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Directed motion of cognitive active agents
in a crowded three-way intersection
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Understanding the navigation through semi-dense crowds at intersections poses a significant
challenge in pedestrian dynamics, with implications for facility design and insights into emergent
collective behavior. To tackle this problem, a system of cognitive active agents at a crowded three-way
intersection is studied using Langevin simulations of intelligent active Brownian particles (iABPs) with
directed visual perception (resulting in non-reciprocal interactions) and self-steering avoidance—
without volume exclusion. We find that the emergent self-organization depends on agent
maneuverability, goal fixation, and vision angle, and identify several forms of collective behavior,
including localized flocking, jamming and percolation, and self-organized rotational flows.
Additionally, we demonstrate that the motion of individual agents can be characterized by fractional
Brownian motion and Lévy walk models across different parameter regimes. Moreover, despite the
rich variety of collective behavior, the fundamental flow diagram shows a universal curve for different

vision angles. Our research highlights the impact of collision avoidance, goal following, and vision
angle on the individual and collective dynamics of interacting pedestrians.

The collective behavior of active agents is ubiquitous: from eucaryotic cells,
bacteria and microbots, to insects, birds, fish, humans, and robots'. On the
mesoscopic and macroscopic size scale, directional sensing (like vision),
cognitive information processing, and the adaptation of motion are dis-
tinctive features of these processes and the emergent self-organization. An
important example of this behavior is collective pedestrian movement,
whose understanding is imperative for designing strategies to facilitate
smooth pedestrian flow in crowded areas, mitigate crowd-related disasters
in confined spaces, and develop effective evacuation procedures’. Another
key aspect is the goal-oriented motion of the participants. For pedestrian
navigation in crowds, typical scenarios are the formation of traffic jams in
front of narrow passages and bottlenecks, the interaction of groups in
counter flow leading to lane formation, and the self-organization of flows at
intersections (see the reviews™ and references therein). Situations like the
Shibuya Crossing in Tokyo or mall intersections pose important questions
regarding self-organization and the design optimization of facilities.
Experiments and simulations of bi-directional flows demonstrate lane
formation®”, while cross flows at an angle result in stripe-like patterns”.
Four-directional cross-flow experiments’” and multi-directional crossing
scenarios explored through circle antipode experiments'", with partici-
pants positioned on a circle and crossing diagonally, have been used to study
navigation strategies, conflict avoidance etc.

The importance of understanding the flow of pedestrian crowds has led
to the development of various modeling approaches in recent decades, e.g.,

the force-based models, cellular automaton-based approaches, several
physics-inspired models, game theory, optimal control and fluid dynamics
(for amore detailed exposition of the different approaches, see refs. 3,4,15,16
and references therein). The importance of a close interplay between
empirical and theoretical investigations has inspired the use of specifically
designed laboratory experiments**”, which generate quantitative results
that are important benchmarks for modeling.

However, collective motion and emergent self-organization in
crowds and swarms is not unique for pedestrians, but can be observed in
many other types of cognitive active agents. Therefore, this behavior can
generically be understood as the behavior of interacting self-propelled
entities, which places it into the realm of the large field of “active
matter”", which encompasses systems from cell suspensions and self-
propelling colloids to schools of fish and flocks of birds. In this context,
the active Brownian particle (ABP) model has been used extensively to
understand many intriguing aspects of non-equilibrium physics such as
motility-induced phase separation”” and wall accumulation™?.
Moreover, when equipped with directional environment sensing and
self-steering, ensembles of ‘intelligent’ ABP systems (iABPs) can show a
rich variety of collective phenomena such as milling, single-file motion,
flocking, worm-like swarms, and polar or nematic ordering” ™. In
pedestrian models, vision-based sensing and cognitive steering have also
been identified as key ingredients that determine the emergent collective
behavior” ™. This suggests the possibility of a unified description of
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systems of cognitive active agents by iABP models—from pedestrian
crowds to animal herds’".

Results

Model and cross-stream setup

We investigate here a three-stream intersection scenario (see Fig. 1a), which
emulates the crossing of multi-directional flows in a circle. This scenario is
designed by incorporating goal-following behavior to each agent to generate
active streams, in addition to collision avoidance, creating conditions where
particles must navigate through a crowded environment. While this is our
primary focus, our model can also be easily applied to well-established bi-
directional and cross-flow scenarios and yield qualitatively consistent
behavior (see Supplementary Note 3).

