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Abstract

We propose a novel framework for analyzing the dynamics of distribution shift in
real-world systems that captures the feedback loop between learning algorithms and
the distributions on which they are deployed. Prior work largely models feedback-
induced distribution shift as adversarial or via an overly simplistic distribution-shift
structure. In contrast, we propose a coupled partial differential equation model that
captures fine-grained changes in the distribution over time by accounting for com-
plex dynamics that arise due to strategic responses to algorithmic decision-making,
non-local endogenous population interactions, and other exogenous sources of dis-
tribution shift. We consider two common settings in machine learning: cooperative
settings with information asymmetries, and competitive settings where a learner
faces strategic users. For both of these settings, when the algorithm retrains via
gradient descent, we prove asymptotic convergence of the retraining procedure to
a steady-state, both in finite and in infinite dimensions, obtaining explicit rates in
terms of the model parameters. To do so we derive new results on the convergence
of coupled PDEs that extends what is known on multi-species systems. Empirically,
we show that our approach captures well-documented forms of distribution shifts
like polarization and disparate impacts that simpler models cannot capture.

1 Introduction

In many machine learning tasks, there are commonly sources of exogenous and endogenous dis-
tribution shift, necessitating that the algorithm be retrained repeatedly over time. Some of these
shifts occur without the influence of an algorithm; for example, individuals influence each other to
become more or less similar in their attributes, or benign forms of distributional shift occur [Qui+].
Other shifts, however, are in response to algorithmic decision-making. Indeed, the very use of a
decision-making algorithm can incentivize individuals to change or mis-report their data to achieve
desired outcomes— a phenomenon known in economics as Goodhart’s law. Such phenomena have
been empirically observed, a well-known example being in [[CC11]], where researchers observed
a population in Columbia strategically mis-reporting data to game a poverty index score used for
distributing government assistance. Works such as [Mil+20; Wil+21]], which investigate the effects of
distribution shift over time on a machine learning algorithm, point toward the need for evaluating the
robustness of algorithms to distribution shifts. Many existing approaches for modeling distribution
shift focus on simple metrics like optimizing over moments or covariates [DY 10; |[LHL21; BBS09].
Other methods consider worst-case scenarios, as in distributionally robust optimization [[AZ22]
LEFG22; DN21}; |Kuh+19]. However, when humans respond to algorithms, these techniques may not
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be sufficient to holistically capture the impact an algorithm has on a population. For example, an
algorithm that takes into account shifts in a distribution’s mean might inadvertently drive polarization,
rendering a portion of the population disadvantaged.

Motivated by the need for a more descriptive model, we present an alternative perspective which
allows us to fully capture complex dynamics that might drive distribution shifts in real-world systems.
Our approach is general enough to capture various sources of exogenous and endogenous distribution
shift including the feedback loop between algorithms and data distributions studied in the literature on
performative prediction [Per+20; IYZ21} Ray+22; [Nar+22; [ MPZ21], the strategic interactions studied
in strategic classification [Har+16; |Don+18], and also endogenous factors like intra-population
dynamics and distributional shifts. Indeed, while previous works have studied these phenomena in
isolation, our method allows us to capture all of them as well as their interactions. For example,
in [Zrn+21]], the authors investigate the effects of dynamics in strategic classification problems—
but the model they analyze does not capture individual interactions in the population. In [IYZ21]],
the authors model the interaction between a population that repeatedly responds to algorithmic
decision-making by shifting its mean. Additionally, [Ray+22]] study settings in which the population
has both exogenous and endogenous distribution shifts due to feedback, but much like the other cited
work, the focus remains on average performance. Each of these works fails to account for diffusion
or intra-population interactions that can result in important qualitative changes to the distribution.

Contributions. Our approach to this problem relies on a detailed non-local PDE model of the data
distribution which captures each of these factors. One term driving the evolution of the distribution
over time captures the response of the population to the deployed algorithm, another draws on models
used in the PDE literature for describing non-local effects and consensus in biological systems to
model intra-population dynamics, and the last captures a background source of distribution shift.
This is coupled with an ODE, lifted to a PDE, which describes the training of a machine learning
algorithm results in a coupled PDE system which we analyze to better understand the behaviors that
can arise among these interactions.

In one subcase, our model exhibits a joint gradient flow structure, where both PDEs can be written as
gradients flows with respect to the same joint energy, but considering infinite dimensional gradients
with respect to the different arguments. This mathematical structure provides powerful tools for
analysis and has been an emerging area of study with a relatively small body of prior work, none
of which related to distribution shifts in societal systems, and a general theory for multi-species
gradient flows is still lacking. We give a brief overview of the models that are known to exhibit
this joint gradient flow structure: in [DS20] the authors consider a two-species tumor model with
coupling through Brinkman’s Law. A number of works consider coupling via convolution kernels
[FF13; |Giu+22; JPZ22; (CHS18; IDT20; [Dou+23] and cross-diffusion [LY?22; |JAB21; MKB14],
with applications in chemotaxis among other areas. In the models we consider here, the way the
interaction between the two populations manifests is neither via cross-diffusion, nor via the non-local
self-interaction term. A related type of coupling has recently appeared in [HPS22; HPS23||, however
in the setting of graphs. Recent work [Dom+21]] provides particle-based methods to approximately
compute the solution to a minimax problem where the optimization space is over measures; following
that work, [WC23]] provides another particle-based method using mirror descent-ascent to solve a
similar problem. Other recent work [Lu23|] proves that a mean-field gradient ascent-descent scheme
with an entropy annealing schedule converges to the solution of a minimax optimization problem
with a timescale separation parameter that is also time-varying; in contrast, our work considers fixed
timescale separation setting. [[GG23|] show that the mean-field description of a particle method for
solving minimax problems has proveable convergence guarantees in the Wasserstein-Fisher-Rao
metric. Each of these references considers an energy functional that is linear in the distribution of
each species respectively; our energy includes nonlinearities in the distributions via a self-interaction
term as well as diffusion for the population. Moreover, the above works introduce a gradient flow
dynamic as a tool for obtaining and characterizing the corresponding steady states, whereas in our
setting we seek to capture the time-varying behavior that models distributions shifts. In the other
subcase, we prove exponential convergence in two competitive, timescale separated settings where the
algorithm and strategic population have conflicting objectives. We show numerically that retraining in
a competitive setting leads to polarization in the population, illustrating the importance of fine-grained
modeling.
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2 Problem Formulation

Machine learning algorithms that are deployed into the real world for decision-making often become
part of complex feedback loops with the data distributions and data sources with which they interact.
In an effort to model these interactions, consider a machine learning algorithm that has loss given by
L(z, ) where x € R are the algorithm parameters and z € R? are the population attributes, and the
goal is to solve
argmin E L(z,x),
zeEX FTP

where X’ is the class of model parameters and p(z) is the population distribution. Individuals have an
objective given by J(z, x) in response to a model parameterized by x, and they seek to solve

argmin J(z, x).
z€R

When individuals in the population and the algorithm have access to gradients, we model the
optimization process as a gradient-descent-type process. Realistically, individuals in the population
will have nonlocal information and influences, as well as external perturbations, the effects of
which we seek to capture in addition to just minimization. To address this, we propose a partial
differential equation (PDE) model for the population, that is able to capture nonlocal interactions
between individuals on the level of a collective population. To analyse how the population evolves
over time, a notion of derivative in infinite dimensions is needed. A natural, and in this context
physically meaningful, way of measuring the dissipation mechanism for probability distributions is
the Wasserstein-2 metric (see Definition [d). The following expression appears when computing the
gradient of an energy functional with respect to the Wasserstein-2 topology.

Definition 1. [First Variation] For a map G : P(R?) +— R and fixed probability distribution

p € P(R?), the first variation of G at the point p is denoted by §,G[p] : R* — R, and is defined via
the relation

[ 3,Glol(e)0e)dz =t LGl + ) ~ Gl)

for all p € C(RY) such that [ dv = 0, assuming that G is regular enough for all quantities to
exist.

Here, P(R?) denotes the space of probability measures on the Borel sigma algebra. Using the first
variation, we can express the gradient in Wasserstein-2 space, see for example [Vil03| Exercise 8.8].

Lemma 1. The gradient of an energy G : P2(R?) — R in the Wasserstein-2 space is given by
Vi, G(p) = —div (pV,Glp]) -

Here, P(R?) denotes the set of probability measures with bounded second moments, also see
Appendix[A.2] As a consequence, the infinite dimensional steepest descent in Wasserstein-2 space
can be expressed as the PDE

Op = —Vw,G(p) = div (pV5,G[p]) - (D

All the coupled gradient flows considered in this work have this Wasserstein-2 structure. In particular,
when considering that individuals minimize their own loss, we can capture these dynamics via a
gradient flow in the Wasserstein-2 metric on the level of the distribution of the population. Then for
given algorithm parameters 2 € R, the evolution for this strategic population is given by

Dup = div (pV5p [E JGo)+ E(pﬂ) | @

where F(p) is a functional including terms for internal influences and external perturbations. In
real-world deployment of algorithms, decision makers update their algorithm over time, leading to an
interaction between the two processes. We also consider the algorithm dynamics over time, which we
model as

i=-V,[ E L(z ). 3)

zrop
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In this work, we analyze the behavior of the dynamics under the following model. The algorithm
suffers a cost f1(z, x) for a data point z under model parameters z in the strategic population, and a
cost fo(z, ) for a data point in a fixed, non-strategic population. The strategic population is denoted
by p € P, and the non-strategic population by p € P. The algorithm aims to minimize

E L) = [ fieo)dne) + [ fa)da) + 5 Lo = ol

where the norm is the vector inner product ||z||* = (z, z) and 3 > 0 weights the cost of updating the
model parameters from its initial condition.

We consider two settings: (¢) aligned objectives, and (u) competing objectives. Case (¢) captures the
setting in which the strategic population minimization improves the performance of the algorithm,
subject to a cost for deviating from a reference distribution p € P. This cost stems from effort
required to manipulate features, such as a loan applicant adding or closing credit cards. On the
other hand, Case (i4) captures the setting in which the strategic population minimization worsens the
performance of the algorithm, again incurring cost from distributional changes.

2.1 Case (i): Aligned Objectives

In this setting, we consider the case where the strategic population and the algorithm have aligned
objectives. This occurs in examples such as recommendation systems, where users and algorithm
designers both seek to develop accurate recommendations for the users. This corresponds to the
population cost

E J(zx)= /flzxdm )du(z) + aK L(p| 5),

Zop,Tp

where K L(-|-) denotes the Kullback-Leibler divergence. Note that the KL divergence introduces
diffusion to the dynamics for p. The weight o > 0 parameterizes the cost of distribution shift to the
population. To account for nonlocal information and inﬂuence among members of the population, we
include a kernel term E(p) = 5 [ pW % pdz, where (W *p)(z) = [ W (z—Zz)dp(Z) is a convolution
integral and W is a su1table interaction potential.

2.2 Case (ii): Competing Objectives

In settings such as online internet forums, where algorithms and users have used manipulative
strategies for marketing [Del06], the strategic population may be incentivized to modify or mis-report
their attributes. The algorithm has a competitive objective, in that it aims to maintain performance
against a population whose dynamics cause the algorithm performance to suffer. When the strategic
population seeks an outcome contrary to the algorithm, we model strategic population cost as

B o) = [ [ fie2)dolo)duta) + aK L] )

ZNp, T

A significant factor in the dynamics for the strategic population is the timescale separation between
the two "species"—i.e., the population and the algorithm. In our analysis, we will consider two cases:
one, where the population responds much faster than the algorithm, and two, where the algorithm
responds much faster than the population. We illustrate the intermediate case in a simulation example.

