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Inferring the laws of interaction in agent-based systems from
observational data is a fundamental challenge in a wide vari-
ety of disciplines. We propose a nonparametric statistical learn-
ing approach for distance-based interactions, with no reference
or assumption on their analytical form, given data consist-
ing of sampled trajectories of interacting agents. We demon-
strate the effectiveness of our estimators both by providing
theoretical guarantees that avoid the curse of dimensional-
ity and by testing them on a variety of prototypical systems
used in various disciplines. These systems include homoge-
neous and heterogeneous agent systems, ranging from par-
ticle systems in fundamental physics to agent-based systems
that model opinion dynamics under the social influence, prey-
predator dynamics, flocking and swarming, and phototaxis in cell
dynamics.

data-driven modeling | dynamical systems | agent-based systems

1. Introduction

Systems of interacting agents arise in a wide variety of disci-
plines, including Physics, Biology, Ecology, Neurobiology, Social
Sciences, and Economics (e.g., refs. 1-4 and references therein).
Agents may represent particles, atoms, cells, animals, neurons,
people, rational agents, opinions, etc. The understanding of
agent interactions at the appropriate scale in these systems is as
fundamental a problem as the understanding of interaction laws
of particles in Physics.

How can laws of interaction between agents be discovered? In
Physics, vast knowledge and intuition exist to formulate hypothe-
ses about the form of interactions, inspiring careful experiments
and accurate measurements, that together lead to the inference
of interaction laws. This is a classical area of research, dating
back to at least Gauss, Lagrange, and Laplace (5), that plays
a fundamental role in many disciplines. In the context of inter-
acting agents at the scale of complex organisms, there are fewer
controlled experiments possible and few “canonical” choices for
modeling the interactions. Different types and models of inter-
actions have been proposed in different scientific fields and fit
to experimental data, which in turn may suggest new modeling
approaches, in a model-data validation loop. Often, the form
of governing interaction laws is chosen a priori, within perhaps
a small parametric family, and the aim is often to reproduce
only qualitatively, and not quantitatively, some of the macro-
scopic features of the observed dynamics, such as the formation
of certain patterns.

Our work fits at the boundary between statistical/machine
learning and dynamical systems, where equations are estimated
from observed trajectory data, and inference takes into account
assumptions about the form of the equations governing the
dynamics. Since the past decade, the rapidly increasing acqui-
sition of data, due to decreasing costs of sensors and measure-
ments, has made the learning of large and complex systems pos-
sible, and there has been an increasing interest in inference tech-
niques that are model-agnostic and scalable to high-dimensional
systems and large datasets.
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We establish statistically sound, dynamically accurate, com-
putationally efficient techniques® for inferring these interac-
tion laws from trajectory data. We propose a nonparametric
approach for learning interaction laws in particle and agent sys-
tems, based on observations of trajectories of the states (e.g.,
position, opinion, etc.) of the systems, on the assumption that
the interaction kernel depends on pairwise distances only, unlike
recent efforts that either require feature libraries or parametric
forms for such interactions (6-10), or aim at identifying only the
type of interaction from a small set of possible types (11-13). We
consider a least-squares (LS) estimator, classical in the area of
inverse problems (dating back to Legendre and Gauss), suitably
regularized and tuned to the learning of the interaction kernel in
agent-based systems.

The unknown is the interaction kernel, a function of pair-
wise distances between agents of the systems. While the values
of this function are not observed, in contrast to the standard
regression problems, we are able to show that our estimator
converges at an optimal rate as if we were in the 1D regres-
sion setting. In particular, the learning rate has no dependency
on the dimension of the state space of the system, therefore
avoiding any curse of dimensionality, and making these estima-
tors well-suited for the modern high-dimensional data regime. It
may be easily extended to a variety of complex systems; here,
we consider first- and second-order models, with single and
multiple types of agents, and with interactions with simple envi-
ronments. We demonstrate with examples that the theoretical
guarantees on the performance of the estimator make it suit-
able for testing hypotheses on underlying models of interactions,
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assisting an investigator in choosing among different possible
(nonparametric) models.

Finally, our estimator is constructed with algorithms that are
computationally efficient (with complexity O(LN?M) when the
interaction kernel is Lipschitz; SI Appendix, section 2F) and
may be implemented in a streaming fashion: It is, therefore,
well-suited for large datasets.

2. Learning Interaction Kernels

We start with a model that is used in a wide variety of interacting
agent systems [e.g., physical particles or influence propagation
in a population (14, 15)]: Consider N >1 agents {x;}!_, in
R¢, evolving according to the system of ordinary differential
equations (ODEs)

i O ([lesr (

wherex;(t) = 2x;(t); ||-|| is the Euclidean norm, and ¢: R — R
is the interaction kernel. In other words, every agent’s velocity is
obtained by superimposing the interactions with all of the other
agents, each weighted in a way dependent on the distance to the
interacting agent. In a prototypical example—e.g., arising in par-
ticle systems (Section 2B) and flocking systems—the interaction
kernel may be negative for small distances, inducing repulsion,
and attractive for large distances. Let X := (x;); € R be the
state vector for all of the agents, r;/(t):=x;(¢) —x;(¢) and
T4 (t) := ||riir (2)]]- The evolution Eq. 1 is the gradient flow for
the potential energy U(X()) := 55 >_ ;0 P (s (1)), with ¢(-) =
®’(-)/-. The function ¢(-)- reappears naturally below, the funda-
mental reason being its relationship with ¢/ and ®. Our obser-
vations are positions along trajectories: X¢, := {X™ (%) lejlw m—1
with 0=t <... <t = T being the times at which observations
occur, and m indexing M different trajectories. Velocities X ()
are approximated by finite differences. The M initial conditions
(ICs) X' :=X"™(0) are drawn independently at random from a
probability measure o on R*,

Our goal is to infer, in a nonparametric fashion, the inter-

action kernel ¢, by constructing an estimator é from training
data. A fundamental statistical problem that involves estimat-
ing a function is regression: Given samples (z, g(z))i=1, with
the z;’s independent and identically distributed (i.i.d.) samples
from an (unknown) measure pz in R”, and g a suitably regu-
lar (say, Holder s) unknown function R” — R, one constructs an
estimator g such that ||§ —gl[;2(,,) < n~ %0, with high prob-
ability (over the z;’s). This rate is optimal in a minimax sense
(16), and its dramatic degradation with D is a manifestation of
the curse of dimensionality. Upon rewriting Eq. 1 as X = f, (X),
our observations (with either approximated or directly observed
velocities) resemble those needed for regression if we thought
of Z =X as a random variable, and g =f,. However, our obser-
vations are not i.i.d. samples of X with respect to any probability
measure, the lack of independence being the most glaring aspect.
If we nevertheless pursued this line of thought, we would be hit
with the curse of dimensionality in trying to learn the target func-
tion g =f4 on the state space R*", leading to a rate n~°(/4V)
for regression. This renders this approach useless in practice as
soon as, say, dN > 20. A direct application of existing approaches
(e.g., refs. 6-8), developed for low-dimensional systems, go in
this direction, These works would try to ameliorate this curse
of dimensionality by requiring f; to be well-approximated by a
linear combination of a small number of functions in a known
large dictionary. While such dictionaries may be known for spe-
cific problems, they are usually not given in the case of complex,
agent-based systems. Finally, such dictionaries typically grow

—xi(8)[) (e (8) —xi(t)), ]
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dramatically in size with the dimension (here, dN), and existing
guarantees that avoid the curse of dimensionality require further,
strong assumptions on the measurements or the dynamics.

We proceed in a different direction, aiming for the flexibil-
ity of a nonparametric model while exploiting the structure of
the system in Eq. 1. The target function ¢ depends on just one
variable (pairwise distance), but it is observed through a collec-
tion of nonindependent linear measurements (the left-hand side
of Eq. 1) at locatlons r"i(tl) X3 (&) —xi*(&)]], with coeffi-
cientsr;, (t;) =x7/ (t) —x7" (%), as in the right-hand side of Eq. 1.
When the t’s are equidistant in time, we consider an estimator
minimizing the empirical error functional

L,M,N
m " 2
ELm(p) = LMN R EAGE (t)]|” 121
lym,i=1
é= L3 = argmin £ (), [31
peEH

where # is a hypothesis space of functions R — R, of dimension
n (we will choose n dependent on M). We introduce a natu-
ral probability measure pr on R, adapted to the dynamics: It
can be thought of as an “occupancy” measure, in the sense that
for any interval I, pr([I) is the probability (over the random ICs
distributed according to o) of seeing a pair of agents with a dis-
tance between them being a value in I, averaged over the time
interval [0, T'); see Eq. 4 for a formal definition.

We measure the performance of ¢ in terms of the error
d() - —p(-) - | 12, Theorem (Thm.) 3.3, our main result, will
bound this error by O(M s/(25+1)) if ¢ is Holder s: This is the
optimal exponent for learning ¢ if we were in the (more favor-
able) 1D regression setting! We therefore completely avoid the
curse of dimensionality. In fact, we show under some rather
general assumptions that not only the rate, but even the con-
stants in the bound are independent of N, making the bounds
essentially dimension-free. It is crucial that pr has wide sup-
port in order for the error to be informative. When the system
is ergodic, we expect pr to have a large support for large 7T,
as the system explores its ergodic distribution. However, many
deterministic systems of interest may reach a stationary state
(as in the cases of the Lennard-Jones or opinion dynamics, to
be considered momentarily), in which case pr becomes highly
concentrated on a finite set for large 7: In these cases, it
may be more relevant to consider 7' small compared with the
relaxation time.

We are also interested in whether trajectories X(t) of the true
system are well-approximated by trajectories X(¢) of the system
governed by the interaction kernel ¢, on both the “training”
time interval [0, 7] and after time 7. Propos1t10n (Prop.)
3.4 below bounds sup,c(o 77 ||X( )—X(t)|| in terms of
d() - —p(-) - 2oy v, at least for T’ not too large; this further
validates the use of L?(pr). We will report on this distance for
both 7/=Tand T'> T (“pgediction” regime).

Finally, while the error ||¢(-) - —¢(:) - || 12(pp) 1S unknown in
practice (smce ¢ is unknown), our results give guarantees on its
size, which in turn imply guarantees on accuracy of trajectory
predictions. Proxies for the error on trajectories, for example,
by holding out portions of trajectories during the training phase,
may be derived from data. These measures of error may be used
to test and validate different models of the dynamics: Too large
an error with one model may invalidate it and suggest that a dif-
ferent one (e.g., second vs. first order or multiple vs. single agent
types) should be used (Section 5).

A. Different Sampling Regimes and Randomness. The total num-
ber of observations is (number of ICs)x (number of temporal
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observations in [0, T]) = M x L, each in R™. We will consider
several regimes:

Many short time trajectories. T is small, L is small (e.g., L=1),
and M is large (many ICs sampled from po);

Single large time trajectory. T is large (even comparable to the
relaxation time of the system if applicable), L is large, and M =1
(or very small);

Intermediate time scale. T, L and M are all not small, but
none is very large, corresponding to multiple “medium”-length
trajectories, with several different ICs.

Randomness is injected via the ICs, and in our main results in
Section 3, the sample size will be M. If the system is ergodic, the
regimes above are partially related to each other, at least when
the ICs are sampled from the ergodic distribution perg. Indeed,
at times much larger than the mixing time Tnix, the state of
the system becomes indistinguishable from a random sample of
lerg, and we may interpret the subsequent part of the trajectory
as a new trajectory with that IC. The M observed trajectories
of length T > Tmix are then equivalent to M X T/ Tmix tra-
jectories of length Thix, to which our results apply. In regimes
when M is very small or pg is very concentrated, there is little
randomness: The problem is close to a fixed-design inverse prob-
lem, which is solvable if the dynamics produces different-enough
pairwise distances.
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B. Example: Interacting Particles with the Lennard-Jones Poten-
tial. We illustrate the learning procedure on a particle system
with N =7 particles in R?, interacting according to Eq. 1 with
¢(r)=®7,;(r)/r, where ®,(r):=4e ((o/r)'* = (o/r)®) is the
Lennard—Jones potential, consisting of a strong near-field repul-
sion and a long-range attraction. The system converges quickly
to equilibrium configurations, which often consist of ordered,
crystal-like structures. This example is challenging for various
reasons: the Interaction kernel is unbounded, has unbounded
support, and equilibrium is reached quickly, reducing the amount
of information in trajectories. SI Appendix, section 3B contains
a detailed description of the experiments. Fig. 1 demonstrates
that the estimators approximate the true kernel well in differ-
ent sampling regimes and that the trajectories of the true system
are well-approximated by those of the learned system both in
the “training” interval ([to, T']) and in the “prediction” inter-
val ([7,50T] and [T, 2T] respectively for the two regimes). We
also show, as a simple example of transfer learning, that we
can use the interaction kernel learned on the system with N
particles to accurately predict trajectories of a system with 4N
particles.

