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When designing schools and highways, engineers need to know how

people might move through these structures. If they can accurately

describe how crowds will react to their designs before they build the

various structures, they can prepare for emergencies, avoid tra�c

jams, and make the flow of crowds more e�cient. In this article, we

provide an introduction to the mathematical modeling of tra�c flow

by describing how individual people might act while moving in large

crowds. We provide links to an experiment with real people, a model

of the experiment, and interactive simulations for readers to see how

well themathematical model mimics a real crowd and for the readers

to explore the features of similar models.
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WHY DOWE STUDY CROWDS?

Have you ever tried walking through a super busy school hallway? It
can be pretty tricky with everyone going di�erent ways. How do you
navigate through the crowdwithout bumping into everyone? You have
probably noticed it is a lot easier to move when people are going in
the same direction as you.

Scientists and engineers are interested in figuring out how people
move in places with lots of people, like roads, airports, schools,
and theme parks. Why? Because it is super important to make sure
everyone stays safe. Think about it: when you are in a big building, like
a school or a mall, and there is an emergency, you need to know the
best way to get out fast. Scientists help decide how many emergency
exits are needed and where to put them by understanding how people
move and react in big crowds.

Of course, it is really helpful for engineers to know how people would
move in a building before they build it. That way, they can design
the building to be as safe as possible. The study of how people
move is usually called the study of crowd dynamics, and by using

CROWD DYNAMICS

A description of how a
crowd and individuals
within the crowd
change over time.

mathematical models, engineers can discover surprising behavior
MATHEMATICAL

MODEL

A set of mathematical
rules and equations
which try to describe
real world events.

about evacuation scenarios before they happen [1, 2]. But how can
scientists and engineers model how people move in crowded places?
In this article, we will talk about a particular way that mathematicians
model crowds to answer this question.

AN EXPERIMENT: A CROWDED HALLWAY

Let us start by watching an experiment of people walking through a
crowded hallway in this Physics World video. In the video, those in
red shirts are walking to the left, and those in blue shirts are going to
the right. When a bunch of people are moving in opposite directions
like this, it is called counter flow. Counter flow is a good starting point

COUNTER FLOW

When people or cars
move in opposite
directions.

when studying crowd dynamics, because it is not too complicated and
not too boring [3–5].

In the video, did you see what happened when the hallway got really
crowded? The people in red stuck together, and the folks in blue
formed their own group. They created lanes, just like those going in
di�erent directions on a road. This seems like a good strategy! Imagine
you are in a big crowd, and you want to go in a certain direction.
If you join up with others who are heading the same way, it is like
forming a team. This makes it much easier to move around and get
to where you want to go. Teamwork helps us navigate through busy
places. But is this something that people choose to do, or do these
lanes form naturally?
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INTERACTING PARTICLE SYSTEMS

So, howcanwemodel and simulate this behavior?Mathematicians use
a tool called interacting particle systems (IPSs). The main idea behind
IPSs is that they can describe what a single particle does and how it

PARTICLE

A small, single part of a
bigger system, such as
a person in a crowd or
a car on the street.

interacts with others and, by simulating many particles, build up the
crowd from there. For instance, in Figure 1 we have a blue particle,
named Blake, that wants to move to the right.

Figure 1

Figure 1

A particle (which we
will call Blake) with a
circular interaction
region and movement
in a certain direction,
represented by an
arrow.

Blake has a circle around it. We call this area the interaction region,
INTERACTION

REGION

The space around a
particle where
interactions such as
attraction and
repulsion happen.

and it is kind of like Blake’s personal bubble! When someone else
enters the bubble, Blake will react; just like you would react if
someone stood too close. This region also does not have to be a
circle. There are many di�erent shapes which could make sense in
di�erent situations. In Figure 2, you can see some other common
types of interaction regions. But for now, we will stick with a circular
interaction region.

So how does Blake use the interaction region? In the easiest case,
when Blake does not see another particle, it simply moves in the
direction it wants to go, like if it was moving in an empty hallway. On
the other hand, if Blake sees another particle, it might want to make a
change. What change? Good question! There are many choices Blake
could make. It could speed up or slow down, run away from or run
toward the other particle, switch placeswith a particle, or even teleport
to a di�erent location (though this one may not be so practical).
There are so many possibilities! For now, we will say our particles do
two things:
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Figure 2

Figure 2

Common types of
interaction regions
used in di�erent
contexts. (A) A simple
interaction region
where Blake sees
others all around. (B)
An interaction region
where Blake can only
see in a cone in front of
it. A region of this
shape could be used to
model drones with a
fixed camera or sensor.
(C) An interaction
region where Blake can
see ahead and behind
it. A region of this
shape could be used to
model cars with
rear-view mirrors
driving on a highway.

• Change their speed so they do not run into each other (Figure
3A) and

• Change the direction they are traveling tomove away fromothers
(Figure 3B).

Figure 3

Figure 3

(A) When the particles
cannot move to the
side, they can adjust
their speeds to avoid
hitting each other.
Here, the middle
particle moves slower
to avoid colliding with
the particle in front of
it. Meanwhile, the lead
particle moves faster to
avoid the particle
behind it. (B) When two
particles see each
other, they can also
adjust the direction of
their movement to
avoid colliding, while
also still moving in their
preferred direction.

Let us try to re-enact the experiment by saying that blue particles want
to travel to the right and red particles to the left. So, they will choose
a velocity that gets them closer to their goal without hitting other

VELOCITY

The combination of a
particle’s speed and
direction of motion.

particles. When particles want to move away from other particles, it is
called repulsion, and when they want to move toward other particles,

REPULSION

When a particle moves
away from other
particles in its
interaction region.

it is called attraction. So, our particles are “repulsed” by others. Keep

ATTRACTION

When a particle moves
toward other particles
in its interaction region.

in mind that our particles do not know the other particles’ colors, they
just want to get to the other end of the hallway.

SIMULATING INTERACTING PARTICLE SYSTEMS

Now, let us see what happens when we put all of this together, in this
video. What do you see? Did you notice that the people formed groups
withmembers of the same color? The people do not knowwhat colors
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the other people are, so this grouping is completely natural! It turns out
it is always easier for people to move if they are in a group of people
going in the same direction. Knowing this now, how might you try to
walk in a crowded hallway?

WRAPPING UP

So, what have we shown? From simple descriptions of individual
dynamics, we can see that the interacting particle system can
mimic real world experiments and even captures the emergence
of complicated phenomena like lane formation. While this is a
strong benefit to the method, there were many choices made.
This leads to a world of “what if?” questions and so this field is
actively explored in the engineering andmathematics community. The
mathematics presented here also has many applications to biology
and physics in fields such as cell-migration, animal flocking, and
particle physics.

You may want to try to simulate your own system of particles. You
could do so using the web platform Netlogo’s tra�c simulation. You
will not find a counter flow situation, but to start with, you could
run the basic car tra�c scenarios for a single lane and two lanes.
You can also simulate one- and two-lane tra�c flow online using the
Complexity Explorables tra�c simulation. Try changing the parameters
and see what you find!
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