3 Results

We are interested in characterizing the long-time asymptotic behavior of the population distribution,
as it depends on the decision-makers action over time. The structure of the population distribution
gives us insights about how the decision-makers actions influences the entire population of users.
For instance, as noted in the preceding sections, different behaviors such as bimodal distributions or
large tails or variance might emerge, and such effects are not captured in simply looking at average
performance. To understand this intricate interplay, one would like to characterize the behavior of
both the population and the algorithm over large times. Our main contribution towards this goal is a
novel analytical framework as well as analysis of the long-time asymptotics.
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A key observation is that the dynamics in (Z)) and (3) can be re-formulated as a gradient flow; we lift
x to a probability distribution . by representing it as a Dirac delta g sitting at the point x. As a result,
the evolution of ¢ will be governed by a PDE, and combined with the PDE for the population, we
obtain a system of coupled PDE:s,

Oip = div (wza [ E  J(z,z)+E(p )})

Zeop, T

Oy = div (wwau[ E L(z,x)}) ,
2P, T

where ¢, and ¢, are first variations with respect to p and u according to Deﬁnition The natural
candidates for the asymptotic profiles of this coupled system are its steady states, which - thanks
to the gradient flow structure - can be characterized as ground states of the corresponding energy
functionals. In this work, we show existence and uniqueness of minimizers (maximizers) for the
functionals under suitable conditions on the dynamics. We also provide criteria for convergence and
explicit convergence rates. We begin with the case where the interests of the population and algorithm
are aligned, and follow with analogous results in the competitive setting. We show convergence
in energy, which in turn ensures convergence in a product Wasserstein metric. For convergence in
energy, we use the notion of relative energy and prove that the relative energy converges to zero as
time increases.

Definition 2 (Relative Energy). The relative energy of a functional G is given by G(v|ve0) =
G(7) — G(vs0), where G(Yoo) is the energy at the steady state.

Since we consider the joint evolution of two probability distributions, we define a distance metric W
on the product space of probability measures with bounded second moment.
Definition 3 (Joint Wasserstein Metric). The metric over Po(R?) x Pa(R?) is called W and is given
by

W((p, 1), (5, )* = Walp, p)* + Wa(u, 1)?

for all pairs (p, i1), (p, it) € P2(R?) x Pa(RY), and where W denotes the Wasserstein-2 metric (see
Definition . We denote by W(R?) := (Py(R%) x Po(R?), W) the corresponding metric space.

3.1 Gradient Flow Structure

In the case where the objectives of the algorithm and population are aligned, we can write the
dynamics as a gradient flow by using the same energy functional for both species. Let G, (p, 1) :
P(RY) x P(R?) + [0, 0] be the energy functional given by

Galp / fi(z, x)dp(2)dp(z / fo(z,2)dp(z)dp(z) + K L(p|p) + ;/pW*p
+2 [ e~ a0l auta)

This expression is well-defined as the relative entropy K L(p | p) can be extended to the full set
P(R?) by setting G, (p, ;1) = +00 in case p is not absolutely continuous with respect to f.

In the competitive case we define G.(p, ) : P(R?) x R? s [—o0, o] by

1
0= [ fiea)doe) + [ e )dp) — aKLpla) ~ 5 [ oW 5o+ 5 e =zl

In settings like recommender systems, the population and algorithm have aligned objectives; they
seek to minimize the same cost but are subject to different dynamic constraints and influences,
modeled by the regularizer and convolution terms. In the case where the objectives are aligned, the
dynamics are given by
Op = div (pV20,Galp, p])
Oep = div (uV0,Galp, p]) -

Note that (@) is a joint gradient flow, because the dynamics can be written in the form
Oy = div(vV6,Ga(7)) ,

“
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where v = (p, 1) and where the gradient and divergence are taken in both variables (z,z). We
discuss the structure of the dynamics (@) as well as the meaning of the different terms appearing in
the energy functional G, in Appendix

In other settings, such as credit score reporting, the objectives of the population are competitive with
respect to the algorithm. Here we consider two scenarios; one, where the algorithm responds quickly
relative to the population, and two, where the population responds quickly relative to the algorithm.
In the case where the algorithm can immediately adjust optimally (best-respond) to the distribution,
the dynamics are given by

Op = —div (p (V:6,Gelp, 2]) ls=b(p)) »

b(p) = argmin G.(p, T) . o)

Next we can consider the population immediately responding to the algorithm, which has dynamics

Ex = _vac(p»x”p:r(r) 3
dt (6)
r(z) = argmin —G.(p, x) .
pEP

In this time-scale separated setting, model (3) represents a dyamic maximization of G with respect
to p in Wasserstein-2 space, and an instantaneous minimization of G, with respect to the algorithm
parameters 2. Model (6)) represents an instantaneous maximization of G with respect to p and a
dynamic minimization of G with respect to the algorithm parameters z. The key results on existence
and uniqueness of a ground state as well as the convergence behavior of solutions depend on convexity
(concavity) of G, and G.. The notion of convexity that we will employ for energy functionals in
the Wasserstein-2 geometry is (uniform) displacement convexity, which is analogous to (strong)
convexity in Euclidean spaces. One can think of displacement convexity for an energy functional
defined on P, as convexity along the shortest path in the Wasserstein-2 metric (linear interpolation in
the Wasserstein-2 space) between any two given probability distributions. For a detailed definition
of (uniform) displacement convexity and concavity, see Section [A.2] In fact, suitable convexity
properties of the input functions f1, fo, W and p will ensure (uniform) displacement convexity of the
resulting energy functionals appearing in the gradient flow structure, see for instance [Vil03, Chapter
5.2].

We make the following assumptions in both the competitive case and aligned interest cases. Here,
I; denotes the d x d identity matrix, Hess (f) denotes the Hessian of f in all variables, while V2 f
denotes the Hessian of f in the variable = only.

Assumption 1 (Convexity of f; and fo). The functions fi, fo € C*(R? x R?; [0, 00)) satisfy for all
(z,z) € R x R? the following:

s There exists constants A1, \a > 0 such that Hess (f1) = A1 Iog and V2 fy = o 1y;

o There exist constants a; > 0 such that x - V. f;(z,2) > —a; fori =1,2;
Assumption 2 (Reference Distribution Shape). The reference distribution p € P(R?) N L*(R9)
satisfies log p € C?(R?) and V2 log p(z) = —\1y for some X > 0.
Assumption 3 (Convex Interaction Kernel). The interaction kernel W € C?(R%; [0, 00)) is convex,
symmetric W (—z) = W(z), and for some D > 0 satisfies

2-V.W(z)>-D, |V.W(2)|<D(1+|z]) VzeRe

We make the following observations regarding the assumptions above:

* The convexity in Assumption [3|can be relaxed and without affecting the results outlined
below by following a more detailed analysis analogous to the approach in [CMVO3]].

* If f1 and f5 are strongly convex, the proveable convergence rate increases, but without strict

or strong convexity of f; and fo, the regularizers K L(p|p) and [ ||z — zo ||§ dx provide the
convexity guarantees necessary for convergence.

For concreteness, one can consider the following classical choices of input functions to the evolution:

* Using the log-loss function for f; and f satisfies Assumption [T}

A
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* Taking the reference measure / to be the normal distribution satisfies Assumption 2] which
ensures the distribution is not too flat.

* Taking quadratic interactions W (z) = %|z|2 satisfies Assumption

Remark 1 (Cauchy-Problem). To complete the arguments on convergence to equilibrium, we require
sufficient regularity of solutions to the PDEs under consideration. In fact, it is sufficient if we can
show that equations (@), (), and (6) can be approximated by equations with smooth solutions. Albeit
tedious, these are standard techniques in the regularity theory for partial differential equations,
see for example [[CMVO03, Proposition 2.1 and Appendix A], [|OV00], [VilO3| Chapter 9], and the
references therein. Similar arguments as in [[DVO0|] are expected to apply to the coupled gradient
flows considered here, guaranteeing existence of smooth solutions with fast enough decay at infinity,
and we leave a detailed proof for future work.

3.2 Analysis of Case (i): Aligned Objectives

The primary technical contribution of this setting consists of lifting the algorithm dynamics from an
ODE to a PDE, which allows us to model the system as a joint gradient flow on the product space of
probability measures. The coupling occurs in the potential function, rather than as cross-diffusion or
non-local interaction as more commonly seen in the literature for multi-species systems.

Theorem 2. Suppose that Assumptionsare satisfied and let N\, := A1 + min(\y + 3, 045\) > 0.
Consider solutions v; := (py, it ) to the dynamics (@) with initial conditions satisfying vo € P2(R?) x
Pa(R?) and G, (o) < 0o. Then the following hold:

(a) There exists a unique minimizer Yoo = (Poo, foo) Of Ga, which is also a steady state for
equation {@). Moreover, po, € L*(R?), has the same support as p, and its density is
continuous.

(b) The solution ~y; converges exponentially fast in G (- | Yoo ) and W,
Ga(Vt |700) < €72 G0 700)  and W (1,700) < ce™ ' forallt >0,

where ¢ > 0 is a constant only depending on 7y, Voo and the parameter \,,.

Proof. (Sketch) For existence and uniqueness, we leverage classical techniques in the calculus
of variations. To obtain convergence to equilibrium in energy, our key result is a new HWI-type
inequality, providing as a consequence generalizations of the log-Sobolev inequality and the Talagrand
inequality. Together, these inequalities relate the energy (classically denoted by H in the case of the
Boltzmann entropy), the metric (classically denoted by W in the case of the Wasserstein-2 metric) and
the energy dissipation (classically denoted by I in the case of the Fisher informationﬂ Combining
these inequalities with Gronwall’s inequality allows us to deduce convergence both in energy and in
the metric W. O

3.3 Analysis of Case (ii): Competing Objectives

In this setting, we consider the case where the algorithm and the strategic population have goals in
opposition to each other; specifically, the population benefits from being classified incorrectly. First,
we will show that when the algorithm instantly best-responds to the population, then the distribution
of the population converges exponentially in energy and in Ws. Then we will show a similar result
for the case where the population instantly best-responds to the algorithm.

In both cases, we begin by proving two Danskin-type results (see [Dan67; |Ber71[]) which will be used
for the main convergence theorem, including convexity (concavity) results. To this end, we make the
following assumption ensuring that the regularizing component in the evolution of p is able to control
the concavity introduced by f; and fs.

Assumption 4 (Upper bounds for f1 and f5). There exists a constant A1 > 0 such that
V2fi(z,x) < Ay forall (z,x) € R x RY,
and for any R > 0 there exists a constant ca = c3(R) € R such that
sup /fg(z,:c)dﬁ(z) <cg.
z€BR(0)

"Hence the name HWI inequalities.
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Equipped with Assumption 4] we state the result for a best-responding algorithm.

Theorem 3. Suppose Assumptions are satisfied with aX > Ay. Let \y, == a) — A;. Define
Gy(p) = G.(p,b(p)). Consider a solution p; to the dynamics (5) with initial condition py € Po(R?)
such that Gy(po) < 0o. Then the following hold:

(a) There exists a unique maximizer po, of Gy(p), which is also a steady state for equation (3).
Moreover, ps, € L*(RY), has the same support as p, and its density is continuous.

(b) The solution p; converges exponentially fast to peo with rate Ny in Gp(- | poo) and W,
Gp(pt ] poo) < e_QAtha(po |poo) and Wa(pt, poo) < ce ™ forallt >0,

where ¢ > 0 is a constant only depending on pg, poo and the parameter \p.

Proof. (Sketch) The key addition in this setting as compared with Theorem [2|is proving that G} (p)
is bounded below, uniformly displacement concave and guaranteeing its smoothness via Berge’s
Maximum Theorem. This is non-trivial as it uses the properties of the best response b(p). A central
observation for our arguments to work is that §,G4[p] = (9,G¢[p, z]) |z=p(,)- We can then conclude
using the direct method in the calculus of variations and the HWI method. O

Here, the condition that oA must be large enough corresponds to the statement that the system must
be subjected to a strong enough regularizing effect.

In the opposite case, where p instantly best-responds to the algorithm, we show Danskin-like results
for derivatives through the best response function and convexity of the resulting energy in x which
allows to deduce convergence.

Theorem 4. Suppose Assumptions are satisfied with aX > Ay, and that r(x) is differentiable (as
shown by example conditions in Lemmas[27]and28). Define G4(x) = G(r(x), z). Then it holds:

(a) There exists a unique minimizer oo of Gq(x) which is also a steady state for (0).

(b) The vector x(t) solving the dynamics (6) with initial condition x(0) € R? converges
exponentially fast to Too with rate \g :== A\ + Ao + 8 > 0in G4 and in the Euclidean norm:

[2(t) = Too | < e *2(0) = Tool,
Ga((t)) = Ga(s) < e (Ga(2(0)) — Ga(wo0))
forallt > 0.