The rate of decay of the estimation error is close to the
optimal rate in Thm. 3.3 (Fig. 2); this is a consequence of
two factors: the use of an empirical approximation to p% and
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Fig. 1. Interaction kernel estimation and trajectory prediction for the Lennard-Jones system. (A and B) Estimators ¢ (in blue) of the true interaction kernel
¢ (in black) in two sampling regimes: many short-time trajectories (A) and a few large-time trajectories (B). The proposed nonparametric estimators perform
extremely well—the means and SDs of the relative L?(p%) errors are 6.6- 1072 +£5.0- 1072 and 7.2- 1072 + 1.0 - 10~2, respectively, over 10 independent
learning runs. The SD (dashed) lines on the estimated kernel are so small to be barely visible. In both cases, we superimpose histograms of pLT (estimated
from a large number of trajectories, outside of training data) and pLT'M (estimated from the M training data trajectories; S/ Appendix, Eq. 5). The estimators
belong to a hypothesis space #, of piecewise linear functions with equidistant knots and yield accurate estimators in L(p%). Note that we observe the
dynamics starting from a suitable to > 0, due to the singularity of Lennard-Jones kernel at r = 0. See S/ Appendix, section 3B for details about the setup and
results. (C and D) The true and predicted trajectories for the N-particle system (Upper) and a 4N-particle system (Lower) with interaction kernels learned
on the N-particle system, for randomly sampled ICs. C and D show true and predicted trajectories for systems with interaction kernels learned in A and B,
respectively. The blue-to-green color gradient indicates the movement of particles in time (see color scales on the side). We achieve small errors in predicting
the trajectories in all cases, even when we transfer the interaction kernel learned on an N-particle system to predict trajectories of a system with 4N particles.
Coord., coordinates.
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Fig. 2. Learning rate in M for the Lennard-Jones system. The estimation
errorin LZ(pLT) decays at rate 0.36, close to the optimal rate 0.4 for admissible
kernels; Thm. 3.3.

the blowup at 0 of ®;, which is not an admissible kernel
as in Thm. 3.3 (see SI Appendix, Section 3B for a detailed
discussion).

Fig. 3 shows the behavior of the error of the estimators as
both L and M are increased. It indicates that a single long trajec-
tory may not contain enough “information” to learn the kernel,
at least for deterministic systems approaching a steady state. It
also shows the behavior predicted by Thm. 3.3—namely, for each
fixed L the error decreases as M increases.

3. Learning Theory

We introduce an error functional based on the structure
of the dynamical system X =f4(X), whose minimizer will be
our estimator of the interaction kernel ¢. We consider ker-
nels in the admissible set Krs:={p€ C*(Ry): supp(¢)C
[0, R], sup,c(o,5 |¢(r) | +]¢'(r) |< S}, for some R, S >0. The
boundedness of ¢ and ¢’ ensures the global well-posedness of
the system in Eq. 1. The restriction supp(¢) C [0, R] models the
finite range of interaction between agents, and it may be relaxed
to ¢ € W (R, with a suitable decay.

A. Probability Measures Adapted to the Dynamics. To measure the
quality of the estimator of the interaction kernel ¢, we introduce
two probability measures on R, the space of pairwise distances
ri (t) = ||xI7 (&) —x3" (&) ]]. We consider the expectation of the
empirical measure of pairwise distances, for continuous and
discrete time observations, respectively:

T N

. 1
pT(T') = (1;]) T /t:O ]EXONNO Z

0,4/ =1,i<i’

5%,@)(7‘) dt B [4]

N

L 1
pT(r)::WZEXONHO Z

=1 i1/ =1,i<d’

Or,r e (1) ] - [5]

The expectations are over the ICs, with distribution po. The
measure pr is intrinsic to the dynamical system, dependent
on o and the time scale 7', and independent of the observa-
tion data. p% depends also on the sampling scheme {#}£; in
time. Both are Borel probability measures on R (SI Appendix,
Lemma 1.1), measuring how much regions of Ry on average
(over the observed times and ICs) are explored by the system.
Highly explored regions are where the learning process ought to
be more accurate, as they are populated by more “samples” of
pairwise distances. We will measure the estimation error of our
estimators in L?(p7) or L?(p%).
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We report here on the analysis in the discrete-time observation
case, most relevant in practice, with pk: the arguments, however,
also apply to continuous-time observations, with pr.

B. Learnability: The Coercivity Condition. A fundamental question
is the learnability of the kernel, i.e., the convergence of the esti-

mator ¢,y # defined in Eq. 3 to the true kernel ¢ as the sample
size increases (i.e., M — oo) and H increases in a suitable way.
The following condition, similar to the one introduced in ref. 17
for studying the mean field limit (N — o0), ensures learnability
and well-posedness of the estimation.

Definition 3.1. The dynamical system in Eq. 1, with IC sampled
from o on R%, satisfies the coercivity condition on a set # if
there exists a constant cr, n % >0 such that for all p € H with

()€ L(p7),

1
cr.v () - Hiz(pLT) < L Z E
1

% S~ (i (t)rir (1)

i'=1

Ji=1

(6]

The coercivity condition ensures learnability, by implying the
uniqueness of minimizer of £, (¢) : =E[€1,1(¢)] and, even-
tually, the convergence of estimators through a control of the
error of the estimator in L?(p%) (ST Appendix, Thm. 1.2 and
Prop. 1.3). Thm. 3.1 proves that the coercivity condition holds
under suitable hypotheses, even independently of N; numeri-
cal tests suggest that it holds generically over larger classes of
interaction kernels and distributions of ICs, for large L, and as
long as p% is not degenerate (SI Appendix, Fig. S6). Finally,
cr,n,# also controls the condition number of the matrix in the
LS problem yielding the estimator (see SI Appendix, Prop. 2.1 for
details).

We prove that coercivity holds when po is exchangeable (i.e.,
the distribution is invariant under permutation of components),
Gaussian, and L = 1. Numerical tests (SI Appendix, Fig. S6) sug-
gest that the coercivity condition holds true for a larger class
of interaction kernels, for various initial distributions including
Gaussian and uniform distributions, and for large L, as long as
p% is not degenerate. We conjecture that the coercivity condition
holds true in much greater generality (but not always!), leaving a
detailed investigation to future work.

Theorem 3.1. Suppose L=1, N > 1 and assume that the distri-
bution of X(t1) = (x1(t1),...,xn(t1)) is exchangeable Gaussian
with cov(X;) — cov(Xs,x,/) = A4 for a constant X\ > 0. Then, the

8000
4000
=
2000
1000
500

100072000 4000 8000

125 250 500

Fig. 3. The relative error of the estimated kernel as a function of M, L for
the Lennard-Jones system. The relative error, in log,, scale, of & decreases
both in L and M, in fact, roughly in the product ML, at least when M and L
are not too small. M = 1 does not seem to suffice, no matter how large L is,
due to the limited amount of “information” contained in a single trajectory.
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coercivity condition holds true with cp N wn = WC'}{#*

%, where cy is independent of N, is positive for any compact
H C L (p%), and is zero for H = L*(p%).

In this setting, the analysis of the coercivity constant cz n #
is based on the exchangeability of the initial distribution of the
agents and relates coercivity to a positive integral kernel:

Lemma 3.2. Let X, Y, Z be exchangeable Gaussian random
vectors in R® with cov(X)—cov(X,Y)=M\l, for a constant
A>0. Suppose L=1. Then, there is a positive definite integral
kernel K(r,s): Ry x Ry — R such that for any g € L*(p%)

Eflg(1X = YDg(IX = Z|)(X =V, X — Z)]
= //g(r)rg(s)le(r, s)drds,

2 . .
where ph(r)ocr?™te™"" /3 since L=1. Therefore, there exists

cu > 0, depending only on H C L?(p%), such that for g € H
[ atrims)sictr, sydrds = eull g+ 132,

and cy > 0if H is compact in L*(p%).
We conclude that under the assumptions of Thm. 3.1, if H is
compact, then ¢y, v » is bounded below uniformly in N.

C. Optimal Rates of Convergence. The classical bias—variance
trade-off in statistical estimation guides the selection of a hypoth-
esis space H, whose dimension will depend on M, the number
of observed trajectories. On the one hand, H should be large
so that the bias (distance between the true kernel ¢ and #) is
small; on the other hand, H should be small so that variance
of the estimator is small. In the extreme case where H =Krg,s,
the bias is 0, the varialnce of the estimator dominates, and we
obtain the bound E[||¢r,um3(-) - =¢() [l 2 pz)] < CM =Y (SI

Appendix, Prop. 1.5). In fact, significantly better rates may be
achieved for regular ¢’s:

Theorem 3.3. Assume that ¢€Krys. Let {Hn}n be a
sequence of subspaces of L([0, R]), with dim(H,) < con and
infoen, 9= @l oo jo,r)) < c1n”°, for some constants co, c1, 5 >
0. Assume that the coercivity condition holds on H := U5 Hn.
Such a sequence exists, for example, if ¢ is s-Holder regu-
lar, and can be chosen so that H is compact in L*(ph).
Choose n.= (M /log M)Y/**V) Then, there exists a constant
C = C(co, c1, R, S) such that

~ C  [log M \=+1
B 131000, () =000 L ] < o ()

cnHu \ M

The rate [i.e., the exponent s/(2s+1)] we achieve is opti-
mal: Tt coincides with the minimax rate in the classical regres-
sion setting, where one can observe directly noisy values of
an s-Holder regression function at the sample points. We
obtain this optimal rate, even if we do not observe the val-
ues {¢(r (t1)) }1,i,i7,m» but @ “mixture” of them in the observed
trajectory data. Many choices of {#, } are consistent with the
requirements in the theorem, e.g., splines on increasingly finer
grids, or band-limited functions with increasing frequency limits.
These choices affect the constants in Eq. 7, the computational
complexity of computing ¢r a,#,, , but not the rate in M.
While the rate is independent of the dimension dN of the state
space, the constant may depend on d and N via ¢y, n,2. How-
ever, we expect that under rather general conditions, beyond
those in Thm. 3.1, ¢z n,% is, in fact, lower-bounded indepen-
dently of N for any compact subset H of L*(p%) and is a
fundamental property of the mean field limit (N — oo) of the
system.

Lu et al.

One shortcoming of our result is that the rate is not a func-
tion of the total number of observations, which is O(LN?M)
(we have LN?/2 pairwise distances for each of the M tra-
jectories), but only of M, the number of random samples.
Numerical experiments (see Fig. 3 and similar experiments for
the other systems, reported in SI Appendix) suggest that the
estimator improves as L increases, at least to a point, lim-
ited by the “information” in a single trajectory. Comparing to
ref. 17, where the mean field limit N — oo, M =1, is studied,
we see the rates in ref. 17 seem no better than N~%¢, ie.,
they are cursed by dimension. So are sparsity-based inference
techniques such as those in refs. 6-8, 11, and 18, which also
require a good dictionary of template functions, are not non-
parametric (at least in the form therein presented), and lack
performance guarantees, except in some cases under stringent
assumptions.

Our work here may be compared with the classical parame-
ter estimation problem for the ODE models (19-22), where one
is interested in estimating the vector parameter 6 in the ODE
model X =f(X(t), t,0) from the observation of a single noisy
trajectory. Our error functional, in spirit, is the same with the
gradient-matching method (also called the two-stage method)
used in the parameter-estimation problems (23-27). A chal-
lenging problem is the identifiability of 8. We refer the reader
(28) for the statistical analysis and (29) (and references therein)
for a comprehensive survey of this topic. However, the prob-
lem and approach we considered here are different from the
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Fig.4. Opinion dynamics. (Upper) Comparison between true and estimated
interaction kernel, together with histograms for p% and p". The mean and
SD of the relative error for the interaction kernel are 1.6 - 10~ ' +2.3. 1073
over 10 independent learning runs. The SD lines (in dashed lines) on the esti-
mated kernel are so small to be barely visible. (Lower) Trajectories X(t) and
)A((t) obtained with ¢ and 43, respectively, for an IC in the training data (top
row) and an IC randomly chosen (bottom row). The black dashed vertical line
at t =T divides the “training” interval [0, T] from the “prediction” interval
[T, T¢] (which in this case, T =2T). We achieve small errors in all cases, in
particular predicting number and location of clusters for large time.
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Fig. 5. Estimation of interaction kernels and trajectory prediction for predator-swarm first- and second-order systems. Results for the first-order (A) and
second-order (B) predator-swarm systems, as described in Sections 4 and 5, are shown. For each system (corresponding to each column), Upper represents
¢rxr and $k,k,, superimposed with the histograms of p% (estimated from a large number of trajectories, outside of training data) and pLT'M (estimated from
the M training data trajectories; S/ Appendix, Eq. 5). Lower shows trajectories X(t) and )A((t) of the corresponding (original and estimated) systems, evolved
from the same ICs as the training data (third row) and newly sampled ICs (fourth row), over both the training time interval [0, T] and in the future [T, 2T]
(color bars; the black dots in the trajectories correspond to t = T). For trajectories generated by the predator-swarm system, red-to-yellow lines indicate the
movement of predators, whereas the blue-to-green lines indicate the movement of prey. The color gradients indicate time; see the color scales on the side
of the plots. The estimators q@k,k/ perform extremely well: with negligible differences in the regions with large pLT and with possibly larger errors in regions
with small p} (where the SDs over 10 independent learning runs become visible). The L2(p%) errors of the estimators are reported numerically in S/ Appendix,
section 3. Note that they are truncated to a constant while preserving continuity, when there are no samples (e.g., r near 0 or r very large). The measure
pLT is quite smooth but can have interesting features; pLT'M is typically a noisy version of pLT. The trajectories of the estimated system are typically good
approximations to those of the original system, on both ICs in the training data and newly sampled ICs. The error of the estimated trajectories increases
with time, as expected, albeit it still typically excellent also in the “prediction” time interval [T, 2T], showing that the bounds in Prop. 3.4, while sharp in
general, may be overly pessimistic in some practical cases. Some slightly larger errors are present in some trajectories, e.g., when prey and predators get
much closer to each other than they did in the training data. Coord., coordinates.

parameter-estimation problem in several aspects. First of all, our
state variable X enters into the domain of the ¢ (via its “pro-
jection” onto pairwise distance), while the parameter vector 6
is decoupled from the state variable X. Moreover, our estima-

Proposition 3.4. Assume (|- ||)- € Lip(R?), with Lipschitz
constant Crip. Let X(t) and X(t) be the solutions of systems with
kernels ¢ and ¢, respectively, started from the same IC. Then, for

tor is nonparametric—i.e., the goal is to estimate a function
¢ (a vector infinite dimensions) instead of a finite-dimensional
vector 6 of parameters. Finally, we establish identifiability condi-
tions for ¢ from the perspective that the observations are i.i.d.
trajectories with random ICs, in contrast with the identifiabil-
ity of 6 from observations along a fixed single trajectory with
i.i.d. noise. We would like to mention the different, but related,
problem of inferring potentials from ground states and unstable
modes (for example, ref. 30), as well as recent results on exis-
tence and properties of ground states for systems with nonlocal
interactions (31).

