py (RY) such that Wy (mq,,,, mo) — 0, then W (E’(mog,,), E’(mo)) — 0.

Proof Step 1
To find the minimizer for J;(x, -, m) we start by taking the derivative with respect to y
and setting it equal to 0

—x
Dyl (x. yom)] = Z—= + D,G(y.m) = 0 @.1)

So we see there is a critical point:
y+tDyG(y,m) =x 2.2)

Then taking the 2nd derivative with respect to y and using 1.1, we see

1 1
D}, Ly(x.y.m)) = 1 + D3, G(y.m) = <; - xl(G>> I 2.3)
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where [ is the identity matrix. Thus D2 [J, (x, y, m)] is positive definite provided that 0 <
t<tf< ﬁ, an.d s%nce m < o (G) this is satisfied. Then by the second derivative
test, the critical point in 2.2 is the unique minimizer.
Step 2

Let ¢ be Lipschitz with ||¢ ||Lip <

/ d (3" #mo— ! #mo) = / [0 ()= (5 (x)dmox) < / Y () () [ dmo ().

2.4
Using (2.2), we get
W=y =x —tDyG(y".m) — x + tDyG(y]", i) ~ 23
—t[DyG(y*, m) — DyG(y", i) + DyG(y;", i) — Dy G (y;", )]
Taking the dot product of each side with y;" — yt’h yields
" = P = O =y - (D G(y,"', m) = DyG(y}" i) 06
+ O =) - (DyG (3" i) — DyG (v} )]
Since (y" — y1) - (DyG (3", i) — DyG (M, i) = =1 (G) |y — v |,
(A=t (G =y P < 1t =y - (DyG(yi",m) — DyG(y/", m))| (2.7)

Now we have

- tLy
|yt _yr |DyG(y,m,m)—DyG(y;",m)| < liwl(m m) (2.8)

=1z )»1 (€] 11(G)
where L is the Lipschitz constant of Dy G with respect to m in the W metric. Therefore,

Ly

/ Iy (x) — ¥ () [dmo (x) < ﬁwl (m, i) 2.9)

So,

i tLy
Wi(y/"#mo, y/"#mo) = sup / @d(y;" #mo — y,"#mo) < 7W1(m i) (2.10)
llellLip<1 th(G)

We deduce that for r < t* < m, F,ZO is a contraction on Py (]Rd)
Step 3

Set o = E'(mo) and u, := E’(mo,). By using the inverse function theorem on
Equation (2.2), we deduce that for 0 < ¢ < t* < )\I(Glﬁ we have Vy,“" x) =+
D3, G(y{" (x), jua))~". Since D}, G is bounded we get | Vy;"
not depend on 7, but only on ¢ and the bound on D%YG.

Let ¢ such that | V¢||o, < 1. Then

/¢d(uo ) = / (6 03/ — b o yr) dm +/¢ o Y d(mo — my)

S/Hyt’”—y;“”

oo = Co, by taking the supremum with respect to ¢ and applying (2.8) we

(2.11)

dmo +/¢> o yPrd(mo — my).

Since H Vooy"
have

tL
w , < —F—W s CoW s . 2.12
1o, tn) < = 10(G) 1(o, un) + CoWi(mg, my) (2.12)

Birkhauser



Dynamic Games and Applications

. *
Since t < t* and #}ﬁl(c) < 1, we let n — oo to conclude that u,, converges to (o respect
to the W) metric. ]

2.2 Discretization

We will now discretize the problem by considering only empirical distributions as initial
measures. We then give an algorithm, based on standard Picard iteration, to compute the
equilibrium to any specified degree of accuracy. As empirical measures are dense in P; (R%),
by part 3 of Theorem 2.1, our algorithm can in fact approximate the equilibrium for arbitrary
initial measures to any specified degree of accuracy.

Let us now suppose that the initial measure is an empirical distribution, i.e. mg =
ZN:I aj8xj for some points xj,...,xy € R4 and some non-negative numbers a; that

j
sum to 1. Then

N
Fho(m) = y"tmo =Y aj8yn). (2.13)
j=1
It follows that any equilibrium m must itself be an empirical measure of the form m =
Z?’:l aj(SZj for some points z1,...,2N € R4. For any vector z = (z1,...,2N) € RIN,
define
N
i (x) = y"(x) where m = Zajrﬁzj,
= (2.14)

Fl(z) = 55(x) = (F2(x1), ..., TEGN)).

To find an equilibrium, it is enough to find a fixed point of I:",E To see this, note that if
z = Fl(z), then we have

N N N
Fhol Y oais, | =) ajssn, =) ajé:;. (2.15)
j=1 j=1 j=1

It is not hard to see that under the same hypotheses as in Theorem 2.1, ﬁ; is a contraction

with Lipschitz constant o« = % with respect to the 1-norm |[|x||; = Z;l':1 |x |, and it
therefore has a unique fixed point, which we will denote
E~§V(X) =z =Fl(z). (2.16)
By classical theory, one can define
7y =X,
. 2.17)
Ziv1 = Fy(zi)
and getzy — z = ﬁ,ﬁ (z). The error estimate is
o -
Iz — 2l < T— | Ao — x| . 2.18)
— o

where @ € (0, 1) is the Lipschitz constant for F,ﬁ.

