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Summary

hughes2d is an open-source Python package for simulation pedestrian crowds in two dimensions.
More specifically, the package is designed to compute approximations of the Hughes model
introduced in Hughes (2002) and other related models. The Hughes model is a macroscopic
model — there are no particles here, the crowd is represented by a density function- coupling
two non-linear partial differential equations.

State of the field

The mathematical modeling of a pedestrian crowd is a rapidly developing topic over the past
few decades. Multiple software packages exist for simulating crowds of pedestrians — both
open source (Chraibi et al., n.d.; Kleinmeier et al., 2019; Maury & Faure, 2018; Wouter van
Toll, 2020; Yamashita et al., 2013) and proprietary (PTV viswalk, MassMotion). We defer to
awesome-crowdynamics repository for an exhaustive list of the available packages. However, to
the best of our knowledge, all these developments deal with microscopic simulations, meaning
that a finite, potentially huge, number of particles are simulated. Here, we have developed
a Python package for macroscopic simulations of pedestrian evacuations, specifically for the
seminal Hughes pedestrian flow model, where the crowd is modeled as a fluid density and not
as a finite number of particles.

Statement of need

The Hughes model has been thoroughly studied during the last two decades (see Amadori et
al., 2023), but at the moment, no general mathematical result of existence of solutions in 2D
for this model exists. While example numerical solutions to the Hughes model can be found
in literature (e.g., Twarogowska et al., 2014), these are not supported by a publicly available
and reusable codebase. This package is aimed at providing a reliable and open-source solution
to approximate the behavior of the Hughes model. We also hope that this package will help
formulating conjectures in the future.

Software design

The hughes2d package provides a way to produce simulation of macroscopic pedestrian models
without having to learn the mathematical theory related to the underlying PDEs. Indeed,
for the Hughes model, particular attention must be dedicated to the choice of numerical
schemes: an adapted finite volume scheme for discontinuous scalar conservation law and a fast
marching algorithm for the eikonal equation. In fact, the design choices and numerical schemes
implemented here result from collaborations and discussions with many mathematicians (B.
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Andreianov, V. Perrollaz, F. Peru, and A. Sylla, to name a few). Additionally, instead of
the common choice of square meshes, we extend the range of applications by employing a
numerical scheme working on a triangular grid.

Mathematical introduction to the Hughes model

The model consists of a system of two equations set on a bounded domain  C R2. The first
PDE is a vector-directed scalar conservation law with discontinuous flux. The second is an
eikonal equation with a discontinuous source term. See the introduction of Section 4.5.1 in
Girard (2025) for the presentation of the numerical schemes used in this package.

The scalar conservation law

The first equation models the flow of a density p(t,x) representing the density of pedestrians
at time ¢ and location . It is bounded between 0 and a given p,,,.. > 0. In order to describe
the model, we use the underlying microscopic problem as heuristics. We assume that the
pedestrians move with the speed of agents v(¢, ) at time ¢ and location x following a unitary
direction field V (¢, ) € ;. We choose the speed of agents given by v(p(t,z)) where v is a
decreasing function defined on [0, p,,,.] such that

U(()) = Umax and U<pmax> = 0'

: op _ Pmax—P ;
A classical example of such a speed function is v(p) = V.. e This corresponds to

the very classical Lighthill-Whitham-Richards (LWR) model for traffic flows (see Lighthill &
Whitham, 1955; Richards, 1956).

The eikonal equation

The second equation of the model characterizes the unitary direction field V(t, x) depending
on the density p in the whole domain. We assume that the pedestrians want to minimize their
exit time while also trying to avoid high density regions. In order to model this situation, we
use an optimal control problem. We suppose that the density p(-) € C1(f2) stays constant
in time (this assumption is quite controversial). Then, for any z € ), we define the value

function by
+oo

¢(z) = inf 1o (X(2))g(p(X(2)))dt,
XeA, J,
where A, denotes the set of admissible trajectories and g is an increasing function modeling
the discomfort of an agent standing in a high density region. A very classical result of the
theory of viscosity solution for the Hamilton-Jacobi-Bellman (HJB) equations is that solving
the optimal control problem above is in fact equivalent to solving the eikonal equation:

Vé(z)| = %635 zeQ
o(x) =0 x € 00
The Hughes model definition

We define the direction field V(t, x) by choosing the unitary descending gradient of ¢.