These two theorems illustrate that, under sufficient convexity conditions on the cost functions, we
expect the distribution p and the algorithm x to converge to a steady state. In practice, when the
distributions are close enough to the steady state there is no need to retrain the algorithm.

While we have proven results for the extreme timescale cases, we anticipate convergence to the
same equilibrium in the intermediate cases. Indeed, it is well known [Bor(09] (especially for systems
in Euclidean space) that for two-timescale stochastic approximations of dynamical systems, with
appropriate stepsize choices, converge asymptotically, and finite-time high probability concentration
bounds can also be obtained. These results have been leveraged in strategic classification [Zrn+21]]
and Stackelberg games [FCR20; [FR21} |[Fie+21]]. We leave this intricate analysis to future work.

In the following section we show numerical results in the case of a best-responding z, best-responding
p, and in between where x and p evolve on a similar timescale. Note that in these settings, the
dynamics do not have a gradient flow structure due to a sign difference in the energies, requiring
conditions to ensure that one species does not dominate the other.

4 Numerical Examples

‘We illustrate numerical results for the case of a classifier, which are used in scenarios such as loan
or government aid applications [[CC11]], school admissions [[PS13]], residency match [Reel8]], and
recommendation algorithms [LSW10], all of which have some population which is incentivized
to submit data that will result in a desirable classification. For all examples, we select classifiers

R
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of the form z € R, so that a data point z € R is assigned a label of 1 with probability ¢(z,z) =
(14 exp(—bTz+z))~! where b > 0. Let f; and f» be given by

fi(z,z) = —log(1 — q(z,x)), fa(z,2) = —log q(z, ).

Note that Hess (f1) *= 0 and Vi fo = 0,50 A\; = Ay = 0. Here, the strictness of the convexity
of the functional is coming from the regularizers, not the cost functions, with p a scaled normal
distribution. We show numerical results for two scenarios with additional settings in the appendix.
First we illustrate competitive interests under three different timescale settings. Then we simulate the
classifier taking an even more naive strategy than gradient descent and discuss the results. The PDEs
were implemented based on the finite volume method from [[CCH15].

4.1 Competitive Objectives

In the setting with competitive objectives, we utilize G.(p, x) with W = 0, f; and f5 as defined
above with b = 3 fixed as it only changes the steepness of the classifier for d = 1, and oo = 0.1 and
B = 0.05. In Figure [I] we simulate two extremes of the timescale setting; first when p is nearly
best-responding and then when x is best-responding. The simulations have the same initial conditions
and end with the same distribution shape; however, the behavior of the strategic population differs in
the intermediate stages. When p is nearly best-responding, we see that the distribution quickly shifts

p best-responding

> t=0.0 B t=1.0 ) t=1.7 B t=5.0 B
=0.50 .
= P P 4 \ 4
%0_25 """ X Po Po Po
s y U - x || L L x | | L i X
0.00— — - —
-2 0 2 4 -2 0 2 4 -2 0 2 4 -2 0 2 4
z z z z
X best-responding
0.751 = 0 = - = - = -
> t=0.0 t=3.0 5 t=5.0 5 t=15.0 5
=0.50
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Figure 1: When x versus p best-responds, we observe the same final state but different intermediate
states. Modes appear in the strategic population which simpler models cannot capture.

mass over the classifier threshold. Then the classifier shifts right, correcting for the shift in p, which
then incentivizes p to shift more mass back to the original mode. In contrast, when x best-responds,
the right-hand mode slowly increases in size until the system converges.

Figure [2 shows simulation results from the setting where p and « evolve on the same timescale. We
observe that the distribution shift in p appears to fall between the two extreme timescale cases, which
we expect. We highlight two important observations for the competitive case. One, a single-mode

p and x at similar rates
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Figure 2: In this experiment the population and classifier have similar rates of change, and the
distribution change for p exhibits behaviors from both the fast p and fast « simulations; the right-hand
mode does not peak as high as the fast p case but does exceed its final height and return to the
equilibrium.

distribution becomes bimodel, which would not be captured using simplistic metrics such as the
mean and variance. This split can be seen as polarization in the population, a phenomenon that
a mean-based strategic classification model would not capture. Two, the timescale on which the
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classifier updates significantly impacts the intermediate behavior of the distribution. In our example,
when z updated slowly relative to the strategic population, the shifts in the population were greater
than in the other two cases. This suggests that understanding the effects of timescale separation are
important for minimizing volatility of the coupled dynamics.

4.2 Naive Behavior

In this example, we explore the results of the classifier adopting a non-gradient-flow strategy, where
the classifier chooses an initially-suboptimal value for « and does not move, allowing the strategic
population to respond. All functions and parameters are the same as in the previous example. When

Classifier Loss
w-18{ 0.6
-1.9 >
=
Population Loss 504
L0y ———————— ©
€
w =
g \ 202
0.8 -
o] 10 20 30 40 50 0.0
time
gradient descent naive |

(a) Both species minimize their respective losses;
when the classifier uses a naive strategy, the final
performance is better for the classifier and uni-
formly worse for the population.

(b) The classifier selects a suboptimal initial condi-
tion z = 2.2, instead of x = 1.5 which minimizes
the initial loss, and then does not move in response
to the population.

Figure 3: Although the classifier starts with a larger cost by taking the naive strategy, the final loss
is better. This illustrates how our model can be used to compare robustness of different strategies
against a strategic population.

comparing with the gradient descent strategy, we observe that while the initial loss for the classifier
is worse for the naive strategy, the final cost is better. While this results is not surprising, because
one can view this as a general-sum game where the best response to a fixed decision may be better
than the equilibrium, it illustrates how our method provides a framework for evaluating how different
training strategies perform in the long run against a strategic population.

5 Future Directions, Limitations, and Broader Impact

Our work presents a method for evaluating the robustness of an algorithm to a strategic population,
and investigating a variety of robustness using our techniques opens a range of future research
directions. Our application suggests many questions relevant to the PDE literature, such as: (1)
Does convergence still hold with the gradient replaced by an estimated gradient? (2) Can we prove
convergence in between the two timescale extremes? (3) How do multiple dynamic populations
respond to an algorithm, or multiple algorithms? In the realm of learning algorithms, our framework
can be extended to other learning update strategies and presents a way to model how we can design
these update strategies to induce desired behaviors in the population.

A challenge in our method is that numerically solving high-dimensional PDEs is computationally
expensive and possibly unfeasible. Here we note that in many applications, agents in the population
do not alter more than a few features due to the cost of manipulation. We are encouraged by the
recent progress using deep learning to solve PDEs, which could be used in our application.

Broader Impacts Modeling the full population distribution rather than simple metrics of the distri-
bution is important because not all individuals are affected by the algorithm in the same way. For
example, if there are tails of the distribution that have poor performance even if on average the model
is good, we need to know how that group is advantaged or disadvantaged relative to the rest of the
population. Additionally, understanding how people respond to algorithms offers an opportunity to
incentivise people to move in a direction that increases social welfare.
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A General structure and preliminaries

In this section, we give more details on the models discussed in the main article, and introduce definitions and
notation that are needed for the subsequent proofs.

A.1 Structure of the dynamics

For the case of aligned objectives, the full coupled system of PDEs (@) can be written as

Orp = alAp + div (sz (/fld,ufalogﬁ+W*p)) , (7a)

Dru = div (uvx (/f1dp+/f2d,5+ §\|w—a:o\|2)). (7b)

In other words, the population p in is subject to an isotropic diffusive force with diffusion coefficient o > 0,

a drift force due to the time-varying confining potential | f1du(t) — «log p, and a self-interaction force via the
interaction potential W. If we consider the measure y to be given and fixed in time, this corresponds exactly
to the type of parabolic equation studied in [CMVO03|. Here however the dynamics are more complex due to
the coupling of the confining potential with the dynamics for p(t) via the coupling potential fi. Before
presenting the analysis of this model, let us give a bit more intuition on the meaning and the structure of these
dynamics.

In the setting where p represents a binary classifier, we can think of the distribution p as modelling all those
individuals carrying the true label 1, say, and the distribution p(¢) as modelling all those individuals carrying
a true label 0, say, where 0 and 1 denote the labels of two classes of interest. The term [ f1(z,z)u(t, dz)
represents a penalty for incorrectly classifying an individual at z with true label O when using the classifier
w(t, ). In other words, [ f1(z,z)u(t,dz) € [0, co) is increasingly large the more z digresses from the correct
classification 0. Similarly, [ f1(z, z)p(t, dz) € [0, c0) is increasingly large if the population p shifts mass to
locations in z where the classification is incorrect. The terminology aligned objectives refers to the fact that
in ((7) both the population and the classifier are trying to evolve in a way as to maximize correct classification.
Analogously, the term [ f2(z, z)p(dz) is large if 2 would incorrectly classify the population p that carries the
label 1. A natural extension of the model (7) would be a setting where also the population carrying labels 1
evolves over time, which is simulated in Section[E.2} Most elements of the framework presented here would
likely carry over the setting of three coupled PDEs: one for the evolution of p(t), one for the evolution of 5(t)
and one for the classifier p(t).

The term

alAp — adiv (pVlog p) = adiv (pVé,KL(p|p))
forces the evolution of p(t) to approach p. In other words, it penalizes (in energy) deviations from a given
reference measure p. In the context of the application at hand, we take p to be the initial distribution p(t = 0).
The solution p(t) then evolves away from p over time due to the other forces that are present. Therefore, the
term K L(p | p) in the energy both provides smoothing of the flow and a penalization for deviations away from
the reference measure p.

The self-interaction term W * p introduces non-locality into the dynamics, as the decision for any given individual
to move in a certain direction is influenced by the behavior of all other individuals in the population. The choice
of W is application dependent. Very often, the interaction between two individuals only depends on the distance
between them. This suggests a choice of W as a radial function, i.e. W (z) = w(|z|). A choiceof w : R — R
such that w’(r) > 0 corresponds to an attractive force between individuals, whereas w’(r) < 0 corresponds to a
repulsive force. The statement |z|w’(|z|) = z - V.W(2) > —D in Assumption [3|therefore corresponds to a
requirement that the self-interaction force is not too repulsive. Neglecting all other forces in (7a)), we obtain the
non-local interaction equation
Orp = div (pVW % p)

which appears in many instances in mathematical biology, mathematical physics, and material science, and it
is an equation that has been extensively studied over the past few decades, see for example [Car+11;BCY12;
CCH14; |BCLO9; BLL12; |(CMVO06; \(CFG23]] and references therein. Using the results from these works, our
assumptions on the interaction potential W can be relaxed in many ways, for example by allowing discontinuous
derivatives at zero for W, or by allowing W' to be negative.

The dynamics (7b) for the algorithm y is a non-autonomous transport equation,
Owp = div (o)

where the time-dependence in the velocity field

olt.2) = Ve ([ Reaota) + [ pleo)ds) + Gl ool |
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comes through the evolving population p(t). This structure allows to obtain an explicit solution for x(¢) in terms
of the initial condition p and the solution p(t) to (7a) using the method of characteristics.

Proposition 5. Assume that there exists a constant ¢ > 0 such that

H/fol z,x)dp(z /Va,fZ z,2)dp(2)|| < (1 +|z]) Vp € P2(RY) and Yz € RY. 8)

Then the unique distributional solution u(t) to ([Tb) is given by

p(t) = (¢, 0, )4 o, ©)
where ®(t, s, x) solves the characteristic equation
0sP(s,t,x) +v(s, P(s,t,x)) =0, D(t, t,x) =x. (10)

Proof. Thanks to Assumption we have that v € C* (R x R Rd), and by (8), we have
ot z)|| < (1 +|z|) forallt>0,zeR™.

By classical Cauchy-Lipschitz theory for ODEs, this guarantees the existence of a unique global solution
®(t, s, x) solving (I0). Then it can be checked directly that 14(¢) as defined in (9) is a distributional solution to
. O

In the characteristic equation (T0), ®(s, ¢, x) is a parametrization of all trajectories: if a particle was at location
x at time ¢, then it is at location ®(s,¢,x) at time s. Our assumptions on f1, f> and p also ensure that

®(s,t,-) : R* = R%is a C"'-diffeomorphism for all s, ¢ € R. For more details on transport equations, see for
example [De 07].