Remark 2.2 Although the contraction mapping theorem allows us to take any initial condition
we like, we choose zy = x for the following common sense reason. Since the time horizon
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is small, players cannot move much from their initial distribution, so the final distribution is
sure to be close to x; hence a good initial guess is X itself.

In principle, this simple algorithm is enough to solve our problem. However, we cannot
compute F}(z) explicitly. We will now point out that it is enough to approximate F}(z)
sufficiently well.

Lemma 2.3 Suppose {z;} is a sequence such that
”z;m - F;(Zk)” <&, (2.19)

where g < of and o < 1 is the Lipschitz constant for I:“,ﬁ Then z; — 1z, where 7 is the
unique fixed point of FL. We have an error estimate:

2k —ak+1) |z —Zo||>
(1—a)? l—a /)’

Iz —zl| < o ( (2.20)

Remark 2.4 We can take any norm in Lemma 2.3, not just the Euclidean norm. In particular,
it may be convenient to take the 1-norm ||x|| = Z;?:l |x j |

Proof We have ‘ !
triangle inequality,

(@s1) — FL(z) H < a ||Z441 — 2 || for every k. Applying (2.19) and the

lzk+1 — zxll < sz+1 - - F;(Zkfl)H + sz - F;(Zkfl)H
<éertallzy — zp—y || + sk—1.
By iteration we get

k

lzip1 — 26l < ¥ llzs —zoll + Y ¥ (e41 + &) 2.21)
j=0

Now taking m, n € N with m > n, we use (2.21) to estimate

m—1 m—1 k
Iz — 2l <Y a1 — mll < Za lzr —zoll + Y Y 7 (gj41 +55)
k=n k=n ]_O
=9 ||Zl—Zo||+ZZOl (gj+1+¢j)-
k=n j=0
Now we focus on the double sum. Using the assumption &; < o, we get
m—1 k m—1 oo
YN ok (e +ej) SZ(k+1)(ozk+1+ak)§2Z(k+1)ak.
k=n j=0 k=n k=n

For a closed form we compute

ad o t! 20" (n —an + 1)
2Y k+ 1ok = k+1 = .
2k e {Z - (1—a)?
We then deduce

2(m—an—+1 7 —Z
||zm—zn||5a"< ( ), N oll).

(1—a)? -
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Therefore {z;} is Cauchy and thus converges. The error estimate (2.20) is derived by taking
m — oo and replacing n with k. O

Thanks to Lemma 2.3, we can now specify a fully formed algorithm to compute the
equilibrium:

e Setzy=X.
e Given z;, use Newton’s method to approximate itz k(x j)forj =1,..., N,until we obtain
a vector zx 4 satisfying

|21 = Fiao| = o, (2.22)

Then z; will converge to the equilibrium, with error estimate given by Lemma 2.3. We
remark that, since empirical measures are dense in the Wasserstein space and the equilibrium
map E’(m) is continuous, this algorithm can also be used to approximate E’(m) for any
m € 21 (R?) within an arbitrary specified margin of error.

3 Asymptotic Behavior of the Equilibrium Map

Recall that E’(my) is defined to be the equilibrium measure, i.e. the final distribution, given
an initial distribution m. In this section we study the dynamical system (1.5). We will focus
in this paper on determining stability for the dynamical system (1.5) for initial measures
of the form my = Z;’z 1 %SXJ.. Such empirical measures are also dense in the Wasserstein
space 2| (R?). As discussed in Sect.2.2, for such initial measures we can replace E'(m)
with E"fl (x), so it is equivalent to study the classical dynamical system

x0 € RH" is given,
- £ 3.1
Xk+1 :E;(Xk), k:0,1,2,...
We determine the asymptotic behavior by identifying

o the fixed points of E!, and
e the spectrum of the derivative of Eﬁ, at fixed points.

Our results in this section will hold for a particular case, namely when d = 1 and the cost
function G takes the form

Gy, w sz(y—z)du(z),

where ¢ is a smooth function. However, we will start with some more general properties of
E! before restricting to this special case.

3.1 General Properties of DE!,

Proposition 3.1 Recall the definition y,“ (x) = argmin J;(x, -, u). Let 0 < t < t*, where t*
is as in Theorem 2.1. Then Dy!" (x) is a positive definite symmetric matrix for each x.

Proof Let y(x) = y!(x). Then

y(x)%x + DyG(y(x), ) = 0. 3.2)
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Taking the derivative with respect to x yields

Dy(x) — 1
% + D3, G(y(x), W) Dy(x) =0 (3.3)

(I +1D%,G(y(x). W)Dy() = I (3.4)

Note: D%yG(y(x), () is a symmetric matrix and 7/ + tDin(y(x), ) is as well. Moreover,

by Assumption 1.1 and the condition r < t* < ﬁ, we see that 1 + tDin(y(x), ) s
positive definite, hence its inverse Dy(x) is positive definite as well. O

Now we may use this result to determined the fixed points of the dynamical system.

Proposition 3.2 Let
1 n
n=- 21 8, (3.5)
1=

where x; € R for 1 <i < n. Suppose y#u = u, and y is strictly monotone increasing, then
y(x) = x for all x € supp(u).