V(tam) = X;(O) = —M

IVé(z)|
Then the complete model introduced in Hughes (2002) is defined by:
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O,p + d1v(ﬁ (¢, J;)v(t,xvg(t,x)) =0
|v¢<t7x)| = % T €Q
¢(t,$) =0 x € 0N.

Remark: Here, we chose to present the Hughes model without any wall around or
inside the domain for the sake of brevity. Keep in mind that for a domain with
walls and exits, both equations should be solved with a mixed boundary condition,
i.e., Neumann non-crossing conditions on the walls and Dirichlet free-exit boundary
conditions on the exits.

For an overview of the mathematical results regarding the Hughes model, we refer the reader
to Amadori et al. (2023).

Remark: the hughes2d package also includes a numerical scheme for other models,
including the Colombo-Garavello-Lécureux-Mercier model (see Colombo et al.,
2011).

Examples

We present a simple simulation using the Hughes model in a room with exits located at the
end of two corridors. More precisely, we use the setting:

Q :=[-2,0] x [3,4] U [0,10] x [0,7] U[10,12] x [3,4],
&= {2} x [3,4] U {12} x [3,4], W :=0Q\ &,
po(x) == 0.7 X Lp(725)24), c(p)=1+5p.

Videos corresponding to various numerical experiments (including this one) are available at
https://theorgirard.github.io/simulations (see also Girard, 2026).

In the simulation (see Figure 1 below), the following distinctive features of the Hughes model
can be observed:

= Repartition of the density between the different exits. Notice that after the time ¢ = 10s,
the total density of pedestrian appears to be separated in two different groups, one for
each exit.

= Geometry of the congestion figures. Notice that after ¢ = 15s, the density profiles do
not seem to evolve much. The room evacuates at a slow pace and the density profile for
different times “look alike” until the end of the evacuation.

= Regularization of the density in time. Starting at ¢ = 1s, we can observe that the
density seems to be continuous on the boundary of the support of the initial datum.
This regularization in time could be a key property in order to give a mathematical proof
of existence of a solution.

Research impact statement

From a mathematical point of view, the simulation using the Hughes model suggests that there
indeed exist solutions to the problem (a mathematical fact that is not proven at the moment).
The package can be used (and is already used) in order to visualize and test mathematical
conjectures. By making an open source software, we also want to highlight the scientific
interest of macroscopic pedestrian models. The hughes2d package is intented as a bridge
between scientific communities. On one hand, we hope that more people in the mathematical
pedestrian crowds community will take an interest in open source development and contribute
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to the project. On the other hand, by providing easily accessible ways of approximating the
solutions to a family of PDE models, we hope that some non-mathematician scientists will take
an interest in this family of models and contribute to the present package in multiple original
directions. A numerical comparison of the simulation using hughes2d with other models is
already on-going (see the BOUM project). Most of the meshing tools and solvers for PDEs
developed here for approximating the Hughes model are not specific to the PDEs involved;
most of the codebase could be easily reused and incorporated in other macroscopic pedestrian

crowd projects.
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Figure 1: Sample simulation of a pedestrian density using the Hughes model in the 2D domain Q

Al usage disclosure

No generative Al tools were used in the development of this software, the writing of this
manuscript, or the preparation of supporting materials.

Girard. (2026). hughes2d: Approximating solutions to the Hughes pedestrian-flow model. Journal of Open Source Software, 11(123), 10106. 4
https://doi.org/10.21105/joss.10106.


https://conferences.cirm-math.fr/3512.html
https://doi.org/10.21105/joss.10106

The Journal of Open Source Software

Acknowledgments

This research was partially funded by I'’Agence Nationale de la Recherche (ANR), project
ANR-22-CE40-0010 COSS. | want to thank deeply Vincent Perrollaz for motivating me to
publish this software and for acting as a beta tester. | also want to thank Carine Lucas for
counseling me about open-source licenses and standards.