In contrast to a straightforward two-way flow configuration, pedestrian
movement at intersections with multiple streams does not readily organize
itself through lane or stripe formation, making it an important case to study.
A similar setup with two intersecting streams has been studied
experimentally’. Since we are interested in the general physical mechanisms
of interacting streams, sophisticated models, which usually have several
adjustable parameters, are not appropriate. Instead, pedestrians are modeled
as intelligent active Brownian particles (iABPs) in two spatial dimensions
(see Fig. 1b), which experience a propulsion force f, acting along their
orientation vector e;, and a friction force —yv; with velocity v;, which implies
a constant speed v = f,/y. Any individual variability is incorporated as noise
in the equation of motion which specifies the dynamics of the position r; of
an iAPB:

mrl :fpei - yi‘i? (1)

where m is the agent mass and y is the friction coefficient. Each pedestrian is
associated with a type t;, which encodes their goal direction. We employ a
self-steering mechanism in the form of a torque that changes the direction of
motion as

& = \/2(d — DDA, + OMy, + KMy, @

where D, is the rotational diffusion coefficient, d is the dimensionality, A;is a
Gaussian random process, (2 and K are the strength of the steering torques

related to visual perception (M) and goal fixation (Mg,q1), respectively. The
noise acts perpendicular to the direction of motion, so that

A ={%e;, (3)

where (; is a Gaussian and Markovian random process with ({j(f)) = 0 and
(€ ¢ i(t1)) = 6,;0(t — t'). The agents avoid collisions with each other via
‘vision-assisted’ reorientation of their propulsion direction, which is
described by the torque™

1 i
Mvisz__ZTij|:eix<|rl.]'| xei>:|7 4)
ij
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where r;; = r; — r;is the displacement vector between particle i and particle j,
and Tjisa weight factor,

Tij — e(*lr,-j\/RO)[_g —e- ej]/4' (5)

which increases the relative importance of avoiding agents moving ‘head-on’
towards each other (e; - ¢; = —1), as opposed to co-moving agents (i.e.,
e; - ¢;=1) by a factor 1/2”. Lastly, N; = >evcTj; is the normalization factor.
The exponential distance dependence in Eq. (5) limits the range of the
interaction, such that for high density of agents the effective vision range is R,.
The sum is over all particles j that are in the vision range VC of the agent i, with

t.
Vc:{j|ﬁ-e,-2 COSll/andlf;j|<Rv} (6)
i

where 1/ is the vision angle and R, > R, the ‘full’ vision range. Steering toward
the goal is determined by the torque

My = [ (d(t)xe,) . &)

where the unit vector d(t,) is direction toward the goal, with which particle i
attempts to align (see Fig. 1a). In two-dimensions, Eq. (2) can be simplified

Fig. 1 | Schematic of intersecting streams and
vision-based avoidance. a Simulation setup of a
three-way pedestrian crossing. The colors represent
different pedestrian types t;, i.e., pedestrians with
different goals (alignment along direction d(t;)). The
human markers show the position of influx, each
separated by an angle of 77/3 from the other and
placed on an interaction circle of radius R;,,; = 120R,,.
The shaded regions depict the regions of ‘successful
exits’ (see “Methods”), and the distribution at the
inflow indicates the ‘spread’ of each stream leading
to an effective interaction zone (dashed circle) R;,/2
(see “Methods”). b Schematic diagram of the (non-
reciprocal) vision-based interaction of agents i and j.
The vision angle is highlighted in blue, with a vision
angle y and cutoff 4R,. c-f Sample trajectories
showing the effect of goal fixation and visual
avoidance for a vision angle of y = 71/2. Agents with
the same goal direction for c A =1and d A =2. The
blue agent does not ‘see’ the red one and therefore
does not react. Agents with opposite goal directions
fore A=1and f A =2.1In the cases (e, f), both agents
see each other and move away. In all cases, in the
initial state at t = 0, the distance between the agents
is r = 3R,.
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Fig. 2 | State diagram and agent trajectories. a State diagram of pedestrian
movement states as a function of the relative maneuverability A = Q/K and vision
angle y. b For small A, the agents do not avoid each other significantly, and pass
through the interaction zone nearly unhindered. ¢ For intermediate A and vision
angles y > 71/2, a scattering regime emerges as the agents attempt to avoid each other
while crossing. d For higher A, and the largest vision angle y = 7 and relative
maneuverability A = 8, a jammed, percolating phase develops. e For intermediate A