Remark 2. Consider the special case where o = 8., for some initial position xo € R%. Then by Proposmon@
the solution to (TB) is given by p(t) = 6,(1), where z(t) := ®(t, 0, zo) solves the ODE

#(t) = —v(t,z(t)),  x(0) = o,
which is precisely of type (3).
For the case of competing objectives, the two models we consider can be written as
Op = —div (p[V(f1(2,b(p)) — alog(p/p) = W * p]) ,
b(p) i= axgunin [ fu(2)dp() + [ (e, )ap() + 5 1o = w0l

71:_ (/flzm )(dz) /szEZ dp(2') + §|\x—xo|\2>,

r(z) = argg)ax/ fi(z,2)dp(z) — aKL(p|p) — %/[)W xp.

for (@), and

for @

A.2 Definitions and notation

Here, and in what follows, I; denotes the d x d identity matrix, and id denotes the identity map. The energy
functionals we are considering are usually defined on the set of probability measures on R%, denoted by P(Rd).
If we consider the subset P2 (R?) of probability measures with bounded second moment,

Po®?) = {p e P®Y) ¢ [ al*ap(e) < o

then we can endow this space with the Wasserstein-2 metric.

Definition 4 (Wasserstein-2 Metric). The Wasserstein-2 metric between two probability measures p, v € P2 (Rd)
is given by

Wa(uv) = inf /”z—zHdezz

YEL (p,v)

where F is the set of all joint probability distributions with marginals p and v, i.e. u(dz) f ~(dz, 2')dz" and
v(dz') = [~(z,d2")d=

1A
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The restriction to P (IR?) ensures that W- is always finite. Then the space (P2 (R?), W>) is indeed a metric
space. We will make use of the fact that W5 metrizes narrow convergence of probability measures. To make this
statement precise, let us introduce two common notions of convergence for probability measures, which are a
subset of the finite signed Radon measures M (R?).

Definition 5. Consider a sequence (jin) € M(R?) and a limit 1 € M(R?).

* (Narrow topology) The sequence (ur) converges narrowly to p, denoted by pn, — p, if for all
continuous bounded functions f : R* — R,

[ 1) [ fEanG).

* (Weak-* topology) The sequence (p,,) converges weakly-x to p, denoted by p, — p, if for all

continuous functions vanishing at infinity (i.e. f : R* = R such that for all € > 0 there exists a
compact set K. C R® such that | f(2)| < e on R*\ K_), we have

[ @@ = [ reau).

Let us denote the set of continuous functions on R¢ vanishing at infinity by C(R?), and the set of continuous
bounded functions by C, (R?). Note that narrow convergence immediately implies that 1, (R%) — p(R?) as the
constant function is in Cy,(R?). This is not necessarily true for weak-* convergence. We will later make use of
the Banach-Alaoglu theorem [Ala40|], which gives weak-* compactness of the unit ball in a dual space. Note that
M(R?) is indeed the dual of Co(R") endowed with the sup-norm, and P(R?) is the unit ball in M (R?) using
the dual norm. Moreover, if we can ensure that mass does not escape to infinity, the two notions of convergence
in Definition [3]are in fact equivalent.

Lemma 6. Consider a sequence (i) € M(R?) and a measure . € M(R®). Then i, — p if and only if
fin = pand pn(R?) = p(R?),

This follows directly from Deﬁnition Here, the condition pi,, (R?) — p(R%) is equivalent to tightness of (1.,),
and follows from Markov’s inequality [GhoO2] if we can establish uniform bounds on the second moments, i.e.
we want to show that there exists a constant C' > 0 independent of n such that

/Hz||2dun(z) <C  VneN. (11

Definition 6 (Tightness of probability measures). A collection of measures (jt,) € M(R?) is tight if for all

€ > 0 there exists a compact set K. C R such that |pn|(R* \ K.) < € for all n € N, where || denotes the
total variation of .

Another classical result is that the Wasserstein-2 metric metrizes narrow convergence and weak-* convergence
of probability measures, see for example [San15| Theorem 5.11] or [Vil03, Theorem 7.12].

Lemma 7. Let iy, pn € P2(RY). Then Wa(pin, 1) — 0 if and only if
po=n and [ ) > [P,
R4 R4

Remark 3. Note that pi, — 1 can be replaced by ji, — p in the above statement thanks to the fact that the
limit p is a probability measure with mass 1, see Lemmalf)]

Next, we consider two measures p1, v € P(R?) that are atomless, i.e 1({z}) = 0 for all z € R%. By Brenier’s
theorem [BBOO] (also see [[Vil03, Theorem 2.32]) there exists a unique measurable map 7" : R? — R? such
that T = v, and T' = V) for some convex function 1) : R? — R. Here, the push-forward operator Vi) is
defined as

[ 1000 = [ H(T0)am(e)

for all Borel-measurable functions f : R +— R If p1 = V4 po, we denote by ps = [(1 — s) id +sV] 4o
the discplacement interpolant between po and pi. We are now ready to introduce the notion of displacement
convexity, which is the same as geodesic convexity in the geodesic space (Pz(R%), W2). We will state the
definition here for atomless measures, but it can be relaxed to any pair of measures in P> using optimal transport
plans instead of transport maps. In what follows, we will use s to denote the interpolation parameter for
geodesics, and ¢ to denote time related to solutions of @), () and (6).
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Definition 7 (Displacement Convexity). A functional G : P — R is displacement convex if for all po, p1 that
are atomless we have

G(ps) < (1 = 5)G(po) + sG(p1),

where ps = [(1 — 8) id +sV9]xpo is the displacement interpolant between po and p1. Further, G : P +— R is
uniformly displacement convex with constant 7 > 0 if

Glps) < (1= $)G(po) + sGlpr) = s(1 = 8) I Walpo, p1)°

where ps = [(1 — s)id +sV ]y po is the displacement interpolant between po and p.

Remark 4. In other words, G is displacement convex (concave) if the function G(ps) is convex (concave) with
pPs = [(1 —sid +5V'¢]#po being the displacement interpolant between po and p1. Contrast this with the
classical notion of convexity (concavity) for G, where we require that the function G((1 — s)po + sp1) is convex
(concave).

In fact, if the energy G is twice differentiable along geodesics, then the condition %G('ys) > 0 along
any geodesic (ps)sc[o,1) between po and p; is sufficient to obtain displacement convexity. Similarly, when

%G (ps) > nWa(po, p1)?, then G is uniformly displacement convex with constant 7 > 0. For more details,
see [McC97] and [Vil03} Chapter 5.2].

A.3 Steady states

The main goal in our theoretical analysis is to characterize the asymptotic behavior for the models (@), (3) and
(6 as time goes to infinity. The steady states of these equations are the natural candidates to be asymptotic
profiles for the corresponding equations. Thanks to the gradient flow structure, we expect to be able to make a
connection between ground states of the energy functionals, and the steady states of the corresponding gradient
flow dynamics. More precisely, any minimizer or maximizer is in particular a critical point of the energy, and
therefore satisfies that the first variation is constant on disconnected components of its support. If this ground
state also has enough regularity (weak differentiability) to be a solution to the equation, it immediately follows
that it is in fact a steady state.

To make this connection precise, we first introduce what exactly we mean by a steady state.

Definition 8 (Steady states for @)). Given poo € LY (R?) N L5, (RY) with || pec |1 = 1 and pes € P2(R?),
then (poo, oo ) is a steady state for the system @) if poe € WL2(RY), VW % peo € Li,o(R%), poo is absolutely
continuous with respect to p, and (poo, fioo) Satisfy

V. (/ fi1(z, 2)dpos () + alog (?’Ei?) + W * poo(z)) =0 Vz € supp(pso) , (12a)

Va (/ fi(z,2)dpes () + / fa(z,2)dp(2) + ng — m0||2) =0 Va € supp(tioo) (12b)

in the sense of distributions.

Here, L} (R?) := {p € L'(R?) : p > 0}.

Definition 9 (Steady states for @). Let peo € LY (R?) N L5 (RY) with ||peo|l1 = 1. Then peo is a steady
state for the system Q) if poo € WZLLQ (RY), VW * poo € L},o(RY), poo is absolutely continuous with respect
to p, and po satisfies

V. (fl(z,b(poo)) — alog (iﬁ)}’?) Wk poo(z)> =0 VzeR?, (13)

in the sense of distributions, where b(poo) = argmin, G¢(poo, T).
Definition 10 (Steady states for (@)). The vector oo € R? is a steady state for the system (@) if it satisfies
V2:Ga(rs) =0.

In fact, with the above notions of steady state, we can obtain improved regularity for poo.

Lemma 8. Let Assumptionsm-@hold. Then the steady states poo for @) and () are continuous.

Proof. We present here the argument for equation (3) only. The result for @) follows in exactly the same way
by replacing f1(z, b(poo)) With — [ f1(z, 2)d oo ().

1R
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Thanks to our assumptions, we have fi(-,b(pso)) + alog 5(-) € C*, which implies that V(f1 (-, b(pso)) +
alog p(+)) € Li3.. By the definition of a steady state, poo € L' N L$2, and thanks to Assumption [3|we have
W € C?, which implies that VW * po, € LS. Let

h(2) = poc(2)V [f1(2, b(pc)) + alog p(z) — (W poc)(2)] -

Then by the aforementioned regularity, we obtain k € L, N LS. By mterpolatlon it follows that h € L?
forall 1 < p < oo. This implies that div (h) € W, "*. Since poo is a weak W,:-solution of (I3), we have

Apeo = div (h)

and so by classic elliptic regularlty theory we conclude po € I/Vl . Finally, applying Morrey’s inequality, we
have poo € C%* where k = T for any d < p < co. Therefore poo € C(R?) (after possibly being redefined
on a set of measure zero). O

B Proof of Theorem 2]
For ease of notation, we write G, : P(R%) x P(R?%) + [0, 00] as
Ga((p,p)) = aK L(plp) + V(p, ) + W(p),
where we define
V(p /flzxdp Ydu(z /V )dp(z

- 5/ W (z1 — 22)dp(21)dp(22),

with potential given by V (z) := [ f2(z,z)dp(z) + gHaz — xol|?.

In order to prove the existence of a unique ground state for G, a natural approach is to consider the corresponding
Euler-Lagrange equations

/ F1(z,2)dp(@) + (W p)(2) = ealp, ] forall 2 € supp(p) (142)

[ £ieadoc) + Vie) =calpd foralle € supp(n), (14

where c1, c2 are constants that may differ on different connected components of supp(p) and supp(u). These
equations are not easy to solve explicitly, and we are therefore using general non-constructive techniques from
calculus of variations. We first show continuity and convexity properties for the functional G, (Lemmaﬁand
Proposmon@) essential properties that will allow us to deduce existence and uniqueness of ground states using
the direct method in the calculus of variations (Proposition[TT). Using the Euler-Lagrange equation [T4] we then
prove properties on the support of the ground state (Corollary@) To obtain convergence results, we apply
the HWI method: we first show a general “interpolation’ inequality between the energy, the energy dissipation
and the metric (Proposition [T3); this fundamental inequality will then imply a generalized logarithmic Sobolev
inequality (Corollary [T4) relating the energy to the energy dissipation, and a generalized Talagrand inequality
(Corollary [T3)) that allows to translate convergence in energy into convergence in metric. Putting all these
ingrediends together will then allow us to conclude for the statements in Theorem [2]

Lemma 9 (Lower semi-continuity). LetAssumptionsm-@hold. Then the functional G : P x P — R is lower
semi-continuous with respect to the weak-* topology.

Proof. We split the energy G, into three parts: (i) K L(p|p), (ii) the interaction energy WV, and (iii) the potential
energy V. For (i), lower semi-continuity has been shown in [Pos75|]. For (ii), we can directly apply [San15|
Proposition 7.2] using Assumption[3] For (iii), note that V and f; are lower semi-continuous and bounded below
thanks to Assumption|[T] and so the result follows from [San13| Proposition 7.1]. O

Proposition 10 (Uniform displacement convexity). Let a, 3 > 0. Fix yo,71 € P2 X P2 and let Assumptions[I|[3]
hold. Along any geodesic (7s)sc(o,1] € P2 X Pa connecting ~yo to y1, we have for all s € [0, 1]

2
ds?