D. Trajectory-Based Performance Measures. It is important not only
that qAS is close to ¢, but also that the dynamics of the system gov-
erned by o approximate well the original dynamics. The error
in prediction may be bounded trajectory-wise by a continuous-
time version of the error functional and bounded in average by
the L?(pr) error of the estimated kernel (further evidence of the
usefulness of pr):

6 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1822012116

each trajectory

T
sup ||)?(t)fX(t)|\2§2T68TZC€iP/HX(t)—f@(X(t))Hth,
tG[O,T]

and on average with respect to the distribution o of ICs:

Eyo [ sup [X(t) =X(t)|| < CVNII() - =6() - | 125

te[0,T]

where the measure pr is defined in Eq. 4and C = C(T, CLip).

4. Extensions: Heterogeneous Agent Systems, First and
Second Order

The method proposed extends naturally to a large variety of
interacting agent systems arising in a multitude of applications
(4), including systems with multiple types of agents, driven
by second-order equations, and including interactions with an
environment. For detailed discussions of related topics on
self-organized dynamics, we refer the readers to refs. 3 and 32-35
and the recent surveys (36, 37).
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Fig. 6. Estimation of interaction kernels (Upper) and trajectory prediction

(Lower) for the Phototaxis system. Results for the Phototaxis systems, as
described in Sections 4 and 5, are shown. (Upper) Left represents ¢* vs. c{&A
(top row), and ¢¢ vs. ¢¢ (bottom row), superimposed with the histograms
of p%, and, respectively, /’er nght shows the comparison of the marginal
distributions, pf; vs. pi¥ and pf . vs. pit. (Lower) Left represents the tra-
jectories generated from true interaction kernels, whereas Right shows the
trajectories generated by the estimated kernels, generated from training IC
data (top row) and from a new random IC (bottom row). In this system, the
interaction kernels ¢* and ¢ are the same; the corresponding estimators
@* and ¢¢ are both learned accurately, but note that they are being learned
from two different sets of data, (r, r) and (r, &), respectively. In both cases,
data are scarce or missing for large values r, leading to estimators tapering
to 0 faster than the true interaction kernels. However, despite the undesired
tail-end behavior of our estimators, the estimators perform extremely well
in regenerating the trajectories. See S/ Appendix, section 3 for more details.
Coord., coordinate.

A. First-Order Heterogeneous Agents Systems. Let the agents be
divided into K disjoint sets {Cy}~_; (“types”), with different
interaction kernels for each ordered pair of types:

28 =3 e, (i () (1), (8]

where k; is the index of the type of agent i—i.e., i € C;; Ny, is
the number of agents in type Gy, ; riir =Xy —x; and ry = ||ry||;
¢ - Ry — R is the interaction kernel governing how agents in
type Cy influence agentsin type Cy,. Asusualwe letX := (x;); €
R be the vector describing the state of the system. We assume
that the interaction kernels ¢k, ’s are the only unknown factors
in the model; in particular, we know the sets Ci’s (i.e., the type of
each agent is known). The goal is to infer the interaction kernels
¢rr from observations {X™(t;) 5;34:1 withO0=t<...<{4,=T
and with the ICs X" (0) = X" randomly sampled from .

Let f5(X™) € R be the vectorization of the right hand sides
of Eq. 8, and ¢ = (¢ ) K y/=1- Dropping from the notation of

Lu et al.

quantities that are assumed known, we rewrite the equations
for the dynamics in Eq. 8 as X'~ =f,(X™). We use an error
functional similar to Eq. 2, with a weighted norm, to define the
estimators:

2

~

¢ = argmin —— HX (t) x" ()|, 9]
PEH ML m—lzl 1 S
where cp*(sokkf);fk/:l, ¢:(¢3kk');§,k/:1 and [[X|[5 ==Y,

- ||x1|| The weighted norm ||- HZ is introduced so that, when

dlfferent types of agents have significantly different cardinali-
ties (e.g., a large number of preys vs. a single predator), the
error functional will take into suitable consideration the least
numerous type. Otherwise, only the interaction kernel of the
most numerous type of agents would be accurately learned.
Other more general weighting strategies may be considered, with
minimal changes to the algorithm.

The generalization of p% in Eq. 5 (similarly for pr) to the
heterogeneous-agent case is the family, indexed by ordered pairs
{(k, k") }rrreqa,... ik}, of probability measures on Ry

’ 1
L,kk
Pr (T) = LNkkl ZEXONHO Z 6'r.z/(tl)(7‘)7 [10]

=1 1€ Cy,i! € Cpy i)

where Ny, = N Njs when k# k" and Ny, = ("}) when k=Fk’

(for N;>1, otherwise there is no interaction kernel to
learn). The error of an estimator, ¢/, will be measured by

Hdgkk/(') ' *dma(')-‘ LR

While this case requires learning multiple interaction kernels,
it turns out that the learning theory developed for the single-type
agent systems can be generalized, and the estimator in Eq. 9 still
achieves optimal rates of convergence, and a similar control on
the error of predicted trajectories can be obtained.

B. Second-Order Heterogeneous Agent Systems. Here, we focus on
a broad family of second-order multitype agent systems (not
included, even when rewritten as first-order systems, in the family
discussed above). We consider systems with K types of agents:

mlxz :F (xz, + Z Nk (¢kk/(rzz )ru’ +¢k1k/(ru )r“/)

/=1
(11]
gz: i +,ZN ¢kk/(rzz)§lza
for i=1,...,N. Here k; €{1,..., K} is the type of agent 1,

& € Ris a variable modeling the agent’s response to the environ-
ment (e.g., food/light source), &;;» =&;» — &;, and m;, Ny, mass of
agent ¢ and number of agents of type k F!, F&, noncollective
influences on ¥; and &;; and ¢1,, 61/, qSkk,, energy-, alignment-,
and {—type interaction kernels.

Note that here each agent is influenced by a weighted sum
of different influences over agents of different types, leading
to a rich family of models (including but not limited to prey—
predator, leader—follower, and cars—pedestrian models). Using
vector notation, let f,5 (X™) and f44 (X", X™) € R™" be the col-
lection of the energy and alignment induced interaction terms
respectively, and F*(X", ™), = F! (¥;,&) (similar setup for
FE(E™) and fze (X, E’")) we can rewrite the equations as:

X"=FP&X", 2™+, (X™) + L, (X", X"
{ F( ) FEm(X™) 4 f4a( ) [12]

Em _ ]_—ﬁ(: ) ¢€ (va7 Em) 7
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Table 1. Model selection: First- vs. second-order

Learned as Learned as
System first order second order
First-order system 0.01+0.002 1.6 £ 1.1
Second-order system 1.7 £ 0.3 0.2+0.06

The table shows the mean and SD of the errors of estimated trajectories,
over M = 250 train-test runs, with random ICs in each case. Small errors,
consistent with our theory that the errors are on a scale of M~2/%, indicate
a correct model. The order is correctly identified in each case (highlighted
in bold).

where ¢ ={¢}, ¢" = {0} and ¢ ={g},, }, with k, k' =
1,..., K. We assume that the interaction kernels are the only
unknowns in the model, to be estimated from the observa-
tions {X™ (t),X" (1), =™ (t)}/;2L,, with M ICs X§' .—xm(o)

m

XO :—Xm( 0), and =" := =™ (0) sampled independently from p,

us, and u5, respectlvely. With X" (t;) approximated by finite
difference, we construct estimators similar to those in Eq. 2

b oA M,L . ~
(¢ 9 ) :ﬁ,irféivm,;lux () = F X (4), =" (k)
(X (1) ~ fpn 7 () X" (), 113

and the interactions acting on the auxiliary variable &; can be
obtained separately as

M,L
~¢ o1 - - _ 2
¢ = argmin 7o S OEM=FUED) — e X EN) g
PteH m=1,l=2

where ZP'=X"(t), X{'=X"(t), E{'=Z"(t), & =
{gbik, }kK w—1, and the state space norm || - | is defined similarly
to the first-order case. Here, we are using a vectorized notation
for ¥, p”, H’ (a suitable product hypothesis space). To mea-
sure performance, for each pair (k, k), we define a probability
measure on Ry x Ry

T

A
pr (r,7)= TNy /E >

1o GECYIEC i

Or s ()i (0 (15 1) L,

and another probability measure on Ry x R,

L

P O= S E Y

=1 {€Cy,i'€Cyr i’

67“”/ (t1),€;7 (£) (r,€),

where the expectation is with respect to ICs distributed accord-
ing to s x u’é X MOE, and we let 7 = ||F|| (with abuse of notation),
& (t) =& (t) — & (1)|, Ny = Nk Ny if k # k" and Ny = (")
if k k’ (and Nk > 1, as there is no kernel to learn if Ny =1).
Let p be the marginal of p& with respect to r. We will mea-

9l ()7, and G (r)€ in L2(pfF),
L2 ("), and L2(p%, ), respectively.

The algorithm to construct the estimator in Eq. 13 generalizes
that for the first-order single-type agent systems, and involves
a LS problem with a structured matrix with K2 vertical bands
indexed by (k, k'), accommodating the estimators for the inter-
action kernels. Note that such an LS problem takes into account,
as it should, the dependencies in learning the various interaction
kernels, all at once.

sure the errors for ¢, (r)r,

80f 10 | www.pnas.org/cgi/doi/10.1073/pnas.1822012116

We note that while of course the second-order system may
be written as a first-order system in the variables x; and v, =%;;
even when F} =0 and gbk x, =0, the resulting equations for

(xi,v;) are different from those governing the first-order systems
considered above in Eq. 8.

5. Examples

We consider the learning of interaction kernels and the pre-
diction of trajectories for three canonical categories of exam-
ples of self-organized dynamics (see SI Appendix, section 3 for
details).

Opinion Dynamics These are first-order ODE systems with a
single type of agent, with bounded, discontinuous, compactly
supported, and attraction-only interaction kernels. They model
how the opinions of people influence each other and how con-
sensus is formed based on different kinds of influence functions
(refs. 14, 15, and 38 and references therein).

Predator-Swarm System We consider a first-order system with a
single predator and a swarm of prey, with the interaction kernels
(prey-prey, predator—prey, and prey—predator) similar to
Lennard-Jones kernels (with appropriate signs to model attrac-
tions and repulsions). Different chasing patterns arise depend-
ing on the relative interaction strength of predator—prey vs.
prey—predator interactions. We also consider a second-order

A
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Fig. 7. Model selection: energy-based vs. alignment-based. The estimated
interaction kernels for an energy-based model (4) and an alignment-based
model (B). For each model, we compute two estimators: an energy-based
interaction kernel ¢f and an alignment-based interaction kernel ¢*. Our
estimators correctly identify the type of model in each case: The LZ(pLT,,)
norm of ¢ is significantly larger than that of $* (means and SDs: 18.8 :I: 0. 4
vs. 6.5 4+ 0.3) for the energy-based model, and the LZ(pT,) norm of d)
larger than that of ¢f (means and SDs: 27.6 +0.7 vs. 2.4- 1072 £+ 0.1) for
the alignment-based model. Note that the y axes are on very different
scales.
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predator-swarm system, with the collective interaction acting
on accelerations, leading to even richer dynamics and chasing
patterns (e.g., refs. 39-41).

Phototaxis This is a second-order ODE system with a single
type of agents interacting in an environment, modeling photo-
tactic bacteria moving toward a far-away fixed light source. The
response of the bacteria to the light source is represented in the
auxiliary variable ¢; as the excitation level for each bacteria 4
(e.g., refs. 42-44). Another example which we do not pursue here
is the Vicsek model (45), which fits perfectly in our model upon
choosing & = 0; (0;: moving direction of agent 7).

In our experiments, we report the measure p5:" estimated

from the training data, our estimator, and similarly in the case
of noisy observations; we measure performance in terms of (rel-
ative) L?(p%) error of the kernel estimators and of distance
between true trajectories X(¢) and estimated trajectories X(t),
on both the “training” interval [0, T'] (where observations were
given) and in the future [T',27T] (predictions). See Prop. 3.4,
where the bounds may be overly pessimistic, especially for sys-
tems tending to stable configurations. Our estimator performs
extremely well in all these examples: The interaction kernels
are accurately estimated, and the trajectories are accurately pre-
dicted. We refer the reader to Fig. 4 for the results of the opinion
dynamics, Fig. 5 for the results of the predator—swarm dynamics,
Fig. 6 for the results of the phototaxis, and SI Appendix, sec-
tion 3 for further details on the setup for the experiments and
a comprehensive report of all of the results, as well as a detailed
description of the final algorithm and its computation complexity
in SI Appendix, section 2.
Model Selection and Transfer Learning. We also consider the
use of our method for model selection, where the theoretical
guarantees on learning the interaction kernels and on predict-
ing trajectories are used to decide between different models
for the dynamics. We consider two examples of model selec-
tion, to test whether: (i) a second-order system is driven by
energy-based or alignment-based interactions; or (if) a hetero-
geneous agent system is driven by first- or second-order ODEs.
For each of them, we construct two estimators assuming either
case and then select models according to the performance of
the estimators in predicting trajectories. See Table 1 and Fig. 7
for results and discussions and SI Appendix, section 3E for
details.

As a simple example of transfer learning, we use the inter-
action kernel learned on a system with N agents to accurately
predict trajectories of the same type of system but with more
agents (4N in our simulations); the interaction kernel acts as a
sort of “latent variable” that seamlessly enables transfer across
such related systems. In SI Appendix, section 3, we report the
corresponding results, for all of the systems considered (see,
however, Fig. 1 for the Lennard—Jones system).