References

Amadori, D., Andreianov, B., Di Francesco, M., Fagioli, S., Girard, T., Goatin, P., Markowich,
P., Pietschmann, J. F., Rosini, M. D., Russo, G., Stivaletta, G., & Wolfram, M.-T.
(2023). The mathematical theory of Hughes' model: a survey of results. In Crowd
Dynamics, Volume 4 : Analytics and Human Factors in Crowd Modeling. Springer.
https://doi.org/10.1007/978-3-031-46359-4_2

Chraibi, M., Kratz, K., Schrodter, T., & the JuPedSim Development Team. (n.d.). JuPedSim
(Version v1.1.0). https://jupedsim.org

Colombo, R. M., Garavello, M., & Lécureux-Mercier, M. (2011). A class of nonlocal models
for pedestrian traffic. Mathematical Models and Methods in Applied Sciences, 22, 1150023.
https://doi.org/10.1142/50218202511500230

Girard, T. (2025). Discontinuités dans les équations d’'Hamilton-Jacobi-Bellman et dans les
lois de conservation scalaires rencontrées dans les modéles de dynamique piétonniére [PhD
thesis, Université de Tours]. https://hal.science/tel-05275359

Girard, T. (2026). A few macroscopic pedestrian crowd simulations with the hughes2d package.
Zenodo. https://doi.org/10.5281/zenodo.19613348

Hughes, R. L. (2002). A continuum theory for the flow of pedestrians. Transportation Research
Part B-Methodological, 36, 507-535. https://doi.org/10.1016/S0191-2615(01)00015-7

Kleinmeier, B., Zénnchen, B., Gédel, M., & Késter, G. (2019). Vadere: An open-source
simulation framework to promote interdisciplinary understanding. In Collective Dynamics,
vol. 4. https://doi.org/10.17815/cd.2019.21

Lighthill, M. J., & Whitham, G. B. (1955). On kinematic waves. Il. A theory of traffic flow on
long crowded roads. Proceedings of the Royal Society of London A: Mathematical, Physical
and Engineering Sciences, 229(1178), 317-345. https://doi.org/10.1098/rspa.1955.0089

Maury, B., & Faure, S. (2018). Crowds in equations: An introduction to the microscopic
modeling of crowds. World Scientific. https://doi.org/10.1142/q0163

Richards, P. I. (1956). Shock waves on the highway. Operations Research, 4(1), 42-51.
https://doi.org/10.1287 /opre.4.1.42

Twarogowska, M., Goatin, P., & Duvigneau, R. (2014). Comparative study of macroscopic
pedestrian models. Transportation Research Procedia, 2, 477—-485. https://doi.org/10.
1016/j.trpro.2014.09.063

Wouter van Toll, A. L., Fabien Grzeskowiak. (2020). Generalized microscopic crowd simulation
using costs in velocity space. https://doi.org/10.1145/3384382.3384532

Yamashita, T., Okada, T., & Noda, I. (2013). Implementation of simulation environment for
exhaustive analysis of huge-scale pedestrian flow. SICE Journal of Control, Measurement,
and System Integration, 6(2), 137-146. https://doi.org/10.9746/jcmsi.6.137

Girard. (2026). hughes2d: Approximating solutions to the Hughes pedestrian-flow model. Journal of Open Source Software, 11(123), 10106. 5
https://doi.org/10.21105/joss.10106.


https://doi.org/10.1007/978-3-031-46359-4_2
https://jupedsim.org
https://doi.org/10.1142/s0218202511500230
https://hal.science/tel-05275359
https://doi.org/10.5281/zenodo.19613348
https://doi.org/10.1016/S0191-2615(01)00015-7
https://doi.org/10.17815/cd.2019.21
https://doi.org/10.1098/rspa.1955.0089
https://doi.org/10.1142/q0163
https://doi.org/10.1287/opre.4.1.42
https://doi.org/10.1016/j.trpro.2014.09.063
https://doi.org/10.1016/j.trpro.2014.09.063
https://doi.org/10.1145/3384382.3384532
https://doi.org/10.9746/jcmsi.6.137
https://doi.org/10.21105/joss.10106

	Summary
	State of the field
	Statement of need
	Software design
	Mathematical introduction to the Hughes model
	The scalar conservation law
	The eikonal equation
	The Hughes model definition

	Examples
	Research impact statement
	AI usage disclosure
	Acknowledgments
	References