Proof Since i1 is an empirical measure, supp(u) = {x;}i_,. Also, since y#u = pu,

supp(y#u) = supp(u) = {xi}j_, (3.6)
Therefore for each 1 <i < n, y(x;) = x; for some 1 < j < n. Without loss of generality
we may assume x| < xp < --- < Xp. Suppose y(x;) = x; for some i > 1. Then since y
is increasing, y(x;) > x; for all j > 1. Then by the pigeonhole principle, this implies y is
not injective. This contradicts that y is strictly monotone increasing, so y(x;) = xi. This
argument can be repeated to show y(x;) = x; for each 1 < i < n. Therefore y(x) = x for
all x € supp(w). O

Now we know fixed points of E~,’l correspond to meafures n = %Zi;:l x;j such that
yi" = I on the support of x. Our next goal is to linearize E!, around fixed points to check if
the system is stable. We do this by computing DEfl (x) and showing that the eigenvalues of

DE; (x) are small if x is a fixed point.
Let us introduce the notation

1 n
Ux = ;Z]x] VX=(X1,---7xn)~
j=

Then we define g(y, x) = G(y, ix). Now Ly is the equilibrium for an initial measure jiy if
and only if for each 1 < j < n, y; is the optimal move for x; given uy as a final measure,
i.e.
yj +tDyg(y;(x),y) = x;. (3.7
Hence we can define ~
YX) = (1(%), ..., (X)) = Ep(x) (3.3)

implicitly through (3.7).
We want to compute DE’,(x) = Dy(x). To do this we take the implicit partial derivative
of (3.7) with respect to x; for 1 <k <n

a
T i) +1Dyg(3(x), y(x)) = x/] (3.9
Xk
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to get
ayj 2 ayj " 2 8y,' 3x]'
L 4 1D? ¢(vi(x), L 443" D? e(yi(x), L= =5 (310
a0 0. Y00) 7 + i§:l P800, ¥00) - 7 = T =8k (3.10)

We get a system of equations which is presented in matrix form as ADE,’, (x) = I where
A= (Aij)} i1

Aij =81 (1+1D2,g(y; (%), y())) + D2, g(v;(X), y(x)). G.11)
Next we will determine the spectrum of A and thereby obtain the spectrum of DEfl (x).
3.2 Spectral Properties
For simplicity, we will look specifically at the case

G(y, 1) =/¢(y—z)du(z)-

In this case,

1 & 1 ¢
g,y =G (y, nZByk> == 00—, (3.12)
k=1 k=1
where ¢ is C2. Then we compute
1 n
D80 y) =~ ¢ (v = %) (3.13)
k=1
and )
D7,8(j¥) = ——¢"(yj = yo). (3.14)
We see A can be written in the following form
Shetap1 @ G1=y) =" =y =@ (1)
¢ —¢"(y1 — y2) D=tk @2 = i) - —¢"(yn — 1)
A=1+— . . . .
n : : . :
—¢" (V1 = yn) =" 2= ) Dtk @ n = V00
t
=I+-B
n
(3.15)

Assumption3.3 ¢ € C? is even, has a minimum at x = 0, is increasing on the interval (0, r),
and ¢(x) =0forx >r.

Note: Since we work with points x € R™ which describe an empirical measure, without
loss of generality, we may arrange the components of x so that x; < xp < --- < x,,.

Theorem 3.4 Suppose ¢ meets Assumption 3.3. Then X = (x1,x2,...,x,) (where each
xi € R) is a fixed point of E!, if and only if forany 1 < j, k <n, xj = xx or |xj — x| > r.
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Proof Now if x is a fixed point of E,Z, thenforeach1 < j <n

n
t
it > ¢ (v — ) = xj. (3.16)
=1

and by Proposition3.2 y; = xj,soforl < j <n

n
> @' —xx) =0. (3.17)
k=1
Forj =1, Y}, ¢ (xk —x1) = 0. Now if x; = x for any k, ¢'(xx — x1) = 0. Suppose
ky + 1 is the first k such that x; — x; > 0, then
n

> @ —x)=0 (3.18)

k=ki+1

and since ¢’ (x; — x1) > 0 for k > ki, we need |x; — x1| > r for k > k. So x; = x; for
k < kyand |xp — x| > r fork > k.
Now suppose x; is such that [x; — xg| > r for k < j, then

j
> @n—x))=0. (3.19)
k=1
So we still need .,
> ¢k —xp =0. (3.20)
k=j+1

If x; = xi forany k > j, ¢'(xx —x;) = 0, and if k; + 1 is the first k such that xx —x; > 0,
n

> @Gk —xj) =0. 3.21)

k=k;+1

Therefore ¢’ (xy —x;) = 0 fork > kj,so |xx —x;| > r fork > k;. Thus if x is a fixed point
0fE~,’1,f0rall 1 < j,k < neither x; = xi or ‘xj —xk‘ > r.

Now suppose for any 1 < j, k < n either x; = x; or [xx — x;| > r. Then if x; = xi,
¢'(xj —xx) = ¢'(0) =0,and if |xx —x;| = r, ¢'(xx — x;) =0. So

n
> ¢ —xj)=0 (3.22)
k=1

forall I < j < n. Thus x is a fixed point for E! . ]

Let x be a fixed point of Efl By Theorem 3.4, there exist indices &, such that:

Xy = Xk, I =ko <k <k
Xy = Xk, ki <k <ko
Xk, = Xk, ki-1 <k <ki=n

and x, — xi >rfor2 <m<Ii.

m—1
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Definition 3.5 We define x to be sufficiently spread out if we have the strict inequality xx, —
Xk, >rfor2 <m <i.