8.0

and smaller vision angles y < 71/2, a ‘localized flocking’ regime is found, where agents
navigate by aligning with oncoming individuals, forming a local co-moving
pedestrian cluster, thus leading to clustering and flocking—as seen by the emergence
of parallel trajectories (with different pedestrian types). Here we fix I' = 1. The solid
black lines are a guide to the eye-separating the different phase regimes.

in polar coordinates as

Q

6, =/2D& - [Z T sin(g; — 6,)| + Ksin(©(t,) — 6,)
b | jevC
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where ¢&; is a Gaussian random process and ¢y, O(t;), and 6; are the polar
angles of the vectors ry, d(t;), and e; respectively.

We define the relative maneuverability A = /K, which measures the
relative strength of visual avoidance to target fixation. The combined effect
of alignment and maneuverability is shown in Fig. 1c—f. Pedestrians navigate
their movement paths based on visual cues to avoid collisions with others, by
adjusting their propulsion direction. For larger relative maneuverability A,
the agents make sharper turns, see Fig. 1d, f. Importantly, the agents’ vision-
based interactions are non-reciprocal for vision angle ¥ < 7, see Fig. 1c, d.
Here the trailing agent notices the leading agent, but not vice versa.

The activity of the agents is described by the dimensionless Péclet
number Pe = f,/(yR,D,) = v,/ Ry, where 7, = 1/D, is the rotational diffusion
time and vy = f,/y is the agent velocity. All lengths are measured in units of
Ry, time in units of 7,. The goal fixation is set to K = 8D, and the vision range
R, = 4Ry. The inflow rate I' measures the number of agents entering the
interaction circle at each inflow per unit time (7). The system is studied for
varying relative maneuverability A = /K, vision angle v, and inflow rate I'.

We operate in the limit of over-damped motion so that inertial effects
are negligible and the self-steering gives a realistic description of pedestrian
cognitive motion. In our simulations, agents are modeled as point particles,
placing us in the regime of semi-dense crowds, where the volume-exclusion
radius o of an individual pedestrian is much smaller than the vision range R,,,
i.e, 0 < Ry and the speed of the agents is roughly constant. By doing so, we
specifically focus on isolating and understanding the effects of self-steering
on agent dynamics.

Note that the models in our current study and in ref. 31 both employ
vision-based steering torques to avoid close approach to other particles.
However, a crucial difference in the two models are (i) the individual goal-
orientation of the motion of all particles, and (ii) the distinction of on-
coming and co-moving particles in the steering avoidance. While seemingly
minor, these differences significantly impact the emergent collective beha-
vior and long-term dynamics of the agents.

Comparison with “Social-Force” Models— A key feature in our model is
that essentially all ‘social’ interactions, such as neighbor avoidance and goal-

following, act to reorient the agents heading direction, which is an essential
feature governing pedestrian dynamics™*'. This contrasts with ‘force-like’
interactions, which are typically described by a potential. It is, in fact,
intuitive that social interactions like goal following or inter-agent avoidance
are non-reciprocal and should be distinguished from “forces”, such as
excluded-volume effects or hard-core repulsion. Our model has certain
advantages over other models for the specific scenario that we are interested
in, i.e., semi-dense crowds, where vision-induced steering dominates over
short-range excluded-volume repulsion. There are several more sophisti-
cated pedestrian models that take into account further aspects that are less
relevant in this context, the key consideration here is the mitigation of strong
inertia effects. Since inertia effects are minimal in semi-dense scenarios,
where steering dominates over repulsion, force-based models tend to per-
form poorly in these conditions, which leads, e.g., to unrealistic behavior like
oscillatory motion or “tunneling” of particles. For a more detailed discus-
sion, we refer to refs. 35,36 and references therein. These problems are
avoided by the present model, further highlighting the strengths of our
approach.