Noisy Observations. Our estimators appear robust under obser-
vation noise, namely, if the observed positions and derivatives
are corrupted by noise. Fig. 8§ demonstrates the kernel estimation
and trajectory prediction for the first-order predator—swarm sys-
tem when only noisy observations are available. Similar results
(reported in SI Appendix, section 3) are obtained in all of the
other systems considered.

Choice of the Basis of the Hypothesis Space. Our learning
approach is robust to the choice of hypothesis space H, as long
as the coercivity condition is satisfied by # (or the sequence ).
Additionally, different well-conditioned bases may be used in H
to compute the projection onto #, implying, together with the
coercivity condition, a control of the condition number of the LS
problem (SI Appendix, Prop. 2.1). To demonstrate this numeri-
cally, we compare the B-splines linear basis with the piecewise
polynomial basis on the 1°*-order predator-swarm system, with
results shown in SI Appendix, Fig. S8.
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Fig. 8. Kernel estimation for PS1°t from noisy observations. (Upper) Inter-
action kernels learned with Unif.((—o, ¢]) multiplicative noise with o =0.1
in the observed positions and velocities, with parameters as in SI Appendix,
Table S9. The estimated kernels are minimally affected and only in regions
with small pLT. (Lower) One of the observed trajectories before and after
being perturbed by noise. The solid lines represent the true trajectory,
the dashed semitransparent lines represent the noisy trajectory used as
training data (together with noisy observations of the derivative), and the
dashed-dotted lines are the predicted trajectory learned from the noisy
trajectory.

6. Discussion and Conclusion

We proposed a nonparametric estimator for learning interac-
tion kernels from observations of agent systems, implemented
by computationally efficient algorithms. We applied the estima-
tor to several classes of systems, including first- and second-
order, with single- and multiple-type agents, and with simple
environments. We have also considered observation data from
different sampling regimes: many short-time trajectories, a single
large-time trajectory, and intermediate time scales.

Our inference approach is nonparametric, does not rely on
a dictionary of hypotheses (such as in refs. 6-8), exploits the
structure of dynamics, and enjoys optimal rates of convergence
(which we proved here for first-order systems), independent of
the dimension of the state space of the system. Having techniques

with solid statistical guarantees is fundamental in establishing
trust in data-driven models for these systems and in using them
as an aide to the researcher in formulating and testing conjec-
tures about models underlying observed systems. In this vein,
we presented two examples of model selection, showing that
our estimators can reliably identify the order of a system and
identify whether a system is driven by energy- or alignment-type
interactions.

We expect further generalizations to the case of stochastic
dynamical systems and to the cases of more general interac-
tion kernels that depend on more general types of interaction
between agents, beyond pairwise, distance-based interactions.
Other future directions include (but are not limited to) a
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better understanding of learnability, model selection based on
the theory, learning from partial observations, and learning
reduced models for large systems.
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Supporting Information Text
1. Learning Theory

Consider the problem of estimating the interaction kernel ¢ : Ry — R of the dynamical system as follows
N
Z (lsr (t) = s ()] ) (@ (1) — i(2)), 1]

from observations of discrete—time trajectories and derivatives, {X™ ()} and {X™(t;)} with 0 = ¢; < --- < t, = T and
m=1,...,M. We let X := (a:z N, € R*™ be the state space variable. The initial conditions XJ* := X™(0) are sampled
independently from a probability measure po on R,

Such a system can also be described as the gradient flow X = f,(X) = VU(X) of the potential energy U(X) =
o Z“, &(||x; — zi]|), with the function & : Ry — R satisfying ®'(r) = ¢(r)r. Therefore, the estimation of ¢ is equivalent to
the estimation of ®'. As we will see later, the function ¢(-)- appears naturally in assessing the quality of approximation of
estimators of ¢, the fundamental reason being the relationship with the potential involving .

We restrict our attention to kernels in the admissible set

Kr.s :={¢ €W"™ : supp(¢) € [0, R], sup [|¢(r)| + |¢>/(r)|] < S} 2]

r€[0,R]

for some R, S > 0. The boundedness of ¢ and its derivative ensures the existence and uniqueness of a global solution to initial
value problems of the first order system Eq. (1), and the continuous dependence of the solution on the initial condition. The
restriction supp(¢) C [0, R] represents the finite range of interaction between particles, and this restriction may be replaced by
functions with unbounded support but with a suitable decay on R..

We shall construct an error functional based on the special structure of the dynamical system X = fs(X), taking advance
of the form of the dependency of the right-hand side f; on the interaction kernel ¢. This learning procedure deviates from
standard regression in two aspects: (i) the values of the interaction kernel are not observed, and cannot be explicitly estimated
from the observations of the state variables; (ii) the observations of the independent variable of the interaction kernel, given by
the pairwise distance between the agents, though abundant, are not independent and may be redundant.

We would also like to stress the importance of using a carefully chosen measure on the pairwise distance space, so as to
account for both the randomness from the initial conditions and the evolution of the dynamical system, and to reflect the
(relative) abundances of pairwise distances. Our analysis shows that the expectation of the empirical measure of the pairwise
distances is a natural choice, and it is closely related to the coercivity condition, the other fundamental ingredient which
ensures learnability and convergence of the estimators.

A. The Error functional and estimators. Given the structure of the first order system Eq. (1), we consider the error functional

L,M,N
m ’"L 2
Erm () MN D i@ (k) - fo (2™ ()] 3]
I,m,i=1
where {w;}1~, is a normalized set of weights (w; > 0 and Zle w; = 1), and define an estimator
br,am = argmin € (), [4]

peEH

where H is a suitable class of functions that will be referred as hypothesis space. Natural choices of weights {w;} may be
chosen to be all equal to 1/L, as in the case of equi-spaced t;’s, which is what we considered throughout the paper, and is
consistent with the definition of p% and its use in measuring the performance of the estimator in L?(p%). However, if one
wished to measure the performance in a different L? space, one could choose the weights differently. A distinguished choice
would be L?(pLebesgue ), in which case one may choose w; = 1/(t;41 — 1), for I = 1,..., L — 1 (and change all the summations

involving [ to stop at L — 1 instead of L). Other choices of weights corresponding to other quadrature rules are also be possible.

Note that the error functional is quadratic in ¢ and bounded below by 0, therefore the minimizer exists for any finite
dimensional convex hypothesis spaces H. We can always truncate this minimizer so that it is bounded above by S, the upper
bound of the functions in the admissible set Kg,s, and this truncated estimator behaves similarly to the estimator obtained by
assuming that the functions in H are uniformly bounded. In fact, such truncation can only reduce the error. Hence, without
loss of generality, we assume H to be a compact set in the L® norm.

Our objectives are measuring the quality of approximation of the estimator and finding the hypothesis spaces for which the
optimal rate of convergence of é to the true interaction kernel ¢ is achieved.

20f 27 Fei Lu, Ming Zhong, Sui Tang, Mauro Maggioni

187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248



249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310

B. Measures on the pairwise distance space. We introduce a probability measure on R4, to define a suitable function space

that contains all the estimators and the true interaction kernel, and to provide a norm to assess the accuracy of the estimators.

We let

vy (t) = zy () — i(t), and ryp (t) = ||z (t) — 2 (2)]]-
Note that the independent variable of the interaction kernel is the pairwise distances 7]}, (¢), which can be computed from the
observed trajectories. It is natural to start from the empirical measure of pairwise distances

pr (r) = (G Z Z Sym, (1) (7 [5]

Im=14,7/=1,i<3/

which tends, as M — oo, using the law of large numbers, to p% defined in (5) in the main text. When trajectories are observed
continuously in time, the counterpart of p% is the measure defined in (5). We now establish basic properties of these measures:

Lemma 1.1. For each ¢ € Kg,s defined in Eq. (2), the measures p% and pr defined in (5) and (4) in the main text are Borel
probability measures on Ry. They are absolutely continuous with respect to the Lebesgue measure provided that po is absolutely
continuous with respect to the Lebesgue measure on RN .

C. Learnability: the coercivity condition. A fundamental question is the learnability of the true interaction kernel, i.e. the
well-posedness of the inverse problem of kernel learning. Since the estimators quS L,m,H always exists for suitably chosen hypothesis
spaces H (e.g. compact sets), learnability is equivalent to the convergence of the estimator &L, M,# to the true kernel ¢ as the
sample size increases (i.e. M — o0) and as the hypothesis space grows. To ensure such a convergence, one would naturally
wish: (i) that the true kernel ¢ is the unique minimizer of the expectation of the error functional (by the law of large numbers)

Eroelp) = Im Ea(p) = 72 S B |1 3" (0= 0) (o () ()| 6]

M —00
1,i=1 i'=1

(i) that the error of the estimator, in terms of a metric based on the L?(p%) norm, can be controlled by the discrepancy
between the empirical error functional and its limit.

Note that 1,00 () > 0 for any ¢ and that €1, (¢) = 0. Furthermore, Eq. (6) reveals that £, () is a quadratic functional
of ¢ — ¢, and we have, by Jensen’s inequality,

£r,00(0) < LoD o) - 022

This inequality suggests the above weighted L?(p%) norm as a metric on the error of the estimator that we wish to be controlled.

Therefore, as long we as can bound the limit error functional from below by ||¢(:) - —¢(-)- HLg(p Ly, we can conclude that ¢ is
T
the unique minimizer of €1, (-) and that the estimators converge to ¢. This suggests the following coercivity condition:

Definition 1.1 (Coercivity condition). We say that the dynamical system defined in Eq. (1) together with the probability
measure o on R™ | satisfies the coercivity condition on H with a constant ¢ n 3 > 0, if

ol eO) Iy S Wv 3 goW(n))r“/(mHz} m

ii=1 il=1
for all ¢ € H such that (-)- € L?(p%), with the measure p% defined in (4) in the main text, and the expectation being with
respect to initial conditions distributed according to uo.

The above inequality is called a coercivity condition because that it implies coercivity of the bilinear functional {(-,-)) on
L2 (R+7 p%‘)v

(1, 2) :LINZEK Zsol ryi(t)ri (), NZ rji(t) nj(mﬂ, 8
li=1 j=1 j=1

as Eq. (7) may be rewritten as
2
cL N leC) L2 ey oty < (05 0)-

The coercivity condition plays a key role in the learning of the interaction kernel. It ensures learnability by ensuring the
uniqueness of minimizer of the expectation of the error functional, and by guaranteeing convergence of estimators through a
control of the error of the estimator on every compact convex hypothesis space H in L?(p%). To see this, apply the coercivity
inequality to ¢ — ¢, to obtain

c.n|le(e) - _¢(')'H2L2(R+,pqa) < EL.oo()- (9]

From the facts that €1, 0c(¢) > 0 for any ¢ and that £1,00(¢) = 0, we can conclude that the true kernel ¢ is the unique minimizer
of the £1,00(¢). Furthermore, the coercivity condition enables us to control the error of the estimator, on every compact convex
hypothesis space in L?(p%), by the discrepancy of the error functional (see Proposition 1.3), therefore guaranteeing convergence
of the estimator.
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Theorem 1.2. Let H, be a sequence of compact convex subsets of L ([0, R]) such that
nf () - =¢() - lL2gozy =0

as n — 0o. Assume that the coercivity condition holds on USZH,. Then the estimator aL,M,Hn defined in Eq. (4) converges
to the true kernel in L2 (p%) almost surely as n, M approaches infinity, i.e.

nlirr;o A}gnw oL ar,2, (-) - —0(:) - ||L2(p%) =0, almost surely.

The above theorem follows from the next proposition.

Proposition 1.3. Let H be a compact convex subset of L2(p%) and assume the coercivity condition holds true on H. Then the
functional 1, defined in Eq. (6) admits a unique minimizer

;S\L,DO,H = argmin £, (p), [10]
peEH
in L?(p%). Furthermore, for all p € H
E00(9) = Ep00(9r.00,1) = CL N P() - =000 1) 72,1 [11]

D. Optimal rate of convergence of the estimator. We now turn to the rate of convergence of the estimator.

Theorem 1.4. Let the true kernel ¢ € Kr,s, and let H C L*°([0, R]) be compact convex and bounded above by So > S. Assume
that the coercivity condition in Eq. (7) holds. Then for any e > 0, we have

cr N nlldrann() - =60) T2, < 2 Inf flo() - —6()- 7= (10, 1) + 2¢ [12]

with probability at least 1 — §, provided that

115252 R? (
CL,N,HE

1
M> log(N (M, Jezs)) +loa(3))

where N'(H,n) is the n-covering number of H under the co-norm.

We discuss first the implications of this theorem on the choice of hypothesis space in view of obtaining optimal rates of
convergence of our estimator. The proof of the theorem will be presented at the end of this section. In practice, given a
set of M trajectories, we would like to chose the best finite-dimensional hypothesis space H to minimize the error of the
estimator. There are two competing issues. On one hand, we would like the hypothesis space H to be large so that the
bias inf,en || — ¢H2L°°([0,R]) is small. On the other hand, we would like to keep H to be small so that the covering number
N (H,€/4850R?), and therefore the variance of the estimator is small. This is the classical bias-variance trade-off in statistical
estimation. Inspired from approximation methods in regression (1-3) , the following proposition quantifies the effect of
hypothesis spaces on the rate of convergence of the estimator.

Proposition 1.5. Assume that the coercivity condition holds with a constant cr, N, and recall qZA)L,M,H defined in Eq. (4) is a
minimizer of the empirical error functional over a hypothesis space H.
(a) For H = KRr,s, there ezists a constant C = C(S, R) such that

~ C 1
Elll¢ram() - =0() - le2pr)) < CL’N‘HM ‘.
(b) Assume that H, is a sequence of finite dimensional spaces of L*°([0, R]) such that dim(Hn,) < con and
inf () = ()7 (po,m) < c1n”* [13]
pEHR

for all n for some constants co,c1,s > 0, then by choosing n = n, := (M /log M) 7o , we have

C (logM)ﬁﬂ

EI6r,80,5, () - =6() - | 120,2)] < i

CL,N,H
where C' = C(co, c1, R, S).