Recall, we are evaluating DE~; (x) for x a fixed point of l:fﬁl So it suffices to look at
the spectrum of B evaluated at fixed points. According to Theorem 3.4, if x; # x;, then
|x; — xk| > rand " (x; — x;) = 0. Butif x; = x;, then ¢”(x; —xz) = ¢"(0) = 1.

ZZ:L/(# @ (x1 — xx) —¢" (x2 — x1) e —¢" (xn — x1)
5 —¢"(x1 — x2) D=tk @ (2 = i) - —¢" (xn — x1)
—¢" (x1 = Xp) =@ (2 =xn) o Dtk @ Cn — Xk)
(3.23)
We see B has a block diagonal form:
By 0 ---0
0 By--- 0
B=| . . . (3.24)
0 0 ---B;
where for 1 <m <, B, is the (k;, — k;y—1) X (k;y — k;y—1) matrix given by
(k= K1 = 1) -1 -1
-1 (ki — kg — 1) -+ -1
—1 -1 o (ki — km—1 — 1)
Lemma 3.6 Let C, be an n x n matrix with the following form:
n—1 -1 -+ —1
-1 n—1--- —1
-1 -1 ---n—1
Then if n > 2, C, is a positive matrix.
Proof We proceed by induction on 7.
Base case: n =2
1 —1
C = (_] | > (3.27)
Letv = <Zl) be an arbitrary real vector. Then
2
vIiCwv = (v —1)? > 0. (3.28)
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Now supposing the hypothesis holds for C,,_1 for n > 2, we want to prove it holds for

V]
C,.Letv = . Now,
Un
V1 n—1 n—1 n—1
viC,v= (v vpmt) Gt | —ZvWka—i-Zv,%—i-Zvﬁ
Un1 k=1 k=1 k=1
(3.29)
U1 n—1
= (Ul Un—l)Cnfl +Z(Uk _Un)2
Un—1 k=1
By our inductive hypothesis,
V1
(vi-va1) Gt | 1 | 20
Un—1

Additionally, (v; — vn)2 > 0forall 1 <k <n — 1, so we can conclude C, is a positive
matrix. o

Corollary 3.7 If n > 2, the eigenspace for C, for the eigenvalue . = 0 is one dimensional

1
1
and spanned by | .
1
Proof
1 n—1 —1 -1 1
1 -1 n—1--- —1 1
C|. | = . L. . .1 =0 (3.30)
1 -1 -1 ---n—-1 1

So our vector is an eigenvector for the eigenvalue A = 0. Now we’d like to show that it spans
the eigenspace. Without loss of generality, suppose v,, # vy for some 1 < k <n — 1 where
U1
v2
v=| . |. Then from (3.29) we have

vl n—1
VG = va)Coor |0 |+ ) e —w)? (3.31)
k=1

Un—1
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As before, the first piece is nonnegative and since v, # v for some k, the sum is strictly
1

1
greater than 0 so any v not in the span of | . | is not an eigenvector for A = 0. O

1

-1

So eigenvalues for B are greater than or equal to 0. Recalling DEf, x) = A7 and
A=1+ %B, eigenvalues for DE,’l(x) are A < 1.
Definition 3.8 Consider the dynamical system
=F
Yk+1 n(Yk) (332)
Yo R

where F : R” — R" and D C R". An fixed point y* of F is said to be asymptotically stable
if there exists an & > 0 such that whenever |yg — y*| < ¢, then the trajectory y; converges
toy* as k — oo.

Throughout the rest of this section we will make use of the following theorem to show
asymptotic stability of fixed points of E,.

Theorem 3.9 [15, Theorem 1.3.7] If F € C2(R", R"), then a fixed point y* of the dynamical
system (3.32) is asymptotically stable if the eigenvalues of D F (y*) lie strictly inside the unit
circle.

From our spectral analysis, we see DEfl (x*) has eigenvalues A < 1. To be able to apply
Theorem 3.9, we use the following lemmas to restrict to a subspace W that is both invariant
under £/, and where D E!,(x*) has eigenvalues strictly less than 1.

L~emma 310 If g(y; + oy + a(l,..., 1)) = g(y,.,y) forany o € Rand y € R", then
E'x+a(,....,1))=E/(x)+a(l,...,]).
Proof Recall: E,Z (x) =yifandonlyifforalll < j<n
yj(x) +1Dyg(yj(x),y(X)) = x;. (3.33)
Soif EL(x + a(l, ..., 1)) = z then
zj+tDyg(zj.2) = xj+a (3.34)
Equivalently,
zj—a+1tDyg(zj,2) = x; (3.35)
Now since g(y + o,y +a(l,..., 1)) =gy, y)
Zj—a+tDyg(zj—a,z—a(l,..., 1) =x; (3.36)

This implies £/ (x) =z —a(1,...,1),s0 E! (x + a(1,...,1)) = E!(x) + (1, ..., 1) as
desired. m}

Remark 3.11 Lemma 3.10 essentially says that if the cost function g is invariant under trans-
lations, then the translation operation commutes with the equilibrium map. More precisely, if
we move all the players’ initial positions by « and then find the equilibrium measure, we get
the same result as when we first find the equilibrium measure and then translate it by . Note
that, by Assumption 3.3, g(y,y) = % > i1 ¢(y — yk) meets the criteria of Lemma 3.10.
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Lemma3.12 Letg(y,y) = % ZZZI ©(y — yx) where ¢ satisfies Assumption 3.3. Ifx € W =
[span{(l, e 1)}]J', then so is E! (x).