As a result, the functional G, : P x P — R is uniformly displacement convex with constant Aq > 0.

Ga(¥s) = XaW(v0,71)%, Aa = A1+ min(A2 + 3, ). (15)
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Proof. Let o and 1 be two probability measures with bounded second moments. Denote by ¢, ¥ : R? 5 R
the optimal Kantorovich potentials pushing po onto p1, and po onto p1, respectively:

pr=Voum suchtiat Waloop)* = [ 2= Vo) *dp(a).
R

pin = Vpspo  suchthat  Wa(puo, )2 = /d |l — Vb ()| dpo () .
R

The now classical results in [BBOO] guarantee that there always exists convex functions ¢, ¢ that satisfy the
conditions above. Then the path (vs)sejo,1] = (s, fs)se[o,1] defined by

ps =[(1—5)id+sV.¢lypo,
Us = [(1 — S) id +SV1'¢]#MO

is a W-geodesic from o to 1.

The first derivative of V along geodesics in the Wasserstein metric is given by
V00 =g | [[ 510 = 502 4 59000, (1= 92 -+ 570(0)) (1ol
+ / V((1—=s)xz+ sVi(z))duo(z)
= [[ V(= 5)z + V00, (1= )2 + V(@) - (V) - 2) dao(z)dn (o)
/ Vaofi((1 = 8)z+ sVp(z), (1 — s)z + sV(x)) - (Vo(z) — 2) dpo(2)dpo(z)
+ [ V(= 92+ 596(@) - (T6(2) ~ ) dpoo),
and taking another derivative we have
& [V -] L (V@) 2] g
dsgv(’Ys) = // |:(V(Z>(Z) —z):| Ds( s ) |:(V¢(Z) —Z):| dPO( )d,uo( )
+ [[(F6@) ) V(= 92+ 5V0(@) - (To@) — ) dpn()bio)

> MW (v0,m)° + (A2 + B)Wa(po, p1)°

where we denoted Ds(z, z) := Hess(f1)((1 — s)z + sV¢(2), (1 — s)z + sVi(z)), and the last inequality
follows from Assumption [T]and the optimality of the potentials ¢ and 1.

Following [CMV03} [Vil03] and using Assumption [2] the second derivatives of the diffusion term and the
interaction term along geodesics are given by

12 i 3 2
252 KLps1p) = aAWalpo, p1)*, 5 W(ps) 2 0. (16)
Putting the above estimates together, we obtain (I3).
O

Remark 5. Alternatively, one could assume strong convexity of W, which would improve the lower-bound on
the second derivative along geodesics.

Proposition 11. (Ground state) Let Assumptionshold for o, B > 0. Then the functional G, : P(R?) x
P(RY) — [0, 0] admits a unique minimizer v« = (p«, i), and it satisfies p. € Pa(R?) N LY (RY), pw €
P2 (Rd), and p« is absolutely continuous with respect to p.

Proof. We show existence of a minimizer of GG, using the direct method in the calculus of variations. Denote by
v = (p,u) € PXxP C Mx M apair of probability measures as a point in the product space of Radon measures.
Since Go > 0 on P x P (see Assumption [I)) and not identically +oo everywhere, there exists a minimizing
sequence (v,) € P x P. Note that (7, ) is in the closed unit ball of the dual space of continuous functions

vanishing at infinity (Co(R?) x Cp(R%))* endowed with the dual norm ||y, ||, = sup W over

£, 9 € Co(RY) with ||(f, 9)]leo := || flloo + |lg]lec # 0. By the Banach-Alaoglu theorem [Rud91, Thm 3.15]
there exists a limit v« = (ps, ) € M x M = (Co x Cp)* and a convergent subsequence (not relabelled)
such that v, = ~,. In fact, since K L(p« | p) < oo it follows that p, is absolutely continuous with respect to p,
implying p. € L'(R?) thanks to Assumption Further, pt. has bounded second moment, else we would have
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infyepxp Ga(y) = co which yields a contradiction. It remains to show that [ dp. = [ du. = 1 to conclude
that v, € P x P. To this aim, it is sufficient to show tightness of (p,) and (u» ), preventing the escape of mass
to infinity as we have [ dpn = [ dun = 1 foralln > 1. Tightness follows from Markov’s inequality [Gho02]|
if we can establish uniform bounds on the second moments, i.e. we want to show that there exists a constant
C > 0 independent of n such that

/HZHden(z)+/Hx\|2d,un(m) <C  VneN. (17)

To establish (17), observe that thanks to Assumption@ there exists a constant c¢o € R (possibly negative) such
that —log 4(z) > co + 4||* for all = € R%. Then

A )
D [ o1apn < —oco o [ log(z)dp.

i — _ G e ioraX B
Therefore, using [ dp, = [ dun = 1 and writing ¢ := min{%*, 2

bound on the second moments of the minimizing sequence,

¢ / / (12112 + 12]1?) dpndpin < —aco — a / log 7(2)dpn + 8 / e — o[ dpin + Bllzo]?

< —acp + 5”350”2 + Ga(vn)
—aco + 5||$0H2 +Ga(m) < o00.

} > 0, we obtain the desired uniform upper

IN A

This concludes the proof that the limit .. satisfies indeed .« € P x P, and indeed p. € P2(R?) as well. Finally,
7« is indeed a minimizer of G, thanks to weak-* lower-semicontinuity of G, following Lemma 9}

Next we show uniqueness using a contradiction argument. Suppose v« = (px, pt«) and v, = (p}, u’,) are
minimizers of G. For s € [0, 1], define s := ((1 — s)id +s7T, (1 — s) id +55) 2., where T}, S : R* s R?
are the optimal transport maps such that p}, = Txp. and p, = Sgp.. By Propositionthe energy G, is
uniformly displacement convex, and so we have

Ga(vs) < (1= 8)Ga(vx) + 5Ga(72) = Gal(74)-

If 7. # v, and s € (0, 1), then strict inequality holds by applying similar arguments as in [McC97, Proposition
1.2]. However, the strict inequality Go(vs) < Ga(7s) for . # 7% is a contradiction to the minimality of .
Hence, the minimizer is unique. O

Remark 6. If A1 > 0, then the strict convexity of f1 can be used to deduce uniqueness, and the assumptions on
— log p can be weakened from strict convexity to convexity.

Corollary 12. Let Assumplionshold. Any minimizer v« = (p«, pt+) of Ga is a steady state for equation (@)
according to Deﬁnitionand satisfies supp(px«) = supp(p).

Proof. By Proposition we have p«, i« € P2, as well as p. € LY, ||p«||1 = 1, and that p. is absolutely
continuous with respect to j. Since W € C?(RR?), it follows that VW  p, € Li,.. In order to show that 7. is a
steady state for equation (@), it remains to prove that p. € Wh2 N LS. As~* is a minimizer, it is in particular

loc
a critical point, and therefore satisfies equations (T4). Rearranging, we obtain (for a possible different constant

c1[px, pis] # 0) from (I4a) that
-0 = el -1 ([ A @+ w @) o s as
Then for any compact set K C R,
sup p.(2) < ci1[ps, pu] sup j(2) sup exp <—é (/ fi(z, @) m(@)) sup exp (—éW * p*) :

zEK zEK zEK zeK

As f1 > 0 by Assumption[[Jand W > 0 by Assumption[3] the last two terms are finite. The first supremum

is finite thanks to continuity of . Therefore p. € Ljs.. To show that p. € Wllof , hote that for any compact
oo

set K C R?, we have S |p+(2)|?dz < oo as a consequence of p, € Lf3.. Moreover, defining T[y](z) =
— ([ iz, @) p(x) + W x p(2)) <0, we have

[ 1Vo.Pdz = crlpe [ V54 AV expl2T )z
K K

<2e1lpu, [ |90 exp(@Tl ) + 2eafpus ) [ VT1A exp@T iz,
K K
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which is bounded noting that exp(27'[v.]) < 1 and that T'[v.](-), VT'[7:](-) and Vp are in Ly;., where we used
that f1, (-, z), W(-), p(-) € C*(R?) by Assumptions We conclude that p. € Wz and indeed (ps, pix)
solves (I2) in the sense of distributions as a consequence of (T4).

oc?’

Next, we show that supp(p«) = supp(p) using again the relation (I8).  Firstly, note that
supp(p«) C supp(p) since p. is absolutely continuous with respect to 5. Secondly, we claim that
exp [—2 ([ fi(z, @) p«(x) + W x pu(2))] > 0 for all z € R? 1In other words, we claim that

[ fi(z,2) pu(x) < oo and W x p.(2) < oo for all z € R?. Indeed, for the first term, fix any z € R?
and choose R > 0 large enough such that z € Br(0). Then, thanks to continuity of fi according to Assump-

tion[T] we have
/flzm,u* < sup /flzm,u*
z€BR(0)

For the second term, note that by Assumption we have for any z € R and ¢ > 0,
1
W(2) S W(0)+ VW (2) - 2 S W(0) + o [VW () + 5 |12
D2 2 € 2 D2 .D2 € 2
< — - < = Z 42
<SWO) + 5 1+ 2D+ Sl21? < W) + — + (= + 5 ) Iz]
D 2
+ — +V2D|z|?,
7 B4l

where the last equality follows by choosing the optimal € = v/2D. We conclude that

= W(0)

D 12 -
W*p*(z)SW(O)+E+\/§D/||zfz|| p.(3)

<W(0) + % +2v2D| 2| + 2\/§D/ 2] p= (%), (19)

which is finite for any fixed z € R? thanks to the fact that p. € P2(R?). Hence, supp(p.) = supp(p). O

Remark 7. If we have in addition that j € L (R?), then the minimizer p. of G is in L°°(R?) as well. This
follows directly by bounding the right-hand side of (I8).

The following inequality is referred to as HWI inequality and represents the key result to obtain convergence to
equilibrium.
Proposition 13 (HWI inequality). Define the dissipation functional

Do(y) := / |Ve,20,Galz,z)>dy(z, x) .

Assume o, B > 0 and let \, as defined in (13). Let yo,v1 € P2 X Pa such that Ga(70), Ga(11), Da(v0) < 00
Then

_ Ay -
Ga(v0) — Ga(m1) £ W(v0,71)V Dalv0) — 5> W (v0,71)* (20

Proof. For simplicity, consider o, y1 that have smooth Lebesgue densities of compact support. The general
case can be recovered using approximation arguments. Let (Vs)se[o,1) denote a 1¥/-geodesic between o, 1.
Following similar arguments as in [CMVO03|] and [[OV00, Section 5] and making use of the calculations in the

proof of Proposition[I0} we have
// [ ; } [ o i))} dvo(z,2),

) /Vflzx)d,uo /Vszz)dpo( ,
Ebol(z) = [ Vohilzaldpo(a) + V.V (@),

I

—G

where

&1170](2) = aV. log (

Note that the dissipation functional can then be written as

Da(r0) = / (61 (2) + €2(2) ) do (=, 2)
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Using the double integral Cauchy-Schwarz inequality [Ste04]], we obtain

e W) (Ve =2
~/Da(0) \/ J190) = 2l2dm + [ 190(@) ~ allPdug
= —v/Da(70) W(v0,71) -

Next, we compute a Taylor expansion of G4 (7s) when considered as a function in s and use the bound on

%Ga from (T3):
d ! d’
Gatn) = Gulo) + 3:Gelrn)| + [0 (§56.00)

s=0 0
A
2

ds
> Ga(70) — vV/Da(0) W(v0,11) + =W (70, 711)° .

d

&Ga(%)

Y]

2
d’yo
2

dt

s=t

O

Remark 8. The HWI inequality in Proposition@immediately implies uniqueness of minimizers for G, in the
set {y € P X P : Dqo(y) < +o0}. Indeed, if o is such that Do (o) = 0, then for any other 1 in the above
set we have Go(0) < Gao(y1) with equality if and only if W (0, v1) = 0.