Dynamic state diagram
The state diagram of the various collective pedestrian movement states as
function of relative maneuverability A and vision angle v is shown in Fig. 2a.
Atsmall A < 1, agents essentially ignore each other and head directly toward
the goal, see Fig. 2b. This behavior corresponds to the case of ‘dumb’ active
Brownian particles, and is expected to display activity-induced jamming in
the presence of excluded volume effects. Thus, efficient navigation requires
pedestrians to have maneuverability Q larger than goal fixation K, ie.,
A = Q/K Z 1. The required relative maneuverability A increases with
decreasing vision angle, as agents see fewer other agents for smaller y. As A
increases for larger vision angles, the pedestrian streams start to avoid each
other, which results in a complex motion marked by many scattering events,
see Fig. 2c and Supplementary Movie 1. While for two intersecting streams,
lane (or stripe) formation occurs”, for three streams the scenario is much
more complex and no stable global order exists’. The agents rapidly change
their direction attempting to avoid other agents leading to noisy and con-
voluted trajectories. For ¢ = 7, agents enter a jammed-percolating state,
wherein strong clustering is observed and agents cross the interaction
regime in groups, see the ‘clustered’ trajectories in Fig. 2d.

As the vision angle is further decreased, to ¥ < 7/2, the particle motion
drastically changes, see Fig. 2e. In this regime, agents mainly avoid other
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Fig. 3 | Cluster-size distribution and cluster (@)
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polarization. a A transition into the percolation
state occurs as A is increased for vision angle y = 7,
marked by the development of a power law decay of
the cluster size distribution P[n.(t;)] and the large
percolated cluster The peak at large cluster sizes is
due to finite system size. Here, clusters of size n(t;)
contain agents with the same 'goal'i.e., types, and the
distribution is generated by combining the cluster

P(nc(ty)

data of all agent types. b The three largest clusters at
A = 8.0 and y = 7 at two different times for pedes- (o)

102 @

trians of one type. (Left) Clusters are dispersed and
the largest cluster is at the inflow. (Right) The largest
cluster can feed smaller clusters and reach up to the
exit, forming a transiently percolated cluster.

¢ Average cluster polarization P, (see Eq. (16) in
“Methods”) for y = 71/4 shows an increase with A,
indicating the development of avoidance-induced
flocking. The inset shows the trajectory of two agents
exhibiting avoidance-based flocking. d The transi-
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tion into the localized flocking phase is characterized 100
by a strong increase in both the mean cluster size

(n.) and the number N, of clusters. For y = 71/4, the

clustering analysis is performed for all agents, i.e., a

cluster of size n. can contain agents with any goal

direction. The distance cutoff R, are chosen to be

Reye = R, and Ry =~ Ry for vision angles y = m and

Y = /4, respectively (see “Methods” section).
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agents directly ahead of them, implying that their direction of motion
changes only for high particle densities, ie., close to the center of the
interaction zone and near the other incoming pedestrian streams. This state
is characterized by the presence of parallel trajectories in the interaction zone
(see Fig. 2e). Here an agent of one type initially adopts a strategy of polar
alignment with the oncoming agents of the other types to avoid “collisions”.
The small vision angle is responsible for this flocking-based avoidance
mechanism, and has been shown recently in ref. 31. Note that the goal-
following disrupts the avoidance-induced global flocking state (for vision
angle v = 71/4) without goal orientation®.

No pronounced differences are observed for various choices of Pe
across all vision angles, which is due to the large goal-fixation (K/D, = 8).

Cluster-size distributions: percolation and localized flocking
As A increases for vision angle y = 7, the system undergoes a jamming
transition due to increased avoidance between agents. Note that the
jamming here is not due to volume exclusion, but due to the strong
tendency to maintain a large inter-agent distance in all directions. In the
jammed state, the agents crowd the interaction regime and form large
clusters comprised of agents with the same goal (or type). Clustering is
initiated at the inflow; the clusters then extend deep into the interaction
region as agents navigate toward their respective goals. Remarkably, the
jammed state also exhibits percolation, i.e., the clusters span the length of
the interaction zone, see Fig. 3a. The cluster-size distribution for a cluster
of size n.(t;) (t; denotes that the clusters contain agents with the same
type) shows a power-law decay, with an exponent 2.2, consistent with the
percolation universality class™. Therefore, despite of the complex motion
and continuously varying environment, the movement from the inflow
to the exit can be understood qualitatively under the realm of percolation
theory. The broad peak in the cluster-size distribution at n.(f;) = 200
represents the cluster formed initially at the inflow that then feeds smaller
clusters into the system which make their way to the exit (n.(;) < 100).
Note that the percolation in this case is dynamic, i.e., the system shows
transient periods of percolating clusters, interrupted by times when the
clusters are dispersed, see Fig. 3b.