Proof Lety = E!(x) and x € W. We are going to show that Yoy =2io1x; =0,
from which the claim follows as a particular case. Recall that

n
4 ’
P+ - E P — =X; 3.37
y]+”k_1(p(y] i) Xj ( )

for each j, so
n ¢ n n n
Dt Y A=) % (3.38)
j=1 e j=1

It is enough to show that
n n

DY ¢ —w) =0. (3.39)

j=1k=1
Recall from Assumption 3.3 that ¢’ is odd, and in particular ¢’(0) = 0. Rewrite the double
sum as follows:

n j—1 n n

DD A=) Wity D P =

j=1k=1 j=1k=1 j=1k=j+1
n j—l1 n k—1
=YY Qi —w+ DD =) (3.40)
j=1k=1 k=1 j=1
n j—1 n k-1
=YY Q==Y @k —y) =0,
j=1k=1 k=1 j=1
and the proof is complete. O
Let
W = [span{(1, ..., D}I* (3.41)

Now, let Xo be a point in our system. Then x¢ has the following orthogonal decomposition
xo=wo+oa(l,..., 1) (3.42)

where « € R and w € W. (One way to look at this decomposition is that the component
wo € W corresponds to the initial distribution translated so that its barycenter lies at the
origin, while «/n is equal to the original barycenter.) By Lemmas 3.10 and 3.12, the dynamical
system (3.1) is equivalent to one restricted to W:

wo € W is given,

- (3.43)
Wit = E;(Wk), k=0,1,2,...

since for all kK we must have x; = wi +a(1, ... ,Dandwy € W. 1t is therefore sufficient to
study the asymptotic stability of fixed points of E, that lie in W. We begin with the origin,
which corresponds to a simple Dirac mass.
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Theorem 3.13 Suppose
X1 = Ej(xp)

3.44
xg e W ( )

where E,’l : W — W is as defined in (3.1) and ¢ meets assumption 3.3. Then the fixed point
x* = (0, ..., 0) of the system is asymptotically stable.

Proof We justneed to show (3.44) satisfies the assumptions of Theorem 3.9. Eﬁl e C3(R",R")
by a routine application of the Implicit Function Theorem, and therefore by restricting to W
we have E,’, € Cz(W, W), where W is isomorphic to R"~!. From Corollary 3.7, we deduce
that the eigenspace of DE,’l (x*) corresponding the eigenvalue A = 1is W. So DE,’, (x*) as
a linear map from W to W has eigenvalues A < 1, thus the fixed point x* is asymptotically
stable. O

Corollary 3.14 Suppose
Xer1 = Ej(xp)

3.45
Xp € R" ( )

where E; : R" — R" is as defined in (3.1) and ¢ meets assumption 3.3. Then a fixed point
x* e span{(l, ..., 1)} of the system is asymptotically stable.

Proof For any x € R", x = w+«a(l,...,1) forw € Wand @ € R. We see a(1,...,1)
simply produces a translation of E,’l by «, which does not affect asymptotic stability. By
Theorem 3.13, the fixed point x* = (0, ..., 0) is asymptotically stable for Efl restricted to
W, so any translation x* € span {(1, ..., 1)} is also stable on E‘fl :R* — R”. O

Of course, there are more fixed points of £/ than just the ones that correspond to a single
dirac mass. To prove stability for these general fixed points, we use the following lemma to
split up the game, inspect stability of the fixed points of each smaller game, and use these
results to prove stability for the whole game.

Lemma 3.15 Suppose X is sufficiently close to a fixed point X*, where X* is sufficiently spread
out (Definition 3.5), so that
XIS S Xy S X1 S S X S0 S X

— i

are such that xy,, 11 — xy,, > 1 for1 <m <i —1. Then

it 3 = ml
En(x) = (Ekll (X], ceey xk1)7 Ekzz—/q (-xk1+17 sy xk2)7 MR Ek’i_ki—] (x/(i—l-‘rlﬂ MR xk,‘))
(3.46)
where ty, = 7“](”’*;7]{"’) .
. St .
Proof Let us consider Ekmﬂfkm (X415 -+ v Xipyyy) Tor 0 <m <i —1and k; = n.
it
Ek’z:l1+]_km (ka-‘rlv LI ka+]) = (ykm+1! DN} ykm+|) (347)

if and only if, for each k,,, + 1 < j < k41
km+1

1,
Vit ——— Y Qi —w) =1 (3.48)
km+1 - km k=l +1
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Now we show yk, +1 — Yk, > 7. Plug j =k, + 1 into (3.48) to get

km+l

1,
Vet + > @ Gyl — V&) = Xk 1 (3.49)
k1 = km | 4 +1

Now ¢’ (y,,+1 — yx) < 0 for each k in this summation, since ¢’ is odd and yy,, +1 < --- <
Y41 - Therefore the sum is non-positive, and we deduce yg,, +1 > Xg,,+1. By similarreasoning
(with m replaced by m — 1 in (3.48) and plugging in j = k), we get yi,, < xx,, . Therefore,