Corollary 14 (Generalized Log-Sobolev inequality). Denote by -y the unique minimizer of Go. With A, as
defined in (13), any product measure v € P2 X Py such that G(7y), Da () < oo satisfies

Da(7) > 2Xa Ga(|7+) - (21)

Proof. This statement follows immediately from Proposition[I3] Indeed, let y1 = 7« and o = +y in 20). Then

Galry17:) S W7V Daln) — 5 W72

SmaX(\/T(vﬁ—%tQ) :DZGT(:)'

t>0

O

Corollary 15 (Talagrand inequality). Denote by s the unique minimizer of Gq. With A as defined in (13), it
holds

2
W(y,7.)* < 1 Gar[7)

forany v € Pa X Pa such that G4 () < 0.

Proof. This is also a direct consequence of Propositionby setting 70 = v« and y1 = . Then Go(7«) < o0
and Dq(y+) = 0, and the result follows. O

Proof of Theorem[2] The entropy term f plog p produces diffusion in p for the corresponding PDE in {@). As a
consequence, solutions p; to @) and minimizers p* for G, have to be L' functions. As there is no diffusion for
the evolution of p, solutions may have a singular part. In fact, for initial condition p1o = d,, the corresponding
solution will be of the form fu;y = d,(4), where z(t) solves the ODE (3) with initial condition zo. This follows
from the fact that the evolution for y. is a transport equation (also see SectionlEfor more details). Results (a)
and (b) are the statements in Proposition@ Corollary@ and Corollary@ To obtain (c), we differentiate the
energy G, along solutions -y to the equation (@):

556200 = [8,6ubi @0z + [ 6,Guln)@)orpnde
- / IV-6,Gal] (2) 12 dpe(2) — / 1V 26.Ga ) @) |2 dse ()

= —Da(7t) £ =2XaGa(yt|7+),

where the last bound follows from Corollary [T4] Applying Gronwall’s inequality, we immediately obtain decay
in energy,

Ga(ye|7+) < e ' Ga(r0]7) -
Finally, applying Talagrand’s inequality (Corollary [I3), the decay in energy implies decay in the product
‘Wasserstein metric,
W (e, ) < ce™ ™!
where ¢ > 0 is a constant only depending on o, . and the parameter \,. O
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C Proof of Theorem
In the case of competing objectives, we rewrite the energy G.(p, z) : P(R?) x R? = [—00, oc] as follows:

/f1 2 2)dp(z /fz 2 2)da(2) + 2 |z — woll* ~ P(p),

where
- 1
P(p) = aKL(plp) + 5 /pW “p.

Note that for any fixed p € P, the energy G.(p, -) is strictly convex in x, and therefore has a unique minimizer.
Define the best response by

b(p) = argmin G.(p, 7)

and denote G (p) == Gc(p, b(p)). We begin with auxiliary results computing the first variations of the best
response b and then the different terms in G (p) using Deﬁnition

Lemma 16 (First variation of the best response). The first variation of the best response of the classifier at p (if
it exists) is

5,b01(2) = ~Q(p) Vi fi(2,b(p)) for almost every = € RY,
where Q(p) = (B8 + A1 + X2) Lq is a symmetric matrix, constant in z and x, defined as

Qlp) = ﬂld+/Vf1zb( )dp(z /szzb())dp()
In particular, we then have for any ¢ € CZ° (Rd with [ dz = 0 that

tig bl + v - 8]~ ¢ [ G00()w(adaz] 0.

Proof. Lett € C2°(R?) with [¢dz = 0 and fix € > 0. Any minimizer of G.(p + €%, z) for fixed p must
satisfy

vaC(P + ey, b(P + ﬂ/’)) =
Differentiating in €, we obtain

/@,vac [p+ e, b(p+ e)|(2) dz + VaGe(p + e, b(p + €))) /5,,b[p + e](2)(2)dz = 0. (22)

Next, we explicitly compute all terms involved in (22). Computing the derivatives yields

VaoGe( /V fi(z,x)dp(z) /fogza:)dp()—i—ﬁ(:c—mo)
8o VaGelp, x(2) = Va fi(2,2)
V2G.( /Vflza:dp /Vfgzx)dp()—F/BLi

Note that V2G.. is invertible by Assumption [1} which states that f; and f» have positive-definite Hessians.
Inverting this term and substituting these expressions into (22)) for € = 0 gives

[ oblelv(e) s {5Id+/Vf1zb Ddo(e)+ [ VEf( b)) dn(: }1/Vf1zb (=) dz

= [ QW) Vb)) d
Finally, the lower bound on Q(p) follows thanks to Assumption|[T] O

Remark 9. If we include the additional assumption that f; € C*(R? x R%; [0, 00)) for i = 1,2, then the
Hessian of b|p] is well-defined. More precisely, the Hessian is given by

Lblo+ o = Qo) (§Q<p+ W)lewo+ [ viﬁ(z,b[p])w(z)dz) Qo) ulp, ¥]
where ulp, Y] = [ Vo f1(z,bp])y(z)dz and

2 @uloteleco = [ 00,00 AUV — [ 02,02, V() B0l Qo) ulp )
= [ 0100, V. 12 b)) QL) a0

Therefore, we can Taylor expand b[p] up to second order and control the remainder term of order €>.
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Lemma 17 (First variation of G). The first variation of Gy is given by

3pGo[pl(2) = h1(2) + ha(2) + Bha(2) — 6, Plpl(2),

m) = o ([ 50000 )= ([ Tan 0600, G + hi0).
(

[ 1Gban) ) < / V. fa, ME)AR(E), S )

and

5o Plpl(2) = alog(p(2)/p(2)) + (W * p)(2) .

Proof. We begin with general expressions for Taylor expansions of b : P(R%) — R? and f;(z,b(")) : P(R?) —
R fori = 1,2 around p. Let ¢ € T with 7 = {¢ : [ ¢(z)dz = 0}. Then

B () +O(e) 23)

blp+ ) =blp) +c [ 5

and
&

Fesblo + ) = i b)) + ¢ (Vo he ), [ 5

A ) +0). @b
We compute explicitly each of the first variations:
(i) Using (), we have
[ v =t L[ [ 5680+ )6 + @) - [ A )p(z)dz]

(ot | SDicmins) s [

- / < / V. fiz, b(p))dp(zxﬁ[p](z >w(z )’ + / F1(zb(p))(2)dz
= i (2) = ([ Vo b0, 3 ) + 1 000).

(ii) Similarly, using again (24),

[ vtz = tm L[ [ ftebto+ condoe) - [ ateibiopteias]
= [ ([ Tl stoaste, g 101) yui:

= ha(2) = ([ Vool b0)ap(d). A1) )
(iii) Finally, from @) it follows that
[ wl@ha(ez =t 5 [<b(p+ e) — w0, b(p+ €tb) — w0} — (b(p) — w0, b{p) — o)
= [ (40~ . S0 ) w21
= ) = (Up) — a0, S )

Finally, the expression for ¢, P[p] follows by direct computation O
Lemma 18. Denote Gy,(p) == G(p, b(p)) with b(p) given by ). Then §,G5[p] = 6,G. [P]]—b(p)-
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Proof. We start by computing 6,G.(-, ©)[p](z) for any z,z € R%:

6pGe(-,2)[pl(2) = fi(z,x) — 6, Plp](2). (25)
Next, we compute 6,G. Using Lernmalm the first variation of Gy, is given by
6pGolpl(2) = h1(2) + ha(z) + Bhs(2) — 6, Plpl(2)

<Vv F1(2, b(p))dp( /Vﬁfz 2,b(p))dp(3) + Bb(p )_J;O)} ,5,,b[p](z)>

+ f1(2,b(p)) — 6, Plpl(2) -
Note that

VaGe( /V fi(Z,z)dp(Z /V f2(2,2)dp(2) + Bz — x0), (26)

and by the definition of the best response b(p), we have Vo G (p, )| z=p(») = 0. Substituting into the expression
for §,G}, and using (23)), we obtain

5oGolpl(2) = f1(2,b(p)) = 6, Plpl(2) = 0,Ge (-, ) [p](2)

z=b(p)

This concludes the proof. O

Lemma 19 (Uniform boundedness of the best response). Let Assumplionhold. Then for any p € P(Rd), we

have
2 + 2(a1 + a2) )

6()II* < lloll 3

Proof. By definition of the best response b(p), we have

/ Ve i (2, b(p))dpe + / V. a2, b(p))da(z) + B(b(p) — w0) = 0.

To show that that b(p) is uniformly bounded, we take the inner product of the above expression with b(p) itself

Blb(p)|I* = Bao - blp /fol 2,0(p)) - b(p)dp(2) —/foz(zvb(p))-b(p)dﬁ(Z)‘

Using Assumption T]to bound the two integrals, together with using Young’s inequality to bound the first term
on the right-hand side, we obtain

B B
BB < 5 laoll® + 5 16(o)]| + a1 + az,
which concludes the proof after rearranging terms. O

Lemma 20 (Upper semi-continuity). LetAssumptionshold. The functional G : P(RY) xR — [—o0, +-00]
is upper semi-continuous when P(Rd) x R? is endowed with the product topology of the weak-x topology and
the Euclidean topology. Moreover, the functional Gy : P(R?) — [—o00, +-00] is upper semi-continuous with
respect to the weak-* topology.

Proof. The functional G : P(R%) x R* — [—o0,+0o0] is continuous in the second variable thanks to
Assumptlon Similarly, [ f1 (z,2)dp(2) + [ f2(z,x dp( ) is continuous in p thanks to [[San15| Proposition
7.1] using the continuity of f; and f2. Further, —P is upper semi-continuous using [Pos75|] and [[San15|
Proposition 7.2] thanks to Assumptions[2]and 3] This concludes the continuity properties for G.

The upper semi-continuity of G then follows from a direct application of a version of Berge’s maximum
theorem [AB06, Lemma 16.30]. Let R := ||zo|* + ‘”J””) > 0. We define ¢ : (P(R?),W2) — R?
as the correspondence that maps any p € P(R?) to the closed ball Br(0) C R?. Then the graph of ¢ is

Grp = P(R?) x {Br(0)}. With this definition of ¢, the range of ¢ is compact and ¢ is continuous with respect
to weak-* convergence, and so it is in particular upper hemicontinuous. Thanks to Lemma@ the best response

function b(p) is always contained in Br(0) for any choice of p € P(R?). As a result, maximizing —G.(p, )

in z over R? for a fixed p € P(R?) reduces to maximizing it over Br(0). Using the notation introduced above,
we can restrict G to G : Gr ¢ — R and write
Gi(p) = max —Gec(p, ).
z€p(p)
Because G (p, ) is upper semi-continuous when P (R?) x R is endowed with the product topology of the weak-

* topology and the Euclidean topology, [AB06, Lemma 16.30] guarantees that G (-) is upper semi-continuous
in the weak-* topology. O
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Proposition 21. Let o, 5 > 0 and assume Assumptions hold with the parameters satisfying aX > Ay. Fix
po, p1 € P(RY). Along any geodesic (ps)sejo,1] € P2(RY) connecting po to p1, we have for all s € [0,1]

2
ds?

As a result, the functional Gy, : P2(R%) — [—o0, +-00] is uniformly displacement concave with constant Ay > 0.

Go(ps) < =XWilpo,p1)?, X i=ad—Ay,. (27)

Proof. Consider any po, p1 € Pa(R?). Then any Wy-geodesic (ps)sefo,1) connecting po with p1 solves the
following system of geodesic equations:

{8Sp5 + div (psvs) =0,

0s(psvs) + div (psvs @ vs) =0, 8

where ps : R* — R and vs : R? — R? . The first derivative of G along geodesics can be computed explicitly
as

1560 = [ Vi Hp0) v — Pl

<[/v $iz 2)dp.(2) + [ et a)dpte )+B(x—xo)} M(m,(fsb(ps)>.

The left-hand side of the inner product is zero by definition of the best response b(ps) to ps, see (26). Therefore

15Gh(p) = [ V5 400) v Gpn)dz = L)

Differentiating a second time, using (28) and integration by parts, we obtain

2 2

d
@Gb(ﬂs) = Li(ps) + L2(ps) — @P(Ps)a

where

Li(ps) = / V2 f1(2.b(ps)) - (05 @ 03) paddz = / (vs, V2 a(2,b(ps)) - v) pidz,

2(pe) = [ 4oUP) - V-l b(p) 0. (2) pr ().

From (T6), we have that
2

ds?
and thanks to Assumption]it follows that

Lui(s) < AiWa(po, p1)*.