It is interesting to compare this rate with those in the mean field regime, where the regime N — oo (with M =1, L — o0)
was studied: the rates implied by (4) they seem to be no better than N~ je. they are cursed by the dimension d, even if
the problem is fundamentally that of estimating a 1-dimensional function. It would be interesting to understand whether that
rate is optimal for this problem in the mean-field regime (N — o0), or if in fact, the results in the present work lead to sharper,
dimension-independent bounds in the mean-field limit as well.

The proof of Thm. 1.4 is based on this technical Proposition:

4 of 27 Fei Lu, Ming Zhong, Sui Tang, Mauro Maggioni

435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496



497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558

Proposition 1.6. Assume the coercivity condition holds true and let H C L*°([0, R]) be compact convez, bounded above by Sy.

Let
Dr,oo,1(9) = EL 00 () — 5L,oo($L,oo,'H) » Drva(p) i=E,m(p) — 5L,M($L,oo,ﬂ)7

where g/b\L,oo,H is the minimizer of £1,00(-) over H. Then for all e > 0 and 0 < a < 1, we have

p sup DL,OO,’H(‘,O) - lDL,M,’H.((p) 2 3o S ./\/'(7_[7 Clae) 6—02042]\/16
e Dr,oo,n(p) +€
where C1 = 55 R2 and Cy = ;CQZ%

Proof of the Theorem 1.4 . Put a = é in Proposition 1.6. We know that, with probability at least

1-N (7—[, m) e o
we have D (¢)—D ® 1
L,00, —Dr,u,
N ) e
and therefore, for all p € H, ) i

§DL,oo,7-L(s0) < Dr,mun(p) + 5€

Taking ¢ = aL,My'H, we have
Dr,oo(dr,m2) < 2D a3 (Prvm) + €.

But DL,]\/],’H((EL,M{H) = 5L7M($L,M,H) — SL,M(;S\L,OO,H) < 0 and hence by Proposition 1.3 we have
el orarn () - —br.on () - Hi2(p%‘) < Droo(Pr,a0m) < €
Therefore,
16Lara() - =0() - IF2gn) < 29raa() - =bren() - [12gpn) + 2brem() - =() - 22(,m,)

(e inf fle() - =6() - [1%).

<
CL,N,H

where the last inequality follows from the coercivity condition and by the definition of $L,m,H(see Eq. (10)). Given 0 < § < 1,

we see we need M large enough so that

eL,N,HMe

€ T 15252 RZ
I—N(H,m)e S L ey

The conclusion follows. O

E. Trajectory-based Performance Measures. After having established results on the convergence rate of our estimator, we turn
to control the accuracy of trajectories predicted when using the estimated interaction kernel, evolved from initial conditions
both in and outside of the training data. Trajectory-based measurements of accuracy are interesting because (a) they provide a
quantitative assessment on the quality of the approximated dynamics, (b) while the true interactions kernels are typically not
known, and so the accuracy of the estimated interaction kernel may not be evaluated, trajectories are known, and may be used
to perform model validation and cross-validation for parameter selection (if needed).

The next Proposition shows that the error in prediction is (i) bounded trajectory-wise by a continuous time version of the
error functional, and (ii) bounded in the mean squared sense by the mean squared error of the estimated interaction kernel.

Proposition 1.7. Let qb be an estimator of the true interaction kernel ¢. Suppose that the function <Z>(H [)- is Lipschitz
continuous on R?, with Lipschitz constant Crip. Denote by X( ) and X (t) the solutions of the systems with interaction kernels
qﬁ and ¢ respectively, starting from the same initial condition. Then we have

T
~ 2 ~2 . 2
sup | X (t) — X(t)||* < 27e®" “iav / | X (1) — £2(X (1)) dt
t€[0,T] 0

for each trajectory, and on average with respect to the initial distribution po,

Euol sup [|X(5) = X(®)|°] < C(T, Cip)VNB() - =¢() - |22 (o)

te[0,T]

for a constant C(T, Crip), where the measure pr is as in Eq. (4) in the main text.
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2. Algorithm

We start from describing the algorithm in its simplest form, for learning first order system with homogeneous agents; we then
move to first order systems with heterogeneous agents, and finish with the second order systems with heterogeneous agents.

A. First Order Homogeneous Agent Systems. Recall that we would like to estimate the interaction kernel ¢ of the N-agent
N,L,M
i=1,1=1,m=1

system in Eq. (1) from M independent trajectories {zj" (), ;" (¢t:)} with t; = L. We obtain an estimator by

minimizing the discrete empirical error functional, over all ¢ in a hypothesis space Hn,
. L,M,N N ] 2
e = Ty 21 @7 (1) — D e rile (t0)ri (1) [14
ymyi= =1

When only the positions can be observed, we assume that T'/L is sufficiently small so that we can accurately approximate
the velocity &i"(¢;) by finite differences, for example

2 (t) — @7 (ti)

i (4) ~ Az (L) = ,
t; —ti—1

for1<I<L,

where we assumed to is also observed. The error of the backward difference approximation is of order O(7T'/L), leading to a
O(T/L) bias in the estimator. Therefore, for simplicity, we assume in the theoretical discussion that follows that the velocity
;" (1) is observed.

First, we set the hypothesis space H, to be the span of {t,},_1, a set of linearly independent functions on [0, R]. It is
natural to use an orthonormal basis of H,, in L?*(p}) for efficient computations. If the true interaction kernel is known to be
uniformly smooth, a global basis (e.g. Fourier) may be used. Since our admissible set is in W'*°, we shall use a local basis
consisting of piecewise polynomial functions on a partition of increasingly finer intervals. The partitions will be on the interval
[Rmin, Rmaz], where Rpmin and Rmas are minimal and maximal values of r such that the empirical density p:LF, a () of the
pairwise distances {r;", (t;)} is greater than a threshold.

Next, we minimize the empirical error functional over H, to obtain an estimator. To simplify notation, for each m, we
denote

d™ = (&7 (t2), ..., &% (t2); .. ;2T (tL) ... % (tL)) [15]

RENG,

a column vector in ; and denote

N

m . 1 m m
vy (li, p) := Z pr(ri,i’(tl))ri,i’ (t) € R?,

/=1

for 1 <I<L,1<i< N and 1< p<n,and refer it as the learning matrix U7'. Here and in what follows, the index li denotes,
with some abuse of notation, the double-index (I,7) mapped (in any fixed way) bijectively onto a one-dimensional array. Then

we can rewrite the empirical error functional as
1 M
Erm(p) =ELm(a) = INM Z |d™ — ¥Talaina -
m=1

Our estimator is the minimizer of £z a(a) over R™. This is a Least Squares problem, and we solve for the minimizer from the

normal equations
1 M 1 M
MZALa:MZbL’ [16}
m=1 m=1
ArL,Mm
where the trajectory-wise regression matrices are
m 1 mA\T qm m 1 m\T 3m
AL = ﬁ(\PL) \I/L and bL = m(\DL) d™.

We emphasize that the above regression is ready to be computed in parallel: we can compute simultaneously the matrices
AT and b7 for different trajectories. The size of the matrices A7 is n X n, and there is no need to read and store all the data
at once, thereby dramatically reducing memory usage.
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B. Well-conditioning from coercivity. We show next that the coercivity condition implies that Az as is well-conditioned and
positive definite for large M. More specifically, the coercivity constant provides a lower bound on the smallest singular value of
Apr,m, provided the basis for the hypothesis space is well-conditioned (e.g. orthonormal), therefore enabling control of the
condition number of the regularized problem.

Recall the bilinear functional ((,-)) defined in Eq. (8).

Proposition 2.1. Assume that the coercivity condition holds on H, C L*([0, R]) with cp,n,% > 0. Let {¢1,--- ,¥n} be a
basis of H, such that

<¢P(.).7,¢)Pl(.).>L2(p§;) = pp's [[¥plloc < So [17]
and Ap,co = (((1/;1,’1/;1,,)))%?, € R™*™. Then the smallest singular value of AL o satisfies

Umin(AL,oo) Z CL,N/H -
Moreover, AL o is the a.s. limit of Ap v in Eq. (16). Therefore, for large M, the smallest singular value of Ar v satisfies
Omin(Ar,pm) > 0.9¢r, v

c2L NwuM

10c c
200n2c§+7L’é\”H L n

), where ¢; = RS2 + 1.

with probability at least 1 — 2n exp(—

Proof. For each a € R",

n n

a"Apoca = (D aptn, > aptp)) > covn Zapwp : !Lz(pL) cL.valal®.

p=1 p=1 p=1

This proves the desired bound on the smallest singular value.

Going back to the case of finite M: by the law of large numbers, the matrix Ar » = Zle AT converges to Ar . = E[AT']
as M — oco. Hence if the sample size M is large enough, then we apply the matrix Bernstein inequality to get the probability
estimates for the event that oumin(Ar,a) is bounded below by 0.9cr v % - O

Remark 2.2. Proposition 2.1 highlights the importance of choosing basis functions to be linearly independent in L?(p%) instead
of in L=([0, R]) for the hypothesis space Hn (orthonormality can be easily obtained through Gram-Schmidt orthogonalization
if the functions are linearly independent). To see this, consider a set of basis functions consisting of piecewise polynomials
that are supported on a partition of the interval [0, R]. These functions are linearly independent in L™ ([0, R]), but can be
linearly dependent in L*(p%) if some of the partitioned intervals have zero probability under the measure p%. This would lead
to an zll-condztzoned normal matric Ar . This issue can deteriorate in practice when the unknown pk is replaced by the
LM L,M .
empirical measure p7"" . In this work we use piecewise polynomials on a partition of the support of p7™", which are orthogonal
in L2(p LMy

C. First Order Heterogeneous Agent Systems. For these systems the empirical error to be minimized is as in (9) in the main

text:
L,M,N N 2
= Z Z Pk (e ()T (1)
l,m,i= l =1
over all possible ¢ = {gpkk/}fk/ 1 € H. Here r;(t;) and r; #(t;) are as in Eq. (14). When given observation data,

{z® (tl)}f\’ ime 1,1=1, but no derivative information, we approximate the derivatives using backward differencing scheme for
1<ILL (assumlng observations at to); in either case we assemble the derivative vector d similarly to Eq. (15), but with the
normalization

d™(li) = N, Ax} (1) € R”.

Proceeding analogously to the homogeneous agent case, we search for ¢ in a ngys-dimensional hypothesis space Hn,,,,
with basis {tgg, P}Zkkl/’ and write @i (7 Zk 1 Z"k’“ Ak Wik p(r) for some vector of coefficients (akk@p);ﬁ’i’. For the
learning matrix ¥7', we will divide the columns into K2 regions, each region indexed by the pair (k, k'), with k, k' =1,--- , K.
We adopt the usual lexicographic partial ordering on these pairs. The columns of U}* corresponding to (k, k') are given by

1
WP Uiy e +9) = N Y 0 St (i (0))rE () € R,
i’GCk/

fori € Crand 1 <1< L, and fig = Z(kl K< (k k) TR, We define

do
a= (a11’1,. Q11,1 AKK, L, - - .,aKK,nKK) eR

with do = X

Kok =1 "Rk

to arrive at Eq. (16)
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D. Second Order Heterogeneous Agent Systems. The learning problems of inferring the interactions of the &;’s and &;’s can
be de-coupled. We start with the inference of the interactions on @;’s. Let the observations of the second order heterogeneous
agent system be {®" (t;), " (t:), &M (1)} M . Let ™ = &]". As usual, if velocities and/or accelerations are not observed,
they are approximated by a finite-difference (in time) scheme, for example

me Vi (t) — v (ti-1) me, i (t) = &7 (Li-1)
Av; (tl) = t—t 1 y Afi (tl) = W7

for 1 <l < Land1<i<N (assuming observations also at to). For the data corresponding to the m*" initial condition, we
assemble the external influence (from interaction with the environment) vector F™" as:

F™¥(li) = N V2R (0" (), € (1)) € R,
and the approximated derivative of v;’s as
A" (li) = N mi A" (t) € R”.

We use a finite dimensional subspace HEE, so that the candidate functions @ = {@kEk,}ﬁk,:l are expressed as ¢”(r) =

E
K k! . . . . .
E ook =1 E 1 akEk/ pd)fk/ p(r). Using the same ordering from previous discussion on the first order heterogeneous agent
k= = , ,

system, we have, for a pair (k, k') learning matrix \I/Tﬁ for the energy-based interaction kernel,

L — 1
WZ,E(ZMLEJFP):NCM Z mwfk,’p(rﬁ/(tl))rﬁ,(tl)’

i'€Chy

for 1 <1< L,ié€Cyand P

analogous:

= Z(kl,k’l)<(k,k’) nflki' The construction of the alignment-based learning matrix \IJT]C‘[ is

m -~ — 1 m m
\I’L,’z\?(llan/‘ +p) = Nkilm Z Niwlﬁﬁk’,p(ri,i’(tl))ri,i’ (t),

i'€Chr

for1 <1< L,ieCyandn” n‘,?lk, . We put all the s together into a” and a?#, and further grouping them
1

= E(kl,k;><<k,k'>
E
into one big vector, a¥ = (:A> and W7y = (\PTL"E, ‘I’T,'z@)v we arrive at the final formulation,

1 X
~ 2
m,v m,v m,v _v
LM 2 :Hd — T - va HRLNd'
m=1

As usual, we solve the associated normal equations of Eq. (16) with A7 := (\IIZ”;[)T\II’L”;} and b} = (\IITL”,’;[)T(dm’" — Fmv),
reducing the system size from (MLNd) x (nf 4+ n?) to (nf + n?)2.
For the inference of the interactions on &;’s, we let

F&(liy = N VP FO (€ (k1)) and  d™*(li) = N 2Agl (1),

for 1 <1l < L and 1 <4< N; then the learning matrix \112"16[ is assembled similarly as

m, R~ —-1/2 1 m m
VR LA+ p) = NP et (e ()i (1),

i1 €C

for 1 <1< L,ié€Cy, and At = Z(klk, We then arrive at the Least Squares problem
1

¢
)< (k) Ty i1
M

1 -
o s = Fs gl
m=1

and solve it from the associated normal equations.
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E. The Final Algorithm. Given observation data, {xi*({;) and @;"(¢;) and/or & (tl)}lLl]\anl, we use the Algorithm 1 to find the

estimators for the interaction kernels.