ViA1= Yk = Xhp+1 — Xm > F. (3.50)
Thus ¢'(y; — yx) = 0 for k > ky41 + 1 and k < k. So we can write

yj+7k Zw(y,—)’k)—xj 35D
m-+1 m k=1

Now taking km+t1m—km = L yields

n
4 /
yit == =1 (3:52)
k=1
and this is true if and only if E~£l X1, e xn) =1y o v ey V) O
This allows us to look at asymptotic behavior for each E m i) which allows us to

prove the main result of this section:

Theorem 3.16 Suppose
Xer1 = Ej(xp)

353
Xp € R" ( )

where E,ﬁ : R" — R"isasdefinedin (3.1) and ¢ meets Assumption 3.3 Then every sufficiently
spread out (see Definition 3.5) fixed point X* of the dynamical system is asymptotically stable.

Proof Let x* be sufficiently spread out fixed point of E; Then it has the following form

X[ ==X <X ==X, <o < X = X

with xk 1 xk > r. In other words, x* = (X1 L, xiE ) where x™* = x,’("m (1,...,1).

Using Lemma 3. 15, for |[x — x*| < ¢ withe > 0 sufﬁc1ently small,

Enx) = (EQ (1, xi)s ER g kgt s X))o oo B (k41 X))

(3.54)
Then by Corollary 3.14, a fixed point x"** € span {(1,..., )} of the dynamical system with
( i) is asymptotically stable. So x* = (x'*, x>*, ..., x'*) is asymptotically stable for
the dynamical system with E”. o

4 Numerical Simulations
In this section we report on some numerical simulations, based on the algorithm outlined at

the end of Sect. 2, that confirm the main result of Sect. 3. The structure of the algorithm is as
follows.
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(1) For an initial measure m = Z?:l ajdy;, let xg = (x1,...,x,). Let & be a fixed small

error (we took ¢ = 107°) and let N be the number of iterations (e. g. in the experiments
below, N is taken in the range [1500, 13000]). Let ¢+ > O be a fixed small time horizon
such that the map E!, is well-defined, and let & = #:(G) be a Lipschitz constant of

F!, as guaranteed by Theorem 2.1.
(2) Fork =1, ..., N calculate x; as follows:

(a) Setzy = x;_1.
(b) For¢ = 1,2, ... define z,; as follows:

(i) For j =1,...,n, use Newton’s method to compute an approximation z¢ ; ~
&,ZH (zo,j), where z; ; is the jth component of zg, so that the error is at most
1 e
ot

n
(i) The vector z, so defined necessarily satisfies sz — I:"Zt0 (zg—1) H <ot

2(0—al+1)
(1—a)?

(c) Repeat until o ( + ”11‘ ::t"”) < ¢, then set x; = zy.

By Lemma 2.3 we necessarily have ka — E",Z (Xk—1) H <e.

We examined four different empirical population measures distributed across a vector of
1000 evenly spaced points between [—4.995, 4.995]. The coupling function was given to be
Gx,m) = f ¢(x — z)dm(z) where —g is a standard “bump function” of the form

exp(—]_17), —-1l<x<l1,

0, otherwise,

— () = : @.1)
which satisfies Assumption 3.3. The radius of the support of ¢ is 1, and so any fixed point
of the dynamical system is “sufficiently spread out” by Definition 3.5 as long as the clusters
have distance greater than 1 between them.

Uniform Distribution

0.0025 Initial Distribution 0

0.0020
0.0015
0.0010
0.0005

Position by Round

Final Distribution

0.25

0.20
0.15¢
0.10

0.05 1500

1000
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Group Coalescing  Algorithm Total % of Range Average Average Average
point iterations population  of initial  initial total total cost
to coalesce positions  position move-
ment
1 —3.8225 1260 20.50 [—4.9950, —3.9750  0.5335 —241.9120
—2.9550]
2 —1.8275 1417 20.10 [—2.9450, —1.9450 0.5134 —225.6389
—0.9450]
3 0.0000 1508 18.80 [—0.9350, 0.0000 0.4700 —208.5507
0.9350]
4 1.8275 1417 20.10 [0.9450, 1.9450 0.5134 —225.6389
2.9450]
5 3.8225 1260 20.50 [2.9550, 3.9750 0.5335 —241.9120
4.9950]
Semi-Circle Distribution
Initial Distribution Position by Round
0.0015 .. L 0 >
0.0010
0.0005
500
0
-5 0 5
Final Distribution
0.3‘ 1000 -
0.2
0.1+
ol- | - 1500 | |
-5 0 S -5 0 S
Group Coalescing Algorithm Total % of  Range Average Average Average
point iterations population of initial  initial total total cost
to coalesce positions position move-
ment
1 —3.1619 1535 19.94 [—4.9650, —3.4983 0.6729 —227.6249
—2.4650]
2 —1.0379 1169 30.03 [—2.4550, —1.2026 0.6533 —321.4321
—0.0050]
3 1.0379 1169 30.03 [0.0050, 1.2026 0.6533 -
2.4550] 321.4321
4 3.1619 1535 19.94 [2.4650, 3.4983 0.6729 -
4.9650] 227.6249
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Initial Distribution