P(ps) > aXWa(po,p1)?,

This leaves L2 to bound; we first consider the term ib(ps):
d
ds /6bp] 2)0sps(dZ) /6b[p Z)div (psvs) dz

= [ V800002 0.2)dp.(2).
Defining u(ps) € R? by

u(p) = [ Vo fizb(p0)) v (1o

using the results from Lemma|[T6|for V.4,b[ps], Assumption|T]and the fact that Q(p) is constant in z and z, we
have

Lalpe) == // [Q(pS)_lvaZfl (Z,b(ps)) - US(E)] ViV fi(2,b(ps)) - vs(2) dps(2)dps(2)

= —(u(ps), Qps) "ulps)) <0
Combining all terms together, we obtain
d2

352 Cvlps) < = (015\ - Al) Wa(po, p1)°.
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Remark 10. Under some additional assumptions on the functions f1 and fa, we can obtain an improved
convergence rate. In particular, assume that for all z, x € RY,

o there exists a constant Ax > \a > 0 such that V2 f2(z,z) < As 1a;

o there exists a constant o > 0 such that ||V V. f1(z,z)|| > o.

Then we have —Q(ps)™' = —1/(B 4+ A1 + A2) 14 Using Lemma we then obtain a stronger bound on Lo

as follows:

v
B+ A+ A

2
g

< - - 2,
S TET A A, el )

La(ps) < [u(ps)]® < —

m/l\v V= f1(z,b(ps)) |1 dps (= /||vs )|I* dps(2)

N 2
. . - D — g —
This means we can improve the convergence rate in 27) to Ao := oA + 775> — A1

Proposition 22 (Ground state). Let Assumptions hold for aX > Ay > 0and B > 0. Then there exists
a unique maximizer p. for the functional Gy, over P(R®), and it satisfies p. € P2(R%) N L' (R?) and p. is
absolutely continuous with respect to p.

Proof. Uniqueness of the maximizer (if it exists) is guaranteed by the uniform concavity provided by Lemma[21]
To show existence of a maximizer, we use the direct method in the calculus of variations, requiring the
following key properties for G,: (1) boundedness from above, (2) upper semi-continuity, and (3) tightness

of any minimizing sequence. To show (1), note that V2(f1(z,z) 4+ alog p(z)) = —(aA — A1) 14 for all
z,x € RY x R by AssumptionsandEl, and so
(a)\ ; Al) ‘2‘2

2 [f1(0,2) + alog 5(0)] ||?. Therefore,

fi(z,z) + alog p(z) < co(z) — V(z,z) € R? x R? (29)

with co(z) := f1(0,z) + alog p(0)

G /[flzb(»mlogp o) + [ 2, bp)dp() + 5 18(p) - o]

—a/plogp—/pW*p

< (o) + [ 2l blo)dp) + 5 1b(p) ol

2y W and recall that

To estimate each of the remaining terms on the right-hand side, denote R := ||zo]|

l6(p)|| < R for any p € P(R?) thanks to Lemma By continuity of f; and log p, there exists a constant
c1 € R such that

sup co(z) = sup [fl(O,xHalogﬁ(OHﬁHVz(fl(O,fr)+alogﬁ(0))H2 <e. (30)
« 1

zEBR(0) z€BR(0)

The second term is controlled by ¢z thanks to Assumption[d] And the third term can be bounded directly to
obtain

Gy(p) < c1+ca+ BR? + ||lzol?) .

This concludes the proof of (1). Statement (2) was shown in Lemma@ Then we obtain a minimizing sequence
(pn) € P(R?) which is in the closed unit ball of Co(R?)* and so the Banach-Anaoglu theorem [Rud91, Theorem

3.15] there exists a limit p. in the Radon measures and a subsequence (not relabeled) such that p,, = p.. In fact,
P+ is absolutely continuous with respect to p as otherwise G (p«) = —o0, which contradicts that G () > —o0

somewhere. We conclude that p. € L'(R?) since p € L'(R?) by Assumption To ensure p, € P(R?),
we require (3) tightness of the minimizing sequence (p,, ). By Markov’s inequality [[GhoO2] it is sufficient to
establish a uniform bound on the second moments:

/||z|\2dpn(z) <C VneN. 31

To see this we proceed in a similar way as in the proof of Propositionlm Defining

K(p) =~ [ [7(ab(0) + alog ()] dp(a) + a [ plogpdz + 5 [ oW pez,
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we have K (p) = —Gu(p) + [ f2(2,b(p))dp(z) + g 6(p) — zol|?. Then using again the bound on b(p) from
LemmalT9]

K(p) < —Gy(p) + sup / Fozs 2)dp(2) + B (R + [lzol?)
z€BR(0)
< —Gu(p) +c2 + B (R* + [|zo|?) ,

where the last inequality is thanks to Assumption[d] Hence, using the estimates (29) and (30) from above, and
noting that the sequence (py ) is minimizing (—G}), we have

R [alP dpu2) < colblpn)) = [ [a(a:000) + alog )] dpa(2)

<1+ K(pn) < e1 — Gy(pn) + c2 + B (R + ||zo]?)
<1 — Gylpr) + c2 + B (R + |Jzo|?) < oo.

which uniformly bounds the second moments of (py ). This concludes the proof for the estimate ZI) and also
ensures that p. € P2(R?). O

Corollary 23. Any maximizer p. of G, is a steady state for equation (3) according to Definition[9] and satisfies
supp(p«) = supp(p)-

Proof. To show that p. is a steady state we can follow exactly the same argument as in the proof of Corollary[12]
justreplacing — L [ f1(z, @) g« () with +2 [ f1(z,b(p.). It remains to show that supp(p.) = supp(p). As
p™ is a maximizer, it is in particular a critical point, and therefore satisfies that §,Gp[p«](z) is constant on all
connected components of supp(p« ). Thanks to Lemmal|18] this means there exists a constant c[p.] (which may
be different on different components of supp(p«)) such that

fi(:b(pn)) — alog (’)p(())) S Wap(z)=clp.]  on supp(p).

Rearranging, we obtain (for a possible different constant c[p.] # 0)

pu(2) = clpui(z) exp [é (Ji(5:b(p)) = W pu(z))|  on supp(p). 32)

Firstly, note that supp(p«) C supp(p) since p. is absolutely continuous with respect to 5. Secondly, note that
exp = f1(z,b(p«)) > 1forall z € R since f1 > 0. Finally, we claim that exp (—2 W x p.(2)) > 0 for all

z € R In other words, we claim that W x p«(z) < oo forall z € R<. This follows by exactly the same
argument as in Corollary see equation (T9). We conclude that supp(ps) = supp(p). O

Remark 11. If we have in addition that 5 € L™(R?) and fi(-,z) € L®(R?) for all = € R?, then the
maximizer p. of Gy is in L°°(R?) as well. This follows directly by bounding the right-hand side of B2).

With the above preliminary results, we can now show the HWI inequality, which implies again a Talagrand-type
inequality and a generalized logarithmic Sobolev inequality.

Proposition 24 (HWI inequalities). Define the dissipation functional
Dua) = [ 19-0,Galol2) Pdn(a).

Assume o, 8 > 0 such that aX > A1 + o2, and let My as defined in [Z7). Denote by p. the unique maximizer of
Gh.

(HWI) Let po,p1 € Pg(Rd) such that Gy(po), G (p1), Ds(po) < 00. Then
— A
Gv(po) — Go(p1) < W(po, p1)y/ Du(po) — é) Wa(po, p1)° (33)

(logSobolev) Any p € P2(R%) such that G(p), Dy(p) < oo satisfies
Dy(p) 22X Ga(plp+) - (34)

(Talagrand) For any p € P2(R?) such that Gy(p) < co, we have

2
Wa(p, ps)? < 3, Golelpe). 35)
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Proof. The proof for this result follows analogously to the arguments presented in the proofs of Proposmon@
Corollary@and Corollary@ using the preliminary results established in Proposmon@and Proposmon@

Proof of Theorem[3] Following the same approach as in the proof of Theorem [2] the results in Theorem 3]
immediately follow by combining Proposition 22} Corollary 23]and Proposition 24| applied to solutions of the
PDE (3). O

D Proof of Theorem 4

The proof for this theorem uses similar strate agles as that of Theorem 3] but considers the evolution of an ODE
rather than a PDE. Recall that for any - € R the best response () (-) € P(R?) in (@) is defined as

r(z) = argmax Ge(p, @),
pEP

where the energy G.(p, z) : P(R?) x R = [—oc, oc] is given by

N 1
/f1 2 2)dp(z /f2 2 2)dp(z 5|\w—mo|\2—aKL(p\p)—i/pW*p.

Lemma 25. Let Assumptzonsl Ihold and assume aX > Ay. Then for each x € R? there exists a unique
maximizer p. := 7(z) solving argmax ;e p, Ge(p, ). Further, r(x) € L*(R%), supp(r(x)) = supp(p), and

there exists a function ¢ : R? — R such that the best response p. (2) = r(z)(2) solves the Euler-Lagrange

equation

55Gelpe, 2)(2) 1= arlog pa ()~ (f1 (2, 2) +arlog 5(2))+ (Wp.)(2) = e(x) forall (z,) € supp(p) xR
(36)

Proof. Equivalently, consider the minimization problem for F'(p) = — [ fi(z,z)dp(z) + aKL(p|p) +

% f pW « p with some fixed z. Note that we can rewrite F'(p) as

1
Fo)=a [ plogpde+ [Vizo)dp)+ 5 [ oW 5
where V (2, ) := —(f1(2, z) + alog p(z)) is strictly convex in z for fixed z by Assumptions[2]and[d] Together
with Assumptlon@ we can directly apply the uniqueness and existence result from [CMVO03| Theorem 2.1 (i)].

The result on the support of 7(z) and the expression for the Euler-Lagrange equation follows by exactly the
same arguments as in Corollary @ and Corollary @ O

Lemma 26. The density of the best response r(x) is continuous on R® for any fixed x € R%.

Proof. Instead of solving the Euler-Lagrange equation (36), we can also obtain the best response r(z) as the
long-time asymptotics for the following gradient flow:

Op = div (pVé,Flp]) - 37

Following Definitions [§] and 0] we can characterize the steady states poo of the PDE (37) by requlrmg that
poo € LL(RY) N L52.(RY) with ||poo|\1 = 1 such that poe € W22 (R?), VW % pes € Liye(R?), poo is
absolutely continuous with respect to p, and p.o satisfies

( fi(z,z) + alog (p;?i))) JrW*poo(z)) =0 VzeR?, (38)

in the sense of distributions. Noting that because the energy functional F'(p) differs from G4 (p, 1) only in the
sign of f1(z,z) if viewing G4 (p, 1) as a function of p only. Note that F'(p) is still uniformly displacement

convex in p due to Assumption 4] Then the argument to obtain that po, € C'(R?) follows exactly as that of
Lemmal8 O

Lemma 27. Leti € {1,...,d}. If the energy H; : P(R?) — R given by

H;(p,x) := %/ 7”(7:(52,2) dz + %/pW *xp— /8xif1(z,1:)dp(z), 39)

admits a critical point at © € R?, then the best response () € P(R?) is differentiable in the ith coordinate
direction at x € R, Further, the critical point of H; is in the subdifferential d,,r(x).
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Proof. First, note that DF[r(x)](z)(u) = 0 for all directions u € C2°(R%) and for all z € R thanks to
optimality of r(x). Here, DF denotes the Fréchet derivative of F, associating to every p € P(R?) the bounded
linear operator DF[p] : C° — R

DF(pl(w) = [ 8,Flpl(z)u(a)dz,

and we note that F'(p) depends on x through the potential V. Fixing an index ¢ € {1, ..., d}, and differentiating
the optimality condition with respect to x; we obtain

9z, DF[r(z)](x)(u) + D*Fr(x)](z)(u, 9z, r(x)) =0 Yu € CZ(RY). (40)

Both terms can be made more explicit using the expressions for the Fréchet derivative of F':
0., DFr(@)()(w) = — [ 00, (e w)ulz)dz,

and for the second term note that the second Fréchet derivative of F at p € P(R?) along directions u,v €
C2°(R?) such that (supp(u) U supp(v)) C supp(p) is given by

D?Fl)(x)(u, v) = a/ %dz + //W(z — Z)u(z)v(3) dzds.
In other words, assuming supp(r(z)) = supp(p) = R, relation (@0) can be written as

Or.r(x) * r(x)) (z)u(z)vdz — Wz, )u(z)dz =
a/r(m)(z)wz)dw/(w de,7(2)) (2Ju(z)vd /aﬁﬂ, Ju(z)dz = 0,

For ease of notation, given r(z) € P(R?), we define the function g : P(R%) — L],.(R?) by

o) = oS W= 0. fie0).