Algorithm 1 Learning Interaction Kernels from Observations

Input: {z{"(t;) and/or i*(t;) and/or & (¢:) lLlJ\:nfl
Output: estimators for the interaction kernels.
if First Order System then
Find out the maximum interaction radii Ryx’s.
Construct the basis, Ypr ,’s.
Assemble the normal equations (16) (in parallel) and solve for a.
Assemble ¢> Zk o1 En“ ark’ pWik! p(T)-
else if Second Order System then
Find out the maximum interaction radii Ryy/’s.
Construct the basis, wfk,’p’s and 1/J;?k/,p’5~

© ® 3 Sk W

=
= o

Assemble the normal equations (16) (in parallel), solve for a®, and partition it to a” and a”*.

12: Assemble qb Zk W1 Z ’“"' akk,,pwkk, (r) and (]5 Zk W1 Z ""' akk, wkk/,p( r).
13: if If there are 51 s then

14: Construct the basis, z/),"zk, p’s.

15: Assemble the normal equatlonb and solve for a®.

16: Assemble ¢(r Zk w1 Z “' akk, wkk, (r).

17: end if.

18: end if.

F. Computational Complexity. The computational complexity is driven by the construction and solution of the least squares

problem in Algorithm 1. Though the observation data {®!"(t;), 2" (t;), & (t:) }F; VM, equlres an array of size MLN(2d + 1),

li,m=
the linear system to be solved, i.e. the system consisting of normal equations, is only of size n¥ + n?; in the case of choosing
the optimal basis, n” and n?* behave like oM %4-1) When the system of the normal equations is ill-conditioned or ill-posed,
a truncated singular value decomposition will be used, which performs a singular value decomposition of the matrix Az ar, and
keeps those singular values which are above a (preset) threshold, then assemble an approximated matrix with the truncated
singular value matrices.

Furthermore, since the M trajectories are independent, we can construct ¥">F and other related quantities for each
trajectory at a time (which can be done in a parallel environment with two communication needed, one to send/receive the
maximum interaction radii’s, and the other to send/ recelve AT and b}' in the normal equations after they are built on the
master core), each requires a total memory of LNd(n” +n?) 4+ LNd + LNd, which is O(LNd), since n” + n* < LNd.

The computing time of the algorithm depends heavily on the time to assemble normal equations from M trajectories, which
is O((n? 4+ n*)2LN?); solving the final linear system requires time O((n? + n?)3) = O(M%H) in the worst case, for example
when using a highly stable truncated singular value decomposition solver.

Therefore, the algorithm is effective at inferring the interactions from a wide variety of systems; the results will be discussed
in the next section.

3. Examples

We consider here four important examples of self-organized dynamics: the opinion dynamics, the particle system with the
Lennard-Jones potential, the predator-swarm system and the phototaxis dynamics. We describe here in detail how the numerical
simulations are set up for each of these examples. In all but the Lennard-Jones system, we set up the experiments using the
parameters as shown in Table S1. We consider the regime with a rather small number of observations in terms of both M and
L to emphasize that our technique can achieve good results even when a relatively small number of samples is given.

Table S1

N | #Trials | My [0,T%]
10 10 2000 | [0, cT]

Parameters used in all the examples but the Lennard-Jones system. Here the observation time T is system-specific. ¢ = 2 in all examples unless
otherwise specified.

We use a large number M, L (in particular, M, L > M) of 1ndependent trajectories (not to be used elsewhere) to obtain an
accurate approximation of the unknown probablhty measure p% in (4) in the main text. In what follows, to keep the notation
from becoming cumbersome, we denote by p% this empirical approximation to p%. We run the dynamics over the time [0, T¥]
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with M different initial conditions (drawn from the dynamics-specific probability measure po), and the observations consist
of the state vector, with no derivative information, at L equidistant time samples in the time interval [0,7]. We report the
relative (i.e. normalized by the norm of the true interaction kernel) error of our estimators in the L?(p%) norm. In the spirit
of Proposition (3.4) in the main text, we also report on the error on trajectories X (¢) and X (t) generated by the system
with the true interaction kernel and with the learned interaction kernel, on both the “training” time interval [0,7] and on a
“prediction” time interval [T, T%] (Ty = 2T unless otherwise specified), with both the same initial conditions as those used for
training, and on new initial conditions (sampled according to the specified measure po). The trajectory error will be estimated
using M trajectories (we report mean and standard deviation of the error). We run a total of 10 independent learning trials
and compute the mean and standard deviation of the corresponding estimators, their errors, and the trajectory errors just
discussed. Since each learning trial generates different mean and standard deviation of the trajectory errors over different
Initial Conditions (ICs), we also report the mean and standard deviation over the 10 learning trials for mean;c and std;c.

All ODE systems are evolved using odel5s in MATLAB® with a relative tolerance at 10™° and absolute tolerance at 107°.
We choose the finite-dimensional hypothesis space H,, (with n chosen differently in each example, based on sample size) as the
span of either piecewise constant or piecewise linear functions on n intervals forming a uniform partition of [0, Ry x/], where
Ry 1 is the maximum observed pairwise distance between agents of type k' and agents in type k for ¢ € [0, T.

Learning results are showcased in Fig. 5 in the main text . The first one compares the learned interaction kernel(s) to the
true interaction kernel(s) (w1th mean and standard deviation over the total number of learning trials) with the background
showing the comparison of p% (computed on M, L trajectories, as described above) and pT (generated from the observed data
consisting of M trajectories). The second plot compares the true trajectories (evolved using the true interaction law(s)) and
learned trajectories (evolved using the learned interaction law(s)) over two different sets of initial conditions — one taken from
the training data, and one new, randomly generated from po. The third plot compares the true trajectories and the trajectories
generated with the estimated interaction kernel, but for a different system with number of agents Npew = 4N, again over two
different sets of randomly chosen initial conditions. Measurements of performance are also shown alongside the figures: (L?(p%)
errors, trajectory errors, etc. Let X (¢) and X'(t) be two sets of continuous-time trajectories; the max-in-time error is defined as

| :tes[tépT]HX(t)—X(t)Hs . [18]

For second order systems with the auxiliary environment variable &;’s, we are also interested in the trajectories of &;, for which
we may use HE — EHTM([QT]) = SUD:e(o, 1) HE(t) — E(t)”s

Finally, for each example we consider addlng noise to the observations: in the case of additive noise the observations
are {(X™(t1) + n1, m,Xm(tl)) + n2tm Y, 1 m—1, While in the case of multiplicative noise they are {(X™(¢:) - (1 4+ n1,1,m),
Xm(t) - (1+n2,0m) 2 11\/[m 1> where in both cases 71,1,m and 72,1, are iid. samples from a distribution modeling noise,
which we will pick to be Unif. ([=o,0]). Note that in both these cases velocities are part of our observations, since with noise
added in the position the inference of velocities becomes problematic due to the amplification of the noise that a simple finite
difference scheme would incur.

Finally, for several examples we also report the behavior of the relative error of the estimator as a function of the number of
samples L in time and of the number of trajectories M. We observe the decrease in error as L increases, which is expected but
is not captured by the estimate in Thm. (3.3) in the main text. These plots are qualitatively the same for all the experiments.

We devote the next sections to the various examples, discussing setups particular to each example and corresponding results.

TM([0,T])

A. Opinion Dynamics. Modeling using self-organized dynamics has seen successful applications in studying and analyzing how
the opinions of people influence each other and how consensus is formed based on different kinds of influence functions. We
refer to these systems as opinion dynamics. We consider the first order model in Eq. (1), and the interaction kernel defined as

1, O<T'<7

¢(T) = 01? 7 S < 17
0, 1<

)

In this context ¢ : Ry — R4 is sometimes referred to as the scaled influence function, modeling the change of each agents
opinion by relative differences in the opinions of the other agents. Here 2; € R is the vector opinions of agent i. Here |-|| can
be taken as the normal Euclidean norm, but other metrics depending on the problem at hand may be used as well, with no
changes in our definitions and constructions. The time-discretization of this system is referred to as the classical Krause model
for opinion dynamics. With the specific ¢ above, there is only attraction present in the system, the opinions of the agents
merge into clusters, with the number of clusters significantly smaller than the number of agents. This clustering behavior
severely reduces the amount of effective samples of pairwise distance observable at large times. We consider the system and
test parameters given in Table S2.

Table S2
M L T 1o n deg(+)
1| 50 | 200 | 10 | ¢(]0,10]2) | 200 0

(OD) Parameters for the system
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Fig. S1. (OD) Trajectories X (¢) and )/(\(t) obtained with ¢ and ¢ respectively, for dynamics with larger Nnew = 4N, over two different sets of initial conditions. We are able to
accurately predict the clusters (number and location). Errors are reported in Table S3.

Table S3

[0’ T] [T7 Tf]
meang: Training ICs 35.1072+£8.1-1073 | 4.8-1072+1.4-10"2
stdc: Training ICs 52-10724+1.3-1072 | 7.6-1072+£2.7-10"2
meanc: Random ICs 32.10724+74-1072 | 46-1072+1.2-10"2
stdic: Random ICs 50-10724+1.7-1072 7.2-10724+2.7-1072
meanc: Larger N 31-10724+2.0-1073 | 7.3-1072+4.1-10"3
stdic: Larger N 21-10724+£21-107% | 6.1-1072+4.2-102
(OD) Trajectory Errors: ICs used in the training set (first two rows), new IC"s randomly drawn from po (second set of two rows), for ICs randomly drawn for
a system with 4V agents (last two rows). Means and std’s are over 10 learning runs.

Fig.S1 shows the comparison between the estimated interaction kernel c{) (as the mean over learning trials) and the true one,
¢. We obtain a faithful approximation of the true interaction kernel, including near the discontinuity and the compact support.
Our estimator also performs well near 0, notwithstanding that information of ¢(0) is lost due to the structure of the equations,
that have terms of the form ¢(0)6 = 0. The same figure also compares the trajectories generated by the system governed by ¢
and that governed by (;AS Table S3 reports the max-in-time error for those trajectories. We also test the robustness to noise, by
adding noise to the observations of both positions and velocities, as described above: the estimated kernel is shown in Figure
S2. Figure S3 shows the behavior of the error of the estimator as both L and M are increased.
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Fig. S2. (OD) Interaction kernel learned with Unif.([—o, o]) additive noise, for o = 0.1 in the observed positions and velocities. The estimated kernels are minimally affected,

mostly in regions with small pf; and near 0.
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Fig. S3. (OD) Relative error, in log, scale, of ¢ as a function of L and M. The error decreases both in L and M, in fact roughly in the product M L, at least when M and L
are not too small. M = 1 does not seem to suffice, no matter how large L is, due to the limited amount of “information” contained in a single trajectory.
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Fig. S4. (LJ) (a) and (b)presents trajectories X (t) (left) and )/(\(t) (right) obtained with ¢ and & respectively, for initial conditions in the training dataset (top) and randomly
sampled initial conditions (bottom). The time T is as in Table S5. Trajectory errors for all cases are reported in Table S7.

B. Interacting Particles in Lennard-Jones Potential. The expression of the Lennard-Jones potential is

wo=ue[()" ()] = [(5) 2 (2]

where € is the depth of the potential well, o is the finite distance at which the inter-particle potential is zero, r is the distance
between the particles, and 7, is the distance at which the potential reaches its minimum. At r,,, the potential function has
the value —e. The =12 term describes Pauli repulsion at short ranges due to overlapping electron orbitals, and the =% term
describes attraction at long ranges (van der Waals force, or dispersion force). We set ¢ = 10 and o = 1 in our simulations.

In the experiments, whose results are represented in Fig. 1 in the main text, the distribution po for the M i.i.d. initial
conditions is a standard Gaussian vector in R*. In this Lennard-Jones interacting system, one has to be careful in choosing
the observation time interval. Since the minimum distance between the particles at initial configurations is very close to 0 with
high probability, the particles have very large velocities (e.g. ~ 10%?) due to the singularity of the interaction kernel at 0. This
obstruction made the learning algorithm infeasible since our algorithm is for learning bounded kernels. Therefore, we chose an
observation time starting from a suitable time to, small but positive. On the other side of the training time interval, since the
system evolves to equilibrium configurations very quickly, we observe the dynamics up to a time 7" which is a fraction of the
equilibrium time. In each sampling regime, we observe the dynamics at discrete times {¢; }i—2,....r, and then use the standard
finite difference method to obtain a faithful approximation of velocities of agents.

Fei Lu, Ming Zhong, Sui Tang, Mauro Maggioni 13 of 27

1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1584
1585
1586
1587
1588
1589
1590
1591
1592
1593
1594
1595
1596
1597
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612



1613
1614
1615
1616
1617
1618
1619
1620
1621
1622
1623
1624
1625
1626
1627
1628
1629
1630
1631
1632
1633
1634
1635
1636
1637
1638
1639
1640
1641
1642
1643
1644
1645
1646
1647
1648
1649
1650
1651
1652
1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666
1667
1668
1669
1670
1671
1672
1673
1674

Table S4

d 1o # Trials | M, [to, T¥] | deg(¥rr)
7 | 2 ] N(O, Ian) 10 2000 | [to, T 1
(LJ) Parameters used in Lennard-Jones system

Table S5

M L n [to,T) c
Many short traj. | 200 91 600 | [0.001,0.01] | 50
Single long traj. 20 4991 | 600 [0.001,0.5] 2
(LJ) Observation parameters for the Lennard-Jones system

Table S4 and Table S5 summarize the parameters used for the two regimes: many short-time trajectories, and a single
large-time trajectory. In the first regime, the randomness of initial conditions enables the agents to explore large regions of
state space, and in the space of pairwise distance, in a short time. In the second regime, the large-time dynamics plays a
fundamental role in driving the pairwise distance between agents to cover areas of interest.