Triangular Distribution

0

1000 |

Position by Round

2000
-5 0 5
0.5 ‘ Final Distribution 3000
0.4 ‘
03 { 4000 -
0.2‘ l
0.1
L | © | 5000 |
-5 0 5 -5 0 5
Group Coalescing Algorithm Total % of  Range Average Average Average
point iterations population of initial  initial total total cost
to coalesce positions  position move-
ment
1 —3.5989 5131 4.93 [—4.9550, —3.9527  0.6052 —206.4532
—3.4350]
2 —2.0759 1355 22.75 [—3.4250, —2.2094  0.6614 —943.5018
—1.2850]
3 0.0000 639 44.65 [—1.2750, 0.0000 0.6087 —1869.5074
1.2750]
4 2.0759 1355 2275 [1.2850, 2.2094 0.6614 —943.5018
3.4250]
5 3.5989 5131 4.93 [3.4350, 3.9527 0.6052 —206.4532
4.9550]

0.0050

Initial Distribution

Inverted Semi-Circle Distribution

0.0040
0.0030
0.0020
0.0010 |

'
(%]

CLOoLoO
o—ibwhrua

-5
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Group Coalescing Algorithm Total % of Range of Average Average Average

point iterations population initial initial total total

to coalesce positions position movement cost

1 —3.4234 12806 2.00 [—4.6650, —3.1550] —3.6028 0.4675 —209.4471
2 —1.8900 1604 15.68 [—3.1450, —1.2850] —1.9927 0.5479 —1653.3058
3 0.0000 406 64.62 [—1.2750, 1.2750] 0.0000 0.5369 —6841.9609
4 1.8900 1604 15.68 [1.2850, 3.1450] 1.9927 0.5479 —1653.3058
5 3.4234 12806 2.00 [3.1550, 4.6650] 3.6028 0.4675 —209.4471

In the graphs above, the initial and final distribution are graphed by plotting points (x, y)
where x is the location and y is the total proportion of the population holding position x. The
“Position by Round” graph displays only the distribution of x-values at each round, starting
from the top (the population density itself is not directly visible in this graph). In all four
cases, the iterative process of each agent minimizing their own total cost function divided the
majority of the population into clusters, but only the Uniform Distribution simulation saw
every agent eventually belong to a cluster. The other three distributions ended the simulation
with a small number of isolated agents at the extreme ends of each distribution in the lowest
density regions (i.e. the simulation ended before reaching a stable fixed point). These isolated
agents represented 0.0431% of the Semi-Circle Distribution, 0.0065% of the Triangular
Distribution, and 0.0224% of the Inverted Semi-Circle Distribution. Isolated agents in these
low density regions begin the iterative process with the same ingathering behavior as their
interior neighbors and move towards the distribution’s mean for many iterations. However
as their inlying neighbors start moving inwards faster towards a nearby accumulating mass
of other agents, the isolated agents get left behind, and the innermost isolated agents begin
moving outwards towards the still ingathering, most extreme isolated agents. These low
density regions of isolated agents may eventually coalesce into groups, but the meager benefit
of gathering in such low density regions results in incredibly slow movement from residing
agents. Consequently, waiting for these regions to coalesce would take more iterations than
can be reasonably observed.

Conversely, agents in the highest density regions tend to coalesce the fastest. Group 3 in
the Inverted Semi-Circle Distribution simulation comprised 64.62% of the population and
coalesced in a speedy 406 iterations. Altogether, the Uniform Distribution had completely
coalesced into clusters after 1508 iterations with its tails coalescing first after 1260 iterations.
This observed behavior of the highest density regions coalescing the fastest and lowest density
regions moving too slow to coalesce completely aligns with the structure of the individual’s
total cost function. High density regions present a larger reward for gathering, so individual
agents can justify more movement in a single iteration. The opposite is true for low density
regions. As a result, the region centered about the mean contained the largest group at the end
of the simulation in almost every case. The Uniform Distribution simulation notably deviates
from this trend with the outermost groups containing 1.7% more of the population than the
central group at the mean. This is a direct result of the distribution’s fat tails. Agents in the
tail ends of the distribution are markedly incentivized to get away from the empty regions
next to them and generally move inwards quickly until enough of their inlying neighbors
find their accumulating mass sufficiently attractive to meet them to form a single mass. In
the Uniform Distribution simulation, this quick piling up of the already dense tails produces
a large, attractive mass that outsizes the more inward accumulating masses.

Moreover, agent mobility varied across distribution and final group assignment. The aver-
age total movement across all iterations to coalescence for a single agent was 0.5135 in the
Uniform Distribution simulation, 0.6609 in the Semi-Circle Distribution simulation, 0.6323
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in the Triangular Distribution simulation, and 0.5374 in the Inverted Semi-Circle Distribution
simulation. Due to their fatter tails, the Uniform and Semi-Circle Distribution simulations
had decreasing average total movement from the outermost groups to the innermost group(s),
which is a result of the outermost agents trying to rapidly get away from the empty region
next to them. The least mobile groups in the Triangular and Inverted Semi-Circle Distribu-
tion simulations with thinner tails were the outermost groups, but similar to the Uniform
and Semi-Circle Distribution simulations, the middling groups had a higher average total
movement then the innermost group. Low population density in the outermost regions slows
down the groups and negatively affects the groups’ average total movement. Meanwhile,
the middling regions may not have completely empty regions next to them, the outermost
regions are comparatively empty to the innermost regions, producing the same effect on the
middling and innermost groups as the Uniform and Semi-Circle Distribution simulations.
Within groups, agents that happened to begin the simulations near the coalescing point for
their group did not have to move very far to converge on their final position, while agents
that happened to begin further away from the coalescing point for their group had to move
significantly to converge on their final position.