In the regime of small vision angles, specifically for v = 71/4, agents
exhibit avoidance-induced flocking behavior. Consider two agents moving

toward each other at a small angle, so that only one of them is visible to the
other. The ‘aware’ agent initiates a (slight) turn to avoid a collision. However,
the unaffected motion of the other agent causes it to repeatedly enter the
vision cone of the ‘aware’ agent. Consequently, the aware agent must keep
turning away until the other agent is no longer visible to it. This only
happens when they move essentially parallel to each other, resulting in the
formation of a co-moving cluster, as illustrated in the inset of Fig. 3c. This
process repeats when this mini-cluster encounters other agents, who may
also align to avoid collision, thereby also becoming part of the cluster (see
Supplementary Movie 2). A particle can only leave the cluster if a strong
fluctuation disrupts its aligned state. Consequently, an avoidance-induced
clustering and flocking state emerges as the strength of relative maneuver-
ability A increases.

This phenomenon is characterized in Fig. 3¢, d, where a significant
increase in the average cluster size (n.), number N, of clusters, and cluster
polarization P, is observed with increasing A. For small A < 1, polarization
remains close to 0.5, indicating a non-flocking state. This occurs due to the
random overlap of particles from neighboring streams that do not avoid
each other due to the low self-steering avoidance. However, as A increases,
the clusters achieve a polarization value near unity, signaling the emergence
of a flocking/clustering state.

Path length distributions

With increasing relative maneuverability A, strong avoidance between
agents leads to scattering, and implies larger exit times and broader path-
length distributions, as presented in Fig. 4 for various A and y. The path-
length I, = ,|dr/| is the length of the entire trajectory of the agent from the
inflow till the exit, where dr, is the displacement at time ¢. Only ‘successful’
exits, i.e., agents that reach their goal are considered in the analysis (see
“Methods” section). For A < 1, inter-agent interactions are small, and the
path length distribution of nearly straight paths can be estimated to be (see
“Methods” section)

20, exp[—(1 — (1) )/2()’]

— ; )
5\/2n1 — (1))

fL(Z;) =
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wherel, = I,/2R;, and ¢ = 0/R, is the normalized variance at the input of
the stream. For low A, the data matches well with the estimated distribution,
see Fig. 4a. However, as A increases, the distribution shifts to larger lp and
broadens. This occurs as agents scatter strongly due to high avoidance A,
leading to longer paths. Agents with lower vision angles reach their desti-
nations in shorter paths, due to fewer scattering events as seen in Fig. 4b,
where increasing v causes a shift of the distribution to larger I, along with
the development of a longer tail. The distributions for A > 1 and y > /2
follow a log-normal distribution, which is verified by performing a
Kolmogorov-Smirnov test with confidence interval of 95%. Notably, log-
normally distributed path lengths have been documented in antipode
experiments involving pedestrians initiated on a circle"’. The experimental
arrangement closely mirrors the three-stream configuration utilized in our
simulations, providing empirical support for the shape of the observed
distribution.

Dynamics and mean-squared displacement
To better understand the dynamics of the agents, we compute their mean-
squared displacement (MSD)

(1) = (Ir(t + ) = (D)), (10)
where r(#) is the position vector of the particle at time t. The MSD curves (see
Supplementary Note 1, Supplementary Fig. S1) indicate that increasing A or
y leads to larger scattering causing a shift of the motion from ballistic to
super-diffusive. We also calculate the orientational auto-correlation
function

C(t) = (e(t + 1) (7)), (11)
for different A at y = /2. For small A < 1, the motion is strongly correlated,
i.e, the particles hardly change their direction of motion as they have a
strong tendency to orient and move toward the goal and do not scatter. For
A 2 1, the auto-correlation function C(¢) displays a slow power-law decay,
consistent with the super-diffusive behavior observed in the MSD
(F(t)) = K,t*.