Table S6

Many short trajectories | a few long trajectories
Rel. Err. for ¢ || 6.6-10724+5-10"3 | 7.2-10724+1-10"2
(LJ) Relative error of the estimator for the Lennard-Jones system

The estimator belongs to a piecewise linear function space H,, of dimension n = 600. As reported in Fig.1 of the main text,

the estimated interaction kernel ¢ approximates the true interaction kernel ¢ well in the regions where p% (and pr) is large, i.e.

regions with an abundance of observed values of pairwise distances to reconstruct the interaction kernel. The dependency on T’
of p%, and of the space L?(p%) (see (5) in the main text) used for learning, _is rather pronounced, as may be seen from the
histogram visualization also in Fig. 1. As usual we also compare trajectories X (t) generated by the system with the estimated
interaction kernel learned with trajectories X (t) generated by the original system, given the same initial conditions at ¢o, both

on the learning interval [to, 7] and on larger time intervals [to, ¢T]. Figure S4 provides a visualization of such trajectories.

Visualization of the corresponding systems with a larger number of agents Nyew can be found in Figure 1 of the main text. We
report the estimation errors of the interaction kernel and the trajectory errors in Tables S6 and S7.

Table S6 shows the mean and standard deviations of the relative L?(pr) errors of the kernel estimators in 10 different
simulations. We report the relative errors of trajectory prediction in SI Sec.3B.

Table S7

[to, T [T, Ty]
meang: Training ICs 1.6-1073+2-10"% | 1.7-1072+2-.10"3
stdic: Training ICs 46-107%*+5-107° | 2.1-1072+4-10"3
meanc: Random ICs 1.6-10734+2.107% | 1.7-10724+2-103
stdic: Random ICs 45-107%4+5-107° | 1.9-1072+2-10"2
meanc: Larger N 6.2-10724+£7-1073 | 6.2-1072+2-10"2
stdc: Larger N 82-1073+£7-107% | 3.0-1072+£1-10"2
meang: Training ICs 34-1073+1-103 | 5.1-1073+2-10"2
stdic: Training ICs 2.7-1073+2-107% | 6.6-10"3+3-10"2
meanc: Random ICs 4.1-1073+2-1073 | 87-1073+8-102
stdic: Random ICs 3.6-1072+2.1073 | 1.5-1072+2-10"2
meanc: Larger N 77-1072+£1-1072 | 6.6-10"2+£3-10"2
stdic: Larger N 15-10724+1-10-2 | 5.7-10-2+£3-10-2
(LJ) Trajectory Errors for Many Short Trajectories Learning (top) and Single Large Time Trajectories Learning (bottom)

We also test the convergence of our estimator as M — oco: we choose the parameters for observations and learning as in
Table S8. It is important that we choose the dimension n of hypothesis space to be dependent on M, as dictated by Thm. (3.3)
in the main text. Also, in this experiment (and this experiment only!) we observe the true derivatives (instead of approximating
them by finite differences of positions), as those would introduce a bias term that does not vanishes unless L also increased
with n.
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Table S8

[to, T L log, (M) n
[0.001,0.01] | 10 | 12:21 | 64(M/log M)°-2
(LJ) Observation parameters in the plot of convergence rate

We obtain a decay rate for for ||(-) - —p(-) - || 12(pL) around M —0-36 which is close to the theoretical optimal learning rate
M~9%% _ see Fig. 2 in the main text. We impute this (small) difference to the singularity of the Lennard-Jones interaction
kernel at 0, which makes this interaction kernel not admissible in the our learning theory.

~
o

density

. | 0
1 2 3 4 5 6 7

r (pairwise distance)

Fig. S5. (LJ) Interaction kernel learned with Unif.([—c, o) additive noise, for o = 0.1, in the observed positions and observed velocities; here M = 500, L = 2000, with all
the other parameters as in Table S5.

However, the singularity of the Lennard-Jones interaction kernel at 0 forces the particles close to each other to be repel each
other. Also, the system evolves rapidly to a steady-state, and the particles only explore a bounded region due to the large range
attraction. Therefore, to obtain a well-supported non-degenerate measure p%, we should make observations on a time interval
that avoids reaching either the singularity of the interaction kernel or the steady-state. The restriction of the Lennard-Jones
interaction kernel to the support of p% is bounded and smooth, and hence our learning theory applies and we achieve an almost
optimal rate of learning in the numerical experiments. The estimated interaction kernel with noisy observation is visualized in
Figure S5.

Finally, Fig.S6 reports numerical validations of the coercivity condition in Definition 1.1 for this system. We consider the

number of agents N ranging from 5 to 30, three different initial distributions po, and observations on different time intervals.

The coercivity constants computed by Monte Carlo sampling are close to the theoretical lower bound in all these cases.

Gaussian
—N/(N-1)2

Uniform Spherical Uniform
—N/(N-1)2

\

—N/(N-1)2

Fig. S6. (LJ) Coercivity condition validation in 2D Lennard-Jones system with different N. We compute the empirical coercivity constant ¢z, n,# defined in Eq. (7), with H
consisting of 200 piecewise constant basis functions with random coefficients, using M = 131, 072 trajectories with initial conditions drawn from . Three initial distributions
for o are tested: the standard Gaussian vector in R%™V (left), the uniform distribution on [—0.5, 0.5]2N (middle), and the uniform distributions on the unit spheres in R2Y

(right). Ten different lengths of trajectories are considered (represented in each figure by the colored curves above the black curve, the theoretical lower bound of cr,, N, 7¢):

each with the same initial time ¢; = 0.001, but the end time ¢, ranges from 0.0059 to 0.0509 with a uniform time gap 107, In all these ten sampling regimes (all are short
time periods), the coercivity constant is around ]\1’\721 , matching the theoretical lower bound in Thm. 3.1for one time step. We also note that cz, n,7, appears to not go to 0 as
N increases, consistent with the conjecture that in rather great generality ¢z, v, % stays bounded away from O independently of N.
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C. Predator-Swarm system. There is an increasing amount of literature in discussing models of self-organized animal motion
(5-15). Even more challenging is modeling interactions between agents of multiple types, in complex and emergent physical and
social phenomena (11, 16-19). We consider here a representative heterogeneous agent dynamics: a Predator-Swarm system
with a group of preys and a single predator, governed by either a first order or a second order system of ODE’s. The intensity
of interaction(s) between the single predator and group of preys can be tuned with parameters, determining dynamics with
various interesting patterns (from confusing the predator with fast preys, to chase, to catch up to one prey). Since there is
one single predator in the system, there is no predator-predator interaction to be learned. The interaction kernels (prey-prey,
predator-prey) have both short-range repulsion to prevent the agents to collide, and long-range attraction to keep the agents in
the flock. Because of the strong short-range repulsion, the pairwise distances stay bounded away from r = 0. We will see that
these difficulties, similar to those confronted with the Lennard-Jones interaction kernel, do not prevent us from learning the
interactions kernels.

In our notation for the heterogeneous system, the set C1 corresponds to the set of preys, and C2 to the set consisting of the
single predator.

Predator-Swarm, 1°* order (PS1%"). We start from the first order system. It is a special case of the first order heterogeneous
agent systems we considered, with the following interaction kernels:

pr1a(r)=1—71"2 12(r)=—=2r"" ¢21(r) =3r' ¢oa(r) =0.

The simulation parameters are given in Table S9.

Table S9
d N N2 M L T
2 9 1 50 200 5
ni1 | ni2=mn21 | no2 | deg(@rr) Preys pX Pred. pgf
360 120 64 [1,1;1,0] | Unif. onring [0.5,1.5] | Unif. ondisk at 0.1

(PS1%t) System parameters for first order Predator-Swarm system

In the first column of Fig. 5 in the main text, we show the comparison of the learned interaction kernels versus the true
interaction kernels (with p;’kk and pé’M’kk shown in the background), and the comparison of true and learned trajectories

over two different sets of initial conditions.

As is shown in the top left a portion (4 sub-figures) of Fig. 5 in the main text, we are able to match faithfully all four

learned interactions to their corresponding true interactions over the range of pr when the pairwise distance data is abundant.

We are not able to learn the interaction kernels for r close to 0, demonstrated by the larger area of uncertainty (surrounded by
the dashed lines) towards O: first, the prey-to-prey interaction is preventing preys colliding into each other; second, in the case
of chasing predators, the preys are able to push away the predator. The predator-to-prey and prey-to-predator interactions are
learned over the same set of pairwise distance data, however, we are able to learn the details of the two interaction kernels, and
judging from the learned interaction kernels, they are not simply negative of each other. The predator-to-predator interaction
simply is learned as a zero function, even though there is no pairwise distance data of a predator to a different predator. Errors
)

in their corresponding L2(p norms are reported in Table S10.
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Fig. S7. (PS1°%) Trajectories X (t) and )?(t) obtained with ¢ and rf: respectively, for two randomly chosen initial conditions and evolved for Npew agents (with the same setup
as in the case of NV agents). Trajectory errors are shown in Table S11.

The trajectory comparisons are shown in the bottom left portion (4 sub-figures) of Fig. 5 in the main text. We use color
changing lines to indicate the movement of agents in time: with the blue-to-green lines attached to preys and the red-to-yellow
line for the predator). The black dot on the trajectories indicate the position of the agents at time ¢ = T', and it shows the
time divide: the first half of the time, [0, T}, is used for learning; and the second half of the time, [T, T}], is used for prediction.

And the first row of 2 sub-figures show the comparison of the trajectories over the initial condition taken from training
data, it shows (visually) no major difference between the two, except one of the prey-trajectory, is having a bigger loop in
the learned trajectories. The second row of 2 sub-figures compares the trajectories from a randomly chosen initial condition
(outside of the training set). We are able to predict the movement of the predator in the learned trajectories, and movement of
most preys. In Fig. S7 we compare the true and predicted trajectories over a corresponding system a dynamics but with a
larger number Nyew of agents. Table S11 reports the max-in-time error Eq. (18) in the trajectories in all cases considered. We
consider the effect of adding noise to observations, with results visualized in Fig. 8 of the main text.

Table S10

Rel. Er. for ¢1.1 56-10724+1.1-1073
Rel. Err. for 12 || 6.6-1073+2.4.1073
Rel. Err. for ¢2,1 2.7-1072489-1073
Abs. Err. for ¢2,2 0

(PS1°t) Estimator Errors
Table S11
[0, 77 [T, Ty]

meang: Training ICs 4.2-1072+1.0-1072 | 1.1-10"* +3.0-10"2

stdc: Training ICs 7.2-10724+5.6-10"2 | 1.9-10~'+1.4-10"1
meanc: Random ICs 3.8-1072+14-1072 | 95-1072+3.2-10"2

stdic: Random ICs 55.-1072+6.2-1072 | 1.4-107Y+1.4-10"1

meanc: Larger N 4.2-107t+1.7-10" " 3.14+4.6

stdic: Larger N 1.7-1071+9.6-10"2 15.8 £ 27.4

(PS15?) Trajectory Errors

We show numerically that our learning approach is robust to the choice of hypothesis space, as predicted by the theory,
by testing on the Predator-Swarm, 15*-order system with the B-splines basis. Results are shown in Fig. S8. Note that the
estimators perform similarly in comparison with Fig. 8 of the main text and are consistent with the error statistics in Table
S11, in both of which the hypothesis space uses piece-wise polynomial basis.
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Fig. S8. (PS1°*) Comparison of interaction kernels (true versus learned) when the learned kernels are generated by linear B-splines (. as in the other case considered for this
system). The relative error (in Lz(pT) norm) for prey on prey interaction is: 6.6 - 10~ 2; for predatory on prey: 6.1 - 10~ 2; for prey on predator: 3.6 - 10~2; and finally for

predator on predator: 0.
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Fig. S9. (PS1) Relative error, in log,, scale, of &E s (with (k, k") increasing lexicographically from top-left to bottom-right) as a function of L and M. The error decreases
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400
= 200
100

50

both in L and M, in fact roughly in the product M L. The fourth plot is an identically O absolute error, because both ¢>£2 and its estimator are identically 0, since there is only
one predator. Note M > 1 seems to be needed for accurate inference of the interaction kernels, regardless of how large L is: the trajectories explored for small M do not
explore enough configuration to enable estimation, suggesting that the limit A/ — +oo considered in this work is of fundamental importance, at least for non-ergodic systems.

Predator-Swarm, 2"%-order (PS2"%). The second order Predator-Swarm system is a special case of the second order system
which is considered in this paper, without alignment-based interactions and without environment variables &;’s, similar to
the Cucker-Dong model of repulsion-attraction (20) and D’Orsogna-Bertozzi model for modeling fish school formation (5, 6)
without the non-collective forcing term. The energy-based interactions are

p11(r) =1—772 ¢12(r) = =172  ¢o1(r) =15 "%  ¢aa(r) =0.

The non-collective change on @; is F} (&;,&) = —v &i, where the friction constants are type-based and vy = 1 for all
k=1,---,K; and the mass of each agent is m; =1 for all i =1,--- , N. We consider the system and test parameters given in
table S12 (the initial velocity of preys and predator are fixed at 0 € R?).
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Table S12

d Ny N M L T

2 9 1 150 300 10
ni,1 ni2 =nN21 n2 2 deg(wfk/) Preys /,L())( Pred. [J,g(
1620 540 180 | [1,1;1,0] | Unif.on[0.1,1]2 | Unif. on [0,0.08]

(PS27?) System Parameters

Note that the two dynamics, predator-prey 1°¢ order and predator-prey 2"? order, use a similar set of interaction kernels,
however, the resulting dynamics are significantly different from each other, as demonstrated in both the distribution of pairwise
distance data and in the trajectories.