Population density had the biggest impact on average total cost. Groups with the highest
population density had the lowest average total cost accumulated across all rounds to coa-
lescence. Like total movement for individual agents, the agents that happened to begin the
simulations near the coalescing point for their group had lower total cost than the agents that
happened to begin the simulations farther away from the coalescing point for their group.

Finally, in every case we examined, the final distribution was narrower than the initial
distribution, but not every agent consistently moved towards the mean. 35.20% of agents
in the Uniform Distribution, 41.04% of agents in the Semi-Circle Distribution, 23.26% of
agents in the Triangular Distribution, and 16.96% of agents in the Inverted Semi-Circle
Distribution ended up farther away from the mean of the distribution in their final position
than in their initial position. However, the final coalescing point of every group is closer
to the mean of each distribution than their average initial position. The narrowing of the
population in addition to the difference between the final coalescing point and average initial
position of each group indicates an overall mean-convergent behavior, but the existence of
separate groups that do not all converge to the mean as well as the not insignificant portion
of each population distribution moving away from the mean implies something interesting
is going on. If the population in all four simulations has an overall ingathering behavior,
why do distinct groups form? The observed effect of the iterative process of each agent
minimizing their own total cost function is not wholesale “polarization” because the vast
majority of agents end the simulation in more moderate positions than they started in. Rather
in all four simulations, we can see the flight of the relative-moderate who is attracted to
the mass of agents with more extreme positions that are willing to compromise and exhibit
mean-converging behavior.

Altogether, a population distribution’s density and concavity affects the formation of
groups, especially at the tails.

5 Conclusion

In this paper we have studied a simple mean field game in which players have an incentive
to congregate, and we have analyzed the resulting dynamical system formed by iterating
the game. We have identified the fixed points and rigorously proved the asymptotic stability
for this dynamical system. Our numerical simulations both demonstrate the validity of these
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results and also provide thought-provoking details about the dynamics. We now conclude
this paper with some open questions for both theory and applications.

5.1 Equilibrium for a Long Time Horizon

One natural question is whether the stable fixed points of the dynamical system (3.1)
correspond (at least approximately) to Nash equilibrium points for the game with a very
long time horizon. A heuristic argument in favor of this conjecture is as follows. We take
Gy, pn) = f(p(y — z)du(z) and consider its discrete analog g(y, z) = % Yo oy — z)-
Recall that the cost to each player moving from position x to y is

1 n
+ D el =),

k=1

Ix —yI?
2

Taking t — 00, we see that x is almost irrelevant. The optimal strategy is essentially to find
a minimizer of y > 22:1 o(y —zx). If z = (z1, ..., z,) 1s to represent an equilibrium
measure, then each z; must in fact be a minimizer of this function. Assume —¢ is a bump
function asin (4.1). Glancing atthe graphof y > Y i _; ¢(y—zx) suggests zis an equilibrium
if and only if the points z1, ..., z, form equal sized clusters 7| = -+ - = 2% < Zgg1 =+ =
2ok < -+ < Zmk such that z(j 1 1)x — zjx is sufficiently large for each j. Hence z should also
be a stable fixed point of the dynamical system (3.1) according to Theorem 3.4. Since we
cannot expect the equilibrium to be unique for an arbitrary time horizon, this infinite time
limit case might provide some meaningful way of selecting among multiple equilibria for
large time horizon games. We intend to investigate this in future research.

5.2 Stability for Non-empirical Measures

A natural extension of this paper would be to consider the same question of stability
analysis for non-empirical measures. That is, for m a non-empirical measure, what is
limy_s o0 (E ! )k (m)? It is not clear whether fixed points are stable, since the eigenvalues
computed in Sect. 3 could possibly move toward 1 as n — oo. It is nevertheless tempting
to conjecture that the limit limg_, oo (E ’)k (m) can in many cases be well-approximated by
discretizing m.

5.3 Opinion Dynamics

One particularly compelling application for our model is where the population measure
represents the distribution of people on a spectrum of opinions, e.g. a single-issue political
spectrum. The iterated game could model a process in which people change their positions
incrementally, trying to find communities with valuable social identities of like-minded peers,
or perhaps trying to build coalitions to win political capital. On an optimistic note, we observe
that in our simulations the entire population becomes more moderate as a whole, and most
individuals elect to compromise to join less extreme communities. However, the population’s
separation into distinct, consolidated groups gives dissidents platforms with greater leverage
than they began with, and the most extreme dissidents are left behind entirely with their
voices completely drowned out by more popular groups. Our model shows that the individual
proclivity to group can reshape a population at large, but the effects of the population’s new
shape on society are harder to determine.
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It would be interesting to use game theoretic models to further investigate the impact of
grouping on political or other social systems.
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