The observed functional forms of C(f) and the MSD suggest that the
motion of a single agent can be described by fractional Brownian motion
(fBM)” or Levy walk (LW) model**". For fraction Brownian motion

dDy

, _2dDy Ly
TH — 1)

an= “TeH+ 1

=22 (2 (1) (12)

where d is the spatial dimensionality, H is the Hurst exponent and Dgy
measures the strength of the colored noise. For Levy walks with a constant
flight velocity and a probability distribution ¥(z) ~ 7 *** for a flight of time

7, one has

C(t) oc 70 (#(1)) oc £ (13)
where 0 < ¢ < 1 implies ballistic motion, 1 < y < 2 super-diffusion, and y > 2
diffusion. It is crucial to emphasize that in our case the motion is not purely
fBM or LW, as the goal-fixation leads to a preference for a certain direction.
However, by considering that we have a smaller subset of possible
trajectories of an fBM or LW, we can use the model to interpret the behavior
of the agents in terms of single particle motion.

We extract both fBM parameters H and Dy along with the Levy walk
exponent . Figure 5a shows a marginal variation in the Hurst exponent
with 0.8 < H < 1, consistent with the super-diffusive/ballistic motion of the
agents (a = 2H). A value H > 1/2 indicates the long-memory effect of the
noise, a consequence of the goal-oriented motion of the agents. A similar
effect is captured in the exponent y of LW, where measurements indicate
1 <y < 1.5, implying a slow decay of y(7), long duration of ‘straight’ paths,
and super-diffusive behavior. As A increases, y also increases and the
probability of longer paths decreases. This is due to more frequent collisions
between agents, caused by stronger avoidance behavior.

Notably, for increasing A and (or) y there is a strong decrease in Dy due
to more scattering events, thus implying smaller diffusion coefficient
K, « Dy, see Fig. 5b. Note that the ‘noise’ strength of the fMB is related to the
average step length taken by the agent, which decreases for increased scat-
tering. Thus an increase in ‘scattering-induced noise’ causes an decrease in
the fBM noise, an important correspondence to keep in mind. The fBM
analysis suggests that the interactions lead to an overall decrease in the
effective velocity captured via Dy, while the motion is still overall ‘goal-
oriented’ i.e., super-diffusive. The motion of agents at narrower vision angles
and large A are closer to Levy walks, due to longer flight states (i.e., flocking)
followed by short reorientation events arising due to avoidance-induced
alignment with clusters. At large y and A, although the overall motion is
ballistic, there are hardly any straight paths, and the motion is closer to fBM.
This can also be seen by looking at the fixed-time displacement distributions
(and trajectories) in the direction ‘perpendicular’ to the goal direction, where
the contribution from the scattering (without goal following) can be isolated
(see Supplementary Fig. S2). For large & and vision angles v = mand y = 71/4,
the fixed-time displacement distributions are Gaussian and Levy-like,
respectively. However, for intermediate values of y and A, LW or fBM
cannot be established (see Supplementary Note 3, Supplementary Figs. S3,
S$4). This highlights that the comparison of the simulations to these models is
largely qualitative.

Notably at (A, y) = (8, m), the jammed/percolated phase has a larger
Hurst exponent H compared to the ‘scattering’ state at (A, y) = (4, ), despite
nearly equal diffusion coefficient Dy;. Here, by moving within the percolated
cluster, the agents can achieve directed movement with larger long-time

Fig. 4 | Path-length probability distribution. (@)1 2

(b)

Probability distribution P of the path length [, for
a different relative maneuverability (y = /2,

Pe = 100) and (b) different vision angles (A = 8,

Pe = 100). For small A, the paths are nearly straight
and the probability distribution is well approxi-
mated by Eq. (9) (dashed line). In scenarios char-
acterized by high maneuverability (A) and large
vision angles (), agents traverse longer paths within
the interaction sphere to navigate around others.
This behavior yields a log-normal distribution for
the path length, with the black solid line represent-
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ing a fitted log-normal model to the data. The path
lengths are only determined for trajectories that
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agents, where t; = 2R /Vo.
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Fig. 5 | Fractional Brownian motion and Lévy walks. a Hurst exponent H and Lévy
walk exponent y (red) and (b) diffusion coefficient D, for increasing A and different
vision angles y. ¢ Sample trajectories at A = 8 for y = 7 (top) and y = /4 (bottom) in