In the middle column of Fig. 5 in the main text, we show the comparison of the learned interaction kernels versus the true
interaction kernels (with p:ﬁfk and péﬁi\/[ %" shown in the background), and the comparison of true and learned trajectories
over two different sets of initial conditions. Similar observations to those for the 1°* order system apply here. Errors of the
estimators in the LQ(pIT”kk/) norms are reported in Table S13. The test on trajectories (bottom middle portion (4 sub-figures)
of Fig. 5 in the main text) shows visually the accuracy of the predicted trajectories, quantified by the numerical report in
Table S14. We also compare in Fig. S10 the true and learned trajectories over a corresponding system with Nyew agents. We
consider the effect of adding noise to observations, with results visualized in Figure S11. Figures S9 and S12 show the behavior
of the error of the estimator (for systems (PS1%) and (PS2"%) respectively) as both L and M are increased.
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Fig. $10. (PS2"%) Trajectories X (t) and )/(\(t) obtained with ¢ and ¢ respectively, for two randomly chosen initial conditions and evolved for Nyew agents (with the same
setup as in the case of N agents). Trajectory errors are shown in Table S14.

Table S13

1.5-10"14+£5.0-10"2
Rel. Err. for o7, 1.3-1071 +1.1-1072
Rel. Err. for ¢% | 7.1-10-1+£3.8-107!
Abs. Err. for 62, 0

(PS27¢) Estimator Errors

Rel. Err. for ¢
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Table S14

[0, 77 [T7Tf]
meang: Training ICs 35-1001+1.2-101 | 79-1071 +2.1-10"1
stdc: Training ICs 6.5-10"1 +2.7.101 1.2+3.7-10"1
meanc: Random ICs 35-1071+12.-10-* | 80-10-*+23-10"1
stdic: Random ICs 58-10"1+1.6-10"1 1.2+3.1-10"1
meanc: Larger N 2.0-10714+3.0-1072 | 46-10~t+1.2-10"*
stdic: Larger N 1.1-107'+14-1072 | 2.5-10"1 +5.6-10"2

(PS2™4) Trajectory Errors
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Fig. S11. (PS2"%) Interaction kernels learned with Unif.([—o, o) multiplicative noise, for o = 0.1 in the observed positions and velogities, with parameters as in Table S12.
The estimated kernels are minimally affected, mostly in regions with small pé near 0.
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Fig. S12. (PS2) Relative error, in log, scale, of qukEk, (with (k, k") increasing lexicographically from top-left to bottom-right) as a function of L and M. The error decreases
both in L and M, in fact roughly in the product M L (we impute the lack of monotonicity of some of the entries in the plots to the variance in the results). The fourth plot is an
identically O absolute error, because both ¢§2 and its estimator are identically 0, since there is only one predator. Note M > 1 seems to be needed for accurate inference of
the interaction kernels, regardless of how large L is: the trajectories explored for small M do not explore enough configuration to enable estimation, suggesting that the limit
M — 400 considered in this work is of fundamental importance, at least for non-ergodic systems.
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D. Phototaxis Dynamics. Second order models have been widely used in describing self-organized human motion (21-23),
synthetic agent (robots, drones, etc.) behavior (24-27), and bacteria/cell aggregation and motility (28-31). A step further
in accurately model reality is to consider models with responses of agents to their surrounding environment or the spread of
emotion among agents within a system. Such phenomena appear in a variety of applications, including modeling of emergency
evacuation, crowded pedestrian dynamics, bacteria movement toward certain food sources (28-36). We choose here a system
modeling the dynamics of phototactic bacteria towards a fixed light source. This system extends the Cucker-Smale system
(9, 37, 38) with an extra auxiliary variable £ modeling the response (called excitation level) of individual bacteria to the light
source. The dynamics is known to lead to flocking (all bacteria moving in the same direction) within a rather short amount
time, due to the interaction kernel having a long interaction range and the effect of light entering the dynamics uniformly. This
system is within our family of the second order systems, with homogeneous agents and no energy-induced interaction kernel.
The alignment-based interaction kernels acting on &; and &; are the same:

¢"(r) = 6 (r) = (1 +1%) 7%,
The non-collective change on @; is given by
FP (@i, 6) = To(veerm — @4)(1 — (&35 er)),

where Ip = 0.1 is the light intensity, Vierm = (60, 0) is the terminal velocity (light source at infinity), & = 0.3 is the critical
excitation level (when the light effect activates the bacteria), and ~(:) is the smooth cutoff function

0 S 5 < 507
(Cos(é(f - EC) + 1)a §c S 5 < 2&6»
26 < €.

(& €) =

[=ENIE

Here . is a a threshold constant. The non-collective change on &; is given by

Ff(&') = IO'Y(gi;gcp)v

where &, = 0.6 is the maximum excitation level of light effect on the bacteria. The system parameters are summarized in
Table S15.

Table S15
d M L T
2 50 200 0.25
wE = s n® =nf | deg(y ) =deg(yy,)
Unif. on [0, 100]% | Unif. on [0,0.001]2 400 1

(PT) Parameters for Phototaxis Dynamics

In the right column of Fig. 5 in the main text, we show the comparison of the learned interaction kernels gz@A and ¢¢ versus
the true interaction kernels, as well as the comparison of true and learned trajectories over two different sets of initial conditions.
We are able to accurately learn the interaction kernels ¢A>A and 435 over the support of pr when pairwise distance data is
abundant. When the pairwise distance data becomes scarce towards the two ends of the interaction interval [0, R], we are able
to faithfully capture the behavior of ¢ at » = 0; the errors are larger near the upper end r = R, where the data is extremely
scarce. Crucially, we recover faithfully the interactions between the agents and their environment. Estimation errors in the
appropriate L2(p:Lp,,.‘,-n)— and L? (p%n&)-norms are reported in Table S16. A case with noisy observation is also investigated and
shown in Fig. S15. Trajectory errors are shown in Table S17. We also compare in Fig. S13 the true and learned trajectories for
a corresponding system a dynamics with larger N.
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Fig. S13. (PT) Trajectories X (t) and 5(\(15) obtained with true and learned interaction kernels respectively, for two randomly chosen initial conditions and evolved using the
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larger number of agents Nqew (governed by the same equations as in the case of N agents). Trajectory errors are shown in Table S17.

Table S16

Rel. Err. for ¢4

9.4-10724+5.2-1073

Rel. Err. for ¢¢

82-10%4+5.0-10"2

(PT) Estimator Errors

Table S17
[0, 77 [T, Tf]
meanc: Training ICs 1.6-1073+57-1075 | 6.5-1072+9.1-10~%
stdc: Training ICs 3.1-1074+4.8-107° | 81-1073+3.9-10"3
mean,c: Random ICs 1.8-1073+8.0-10~% | 7.3-1073+3.2.10"3
stdic: Random ICs 1.5-1073+3.4-107% | 1.1-10724+1.2-102
meang: Larger N 42-1073+£1.6-1073 | 84-1073+38-10"2
stdic: Larger N 20-103+£30-10-3 | 7.9-10 3£7.0-10-3
(PT) Trajectory Errors

Finally we display, in Fig. S14a and S14b, the two joint distributions pT i and pT r¢> used to define the approprlate
L?-norms for measuring the performance of (;3 and ¢5 We also calculated the ¢* dlstance between the joint distribution pT -
and the product of its marginals, and it is 1- 10~!. For the ¢! distance between PT,r,g and the product of its marginals, it is
7-1072. For the empirical distributions (over 10 learning trials), the ¢* distance for p’%y + and the product of its marginal is

X

7-1071 +£1-102; whereas the ¢! distance of p;i\/fg to the product of its marginals is 3.7 - 107! + 7. 1073,
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Fig. S14. (PT) Density plots for the various p% measures.
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Fig. S15. (PT) Interaction kernels learned from noisy observations of positions and velocities. The noises are multiplicative, Unif.([—o, o]) with o = 0.1 and with other
parameters as in Table S15. The estimated kernel for associated with @; is minimally affected, mostly in regions with small p%; the additive noise is on a scale far great then

that on &; hence severely affects the learning result on the interaction kernel on &;.

Figure S16 shows the behavior of the error of the estimators as both L and M are increased.
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Fig. S16. (PT) Relative error, in log, , scale, of (Z>A (left) and (f)g (right) as a function of L and M. The error decreases both in L and M, in fact roughly in the product M L.
The fourth plot is an identically 0 absolute error, because both ¢§2 and its estimator are identically 0, since there is only one predator. Note M > 1 seems to be needed for
accurate inference of the interaction kernels, regardless of how large L is: the trajectories explored for small M do not explore enough configuration to enable estimation,
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suggesting that the limit M/ — + oo considered in this work is of fundamental importance, at least for non-ergodic systems.

E. Model Selection. Our learning approach can be used to identify the model of the system from the observation data. We
consider here two different scenarios of model selection: one is identifying the type — energy-based vs. alignment-based — of
interaction kernels from a second order system driven by only one type of interaction kernel; the other is to identify the order

of the system from a heterogeneous dynamics.

Model Selection: energy-based vs. alignment-based interactions. We consider a special case of the second order homogeneous

agent dynamics, given as either

N N
. 1 . 1 .
Ti = Z Nﬁf’E (rar)rir or & = Z N(Jﬁ (i )Piar
i'=1 ir=1
with the (unknown) interaction kernels defined as
E 1 A 1
¢7(r)=2-— and ¢(T):W-

The system parameters are given in Table S18.
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Table S18

ML ]|T pX X nP =n4 | deg(y?)=deg(y*)
2 | 200 | 200 | 10 | Unif. onring [0.5,1] | ([0, 10]?) 800 1
(MS1 and 2) Test Parameters

Given the observation data from either system (¢E -or gbA—driven)7 we proceed to learn the interaction kernels as usual,
i.e. as if the dynamics were generated with both energy-based and alignment-based interaction kernels present. Results are
shown in Fig. 7 in the main text. The two sub-figures on the left show the learned interaction kernels qAbE and ngbA from a purely
energy-based system: ¢ is small in the appropriate norm, while ¢% is large (and a good approximation to ¢%): the estimators
can therefore detect this is an energy-driven system. In the two sub-figures on the right, we display the analogous results
corresponding to learning the interaction kernels for an alignment-based system. We obtain (almost) 0 for the norm of (;ASE . The
reason why the L?(pf. . .) norm of ¢ (from the first case) is not as close to 0 as the L2 (p¥.,) norm of the #® (from the second
case) lies in the difference in the joint distribution of the two cases, see Figures S17a and S17b. To further investigate the
properties of the joint distributions (and also to differentiate the two dynamics), we calculated the £ distance of the respective
joint distributions to the product and their marginals. For MS1, the ¢* distance (over 10 learning trials) between the joint
distribution ijﬂiWT and the product of its marginals is 1.3 - 107! £ 3.8 - 1073, For MS2, the ¢! distance (over 10 learning trials)

between the joint distribution p%iwr and the product of its marginals is 4.6 - 107+ +3.4- 1073,

03 %107
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(a) (MS1) Joint distribution of p%m:i‘. (b) (MS2) Joint distributions of p%‘m.
Fig. S17. (MS1 and 2) Density plots for the various p% measures.
Model Selection: first order vs. second order. We consider two different heterogeneous agent systems, one first order and one

second order, with the order of the system unknown to the estimator. The observations are in the time interval [0, 7], and in
this case Ty = T. We first consider the first order heterogeneous agent system

N
. 1
T; = Z Nit%ki, (raar )raar,
=1 Kyt
with
Pra(r) =1—r"% ¢ra(r)==2r"%  ¢o1(r) =35r7°, ¢oa(r) =0,
and the type information setup similar to that of the Predator-Swarm first order system (detailed in Sec.3C). For the second

scenario, we consider the data generated by the following second order heterogeneous agent dynamics,

N
. . 1 E
€, = —x; + Z Ni@d@@, (Pasr )Tt
!
with
Gra(r) =1—1r"2 ¢1a(r)=—r"% aa(r) = 157" ¢os(r) =0,
and the type information setup similar to that of the Predator-Swarm second order system (details shown in Sec.3C). The

parameters for both systems are given in Tables S19 and S20.
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Table S19

d M L T
2 250 250 1
n Deg(vir’) Prey uf Pred. g
[298, 1505 150, 2] [1,1;1,0] Unif. on ring [0.5,1.5] | Unif. on disk at 0.1
(MS3) Test Parameters
Table S20

d M L T

2 250 250 1

n deg(vf,) | Preyuf Pred. uX
[298,150;150,2] | [1,1;1,0] | U([0.1,1]2) | #([0,0.07]%)

(MS4) Test Parameters

With the order of the ODE system and the interaction kernels being the missing information, we construct estimators
for the interaction kernels in two ways: first assuming a first order system, then assuming a second order system (without
non-collective forcing). We then generate predicted trajectories using the learned interaction kernels, and the same initial
conditions as in the training data. Next, we calculate the trajectory max-in-time error, obtaining the results in Table 1 of the
main text (shown as the mean of the trajectory error plus or minus standard deviation of the error over 10 runs). As indicated
by the trajectory error statistics, the predicted trajectories with smaller error indicate the correct order of the true underlying
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system in both cases. Details on the statistics of the trajectory errors are reported in Tables S21 and S22. In each, the column
with smaller values (within both mean and standard deviation of the trajectory errors) corresponds the correct order of the
system.
Table S21
Learned as 1% order Learned as 2" order
meanc 95-103+2.10"8 3.9+8
stdic 1.8-10-2+1.1-10"2 48+ 1-102
(MS3) Trajectory Errors
Table S22
Learned as 1°* order Learned as 2™¢ order
meanic 16+1-10 1 13-10°'+£3.10" 2
stdic 94-10-1+2-10-! | 20-10-1+5.10"2
(MS4) Trajectory Errors
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