The question whether the partial derivative d,,7(x) exists then reduces to the question whether there exists some
p« € P(R?) such that p = p. solves the equation

glpl(z) =¢ for almost every z € R*.

and for some constant ¢ > 0. This is precisely the Euler-Lagrange condition for the functional H; defined in
(39), which has a solution thanks to the assumption of Lemma[27]

O

We observe that the first term in H; is precisely (up to a constant) the x>-divergence with respect to r(x),

/(%’;)—1)27”(»@)@:/75; dz—1.

Depending on the shape of the best response (), the x -divergence may not be displacement convex. Similarly,
the last term — [ 8z, f1(z, z)dp(z) in the energy H; is in fact displacement concave due to the convexity
properties of f1 in z. The interaction term is displacement convex thanks to Assumption@ As a result, the
overall convexity properties of H; are not known in general. Proving the existence of a critical for H; under
our assumptions on f1, f2, p and W would be an interesting result in its own right, providing a new functional
inequality that expands on the literature of related functional inequalities such as the related Hardy-Littlewood-
Sobolev inequality [Lie83].

It remains to show that /{; indeed admits a critical point. Next, we provide examples of additional assumptions
that would guarantee for Lemma[27]to apply.

Lemma 28. If either C' := sup,cpa |[W(2)] < 00, or
C = sup [alog(r(z)(2)/3(2)) + fi(z2) + ] < o0,

z€R4

then for each = € R and for large enough o > 0, the best response r(x) is differentiable with the gradient
coordinate Oy, r(x) given by the unique coordinate-wise solutions of the Euler-Lagrange condition for H;.

Proof. We will show this result using the Banach Fixed Point Theorem for the mapping 7 : L' (R?) — L'(R¢)
for each fixed ¢ € {1, ..., d} given by

7o) = "D 0w+ ) )~ 0n, 1 (2 0) + ),
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noting that p. = T;(px) is the Euler-Lagrange condition for a critical point of H;. It remains to show that 75 is
a contractive mapping. For the first assumption, note that

Hnw—n@wL:1/<nww@ J)ldz
<l // W(z = 2)lp(2) — ¢/ (2)|dzdz
m;”w (/ ) (/Ip Idz> <%lo-0l, -

Similarly, for the second assumption we estimate

|@w—nwm:1/(nwwppMz

// —2)|p(2) — p'(2)|d2dz

=a/mum>xnm> o (2)ldz

\ /\

I /\

I A

W@l o o,
which requires a bound on [|W * r(x)||__. Using

W r(2)llo = sup |arlog(r(z)/p) + fi(2,2) + | = € < o0,

z€R

we conclude that 7} is a contraction map for large enough «. In both cases, we can then apply the Banach
Fixed-Point Theorem to conclude that V,r(z) exists and is unique.

Lemma 29. Let v(z) as defined in (). If r(z) is differentiable in z, then we have V,Gq(x) =
(VZGC(p7x))|p:T(ac)‘

Proof. We start by computing VG4 (x). We have
VoGa(e) = Vi (Gelr@). ) = [ 8[Gelp, )l (2) Vor(@) )z + (VoG
= c(z)Va /T(a:)(z)dz—F (VaGe(p, x))|p:7-(m) = (VaGelp, x))|p:7-(w) )

where we used that r(z) solves the Euler-Lagrange equation (36) and that r(z) € P(R?) for any = € R? so
that [ r(z)(z)dz is independent of . O

Lemma 30. Let Assumptionhold. Then G4 : R — R U {400} is strongly convex with constant \g :=
A+ A+ 5>0.

Proof. The energy G.(p, x) is strongly convex in x due to our assumptions on f1, f2, and the regularizing term
||z — @o||5. This means that for any p € P,

Gelpya) > Golp, ') + VaGelpy ') (@ — ') + % |z — /|2 .
Selecting p = r(z'), we have
Ge(r(2),2) > Go(r(z'), 2') + VaGe(r(z'),a) (z — 2') + % [l =2l -
Since Ge(r(z'), z) < Ge(r(z), z) by definition of r(z), we obtain the required convexity condition:

Ga(x) = Ge(r(z),2) > Ge(r(z'),2) + VoGe(r(2),2) (. — ') + % Hx - x'Hi .

Proof of Theorem[d) For any reference measure py € P, we have

- 1
Galz) = Gelpo) = ~aKLip | §)~ 5 [ poW 5 po + 5l = ol
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and therefore, G 4 is coercive. Together with the strong convexity provided by Lemma[30} we obtain the existence
of a unique minimizer zo, € R”. Convergence in norm now immediately follows also using Lemma for
solutions z(t) to (6), we have

5 12(t) = 2ocll® = = (Ga(2(t)) — Galzs0)) - (2(t) = woo) < —Adll2(t) — o[-
A similar result holds for convergence in entropy using the Polydk-f.ojasiewicz convexity inequality
1
5 IVGa(@)ll; > Aa(Ga(x) — Galw))

which is itself a direct consequence of strong convexity provided in Lemma[30} Then

% (Ga((t)) = Ga(woo)) = VoGa(a(t)) - &(t) = = [|VaGalz(t)||* < —2Xa (Ga(z(t)) — Ga(r0))
and so the result in Theorem [] follows. O

E Additional Simulation Results

We simulate a number of additional scenarios to illustrate extensions beyond the setting with provable guarantees
and in the settings for which we have results but no numerical implementations in the main paper. First, we
simulate the aligned objectives setting in one dimension, corresponding to (@). Then we consider two settings
which are not covered in our theory: (1) the previously-fixed distribution p is also time varying, and (2) the
algorithm does not have access to the full distributions of p and p and instead samples from them to update.
Lastly, we illustrate a classifier with the population attributes in two dimensions, which requires a different
finite-volume implementation [CCH15| Section 2.2] than the one dimension version of the PDE due to flux in
two dimensions.

E.1 Aligned Objectives

Here we show numerical simulation results for the aligned objectives case, where the population and distribution
have the same cost function. In this setting, the dynamics are of the form

Orp = div (pV:0,Galp, n))

= div (pvz (/ f1(z, z)du(z) + alog(p/p) + W * p>>
o= ([ neaane) + [ £ + 5 - o)

where f1 and f2 are as defined in section and W = % 1+ z)fl, a consensus kernel. Note that W does
not satisfy Assumption[3] but we still observe convergence in the simulation. This is expected; in other works
such as [CMVO03], the assumptions on W are relaxed and convergence results proven given sufficient convexity
of other terms. The regularizer p is set to po, which models a penalty for the effort required of individuals to
alter their attributes. The coefficient weights are o = 0.1 and 8 = 1, with discretization parameters dz = 0.1,
dt = 0.01.

X D ™

probability

Figure 4: The dynamics include a consensus kernel, which draws neighbors in z-space closer together.
We see that the population moves to make the classifier performer better, as the two distributions
become more easily separable by the linear classifier.
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In Figure[d] we observe the strategic distribution separating itself from the stationary distribution, improving
the performance of the classifier and also improving the performance of the population itself. The strategic
distribution and classifier appear to be stationary by time ¢t = 40.

E.2 Multiple Dynamical Populations

We also want to understand the dynamics when both populations are strategic and respond to the classifier. In
this example, we numerically simulate this and in future work we hope to prove additional results regarding
convergence. This corresponds to modeling the previously-fixed distribution p as time-dependent; let this
distribution be 7 € P2. We consider the case where p is competitive with z and 7 is aligned with x, with
dynamics given by

Oip = —div (pV= (f1(z,2) — alog(p/p) — W * p))
8tT =div (7V: (f2(z,z) + alog(r/T) + W 1))

(/flzxdp /fQZ:EdT §Hx7x0||2)

We use W = 0 and f1, f2 as in section[d.T]and the same discretization parameters as in Section[E.I] In Figure[5}

1.0

o o o
> o o

probability

I
[N}

o
o

Figure 5: The population p aims to be classified with the 7 population, while the classifier moves to
delineate between the two. We observe that 7 adjusts to improve the performance of the classifier
while p competes against it. The distributions are plotted at time ¢ = 0, corresponding to p and 7,
and time ¢ = 20, corresponding to p and 7.

we observe that the 7 population moves to the right, assisting the classifier in maintaining accurate scoring.
In contrast, p also moves to the right, rendering the right tail to be classified incorrectly, which is desirable
for individuals in the p population but not desirable for the classifier. While we leave analyzing the long-term
behavior mathematically for future work, the distributions and classifier appear to converge by time ¢ = 20.

E.3 Sampled Gradients

In real-world applications of classifiers, the algorithm may not know the exact distribution of the population,
relying on sampling to estimate it. In this section we explore the effects of the classifier updating based on an
approximated gradient, which is computed by sampling the true underlying distributions p and p. We use the
same parameters for the population dynamics as in section[d.I} and for the classifier we use the approximate
gradient

n

1
Val(z,a0) = — D (Vafilzi, @) + Vo fa(Zi,20) + Blee — 20),  zi ~ pe, Zi~ pr-

i=1

First, we simulate the dynamics with the classifier and the strategic population updating at the same rate, using
a = 0.05, 8 = 1, and the same consensus kernel as used previously, with the same discretization parameters as
in[E-J] In Figure[f] we observe no visual difference between the two results with n = 4 versus n = 40 samples,
which suggests that not many samples are needed to estimate the gradient.

Next, we consider the setting where the classifier is best-responding to the strategic population.

Unlike the first setting, we observe in Figure[7]a noticeable difference between the evolution of p, withn = 4
versus n = 40 samples. This is not surprising because optimizing with a very poor estimate of the cost function
at each time step would cause x; to vary wildly, and this method fails to take advantage of correct "average"
behavior that gradient descent provides.
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sampled gradient under equal rate, n=4
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Figure 6: When the classifier is updating at the same rate as the population, we do not see a significant
change in the evolution of both species, suggesting that as long as the gradient estimate for the
classifier is correct on average, the estimate itself does not need to be particularly accurate.
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Figure 7: When the classifier is best-responding to the population, we observe that using n = 4
samples leads to different behavior for both the classifier and the population, compared with a more
accurate estimate using n = 40 samples.

E.4 Two-dimensional Distributions

In practice, individuals may alter more that one of their attributes in response to an algorithm, for example, both
cancelling a credit card and also reporting a different income in an effort to change a credit score. We model this
case with z € R? and 2 € R?, and simulate the results for the setting where the classifier and the population
are evolving at the same rate. While this setting is not covered in our theory, it interpolates between the two

timescale extremes.
1
1 - =
1+expzTz

1
(1 +exprz>

with W = 0. Again, the reference distribution p corresponds to the initial shape of the distribution, instituting
a penalty for deviating from the initial distribution. We use @ = 0.5 and 3 = 1 for the penalty weights, run
for t = 4 with dt = 0.005 and dr = dy = 0.2 for the discretization. In this case, the strategic population is
competing with the classifier, with dynamics given by

Oip = —div (pVz (f1(z, %) — alog(p/p)))
o= ([ neaant) + [ £ + 5 - ool?)

In Figure[§] we observe the strategic population increasing mass toward the region of higher probability of being
labeled "1" while the true underlying label is zero, with the probability plotted at time ¢ = 4. This illustrates

We consider the following classifier:

fl(Z,x) =
4D

N[ = N =

fg(Z,I) =
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Z1

Figure 8: We use (1) for the classifier functions, using a Gaussian initial condition and regularizer
for p. We see the distribution moving toward the region with higher probability of misclassification.

similar behavior to the one-dimensional case, including the distribution splitting into two modes, which is
another example of polarization induced by the classifier. Note that while in this example, z € R? and we use a
linear classifier; we could have x € R? with d > 2 and different functions for f and f which yield a nonlinear
classifier; our theory in the timescale-separated case holds as long as the convexity and smoothness assumptions
on fi and f are satisfied.
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