the effective interaction zone Refr = Rin /2.0 (dashed circle), exhibiting characteristics
of fractional Brownian motion and Lévy-like walk, respectively. Only trajectories
that successfully reach the exit are considered and we average over all agents.
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Fig. 6 | Fundamental flow diagram. Fundamental diagrams of the pedestrian flow
measured by performing simulations with different pedestrian inflow I' for a fixed
A =8.aFlux] = ¥pand (b) average velocity 7 as a function of the mean agent density
p. The data collapses onto a single master curve for different vision angles and
exhibits the characteristic shape of the fundamental diagram, showing the free-flow
(p < 0.5) and jammed regimes (p > 1). ¢ Agent trajectories for I'= 4 and y = 71/2

showing the development of rotational flows and roundabout traffic-like

motion. For ¢ = 7, a jamming transition occurs for large inflow I > 0.5, marked
by a sudden rise in density (see p > 1.0) and a strong reduction in velocity v. The
solid black line in (a, b) is an approximate fit based on the Kladek formula

v(p) = v, [1 —exp(—c[p™" — pin,]), where vo = 1 and we set pjor, = 4 and ¢ = 0.4 fora
good fit.

memory effects (i.e., large H or small y) as the agents follow the cluster that
has already made its way to the exit, highlighting the unique dynamics of the
jammed state (see Supplementary Movie 3). Qualitatively, this phenomenon
resembles the behavior of pedestrians joining forces to penetrate through
highly congested areas, reflecting a collective strategy to navigate through
crowded spaces more effectively. Overall, we conclude that the complex
motion involving a combination of noise, goal fixation, and vision-based
steering avoidance between several other agents can be described in a mean-
field manner by either a fBM or LW description, depending on the
vision angle.

Dependence on inflow rate
The (dimensionless) inflow rate I, i.e., the number of agents entering at the
inflow region per unit time 7,, is an important parameter that determines the
emergent behavior in the interaction regime. Already in the much simpler
scenario of single-file motion with volume exclusion, changing the inflow
(and similarly the outflow) rate can lead to so-called boundary-induced
phase transitions*. We focus on the regime of large A representing the case
of strong avoidance, and study the effect of changing inflow rate on the agent
motion for different vision angles y.

The fundamental diagram for the pedestrian movement relates flux
J = pv and average velocity ¥ to the average density p, see Fig. 6a, b. The

average density p = Ndieigh / R2int in the interaction region (of radius R;,/2)

is measured by approximating the area occupied by each agent by the
average minimum separation dneigh(I, ¥) within the vision range R, (see
“Methods”). Since the motion is largely ballistic, we approximate the average
velocityas v = /K. Notably, we observe a collapse of the data for different
vision angles onto a single master curve with the characteristic form of the
fundamental diagram, i.e., a free-flow regime at low p and the jammed state
at high p. Even without explicit velocity adaptation in our model, we suc-
cessfully replicate essential features of the fundamental diagram for pedes-
trian flow". This implies that the model demonstrates robust properties
when examined from a statistical viewpoint. In addition, we conclude from
our simulation results that the fundamental diagram holds even for different
vision angles.

In the free-flow regime, we have a steady state and the inflow
equals the outflow. However, at y = 71, a jamming transition occurs
around I = 0.5, leading to a sudden rise in the average density
(p > 1.0) (see Fig. 7c, d). In this case, a large number of agents exit
close to the entry due to overcrowding in the interaction regime and
the outflow saturates. The jamming is triggered by the limited
transport capacity in the interaction regime, and thus generally
T'erit = I'erit(R), where R is the system size. This is notably different
from boundary-induced phase transitions in one-dimensional
systems*, which show no system-size dependence. Moreover, the
monotonic decay of ¥(p) suggests that the free-flow to jamming
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Fig. 7 | Flow illustration for jamming and roundabout motion. a, b Local density
Ploc (single stream) with vision angle y = /2 and inflowa I'=0.5and b I'= 4. As
inflow I increases, a rotation phase with an asymmetric density distribution
develops, as seenin (b). ¢, d Local density with y = and inflow cI'=0.4and d I'=0.6.
At I' = 0.4, there is no jamming, as can be seen by the ‘uniform’ inflow and outflow
density lines. However, when I'> 0.5, the system enters a jammed state, character-
ized by the depleted outflow lines and enhanced local density at the inflow. In all
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panels, agents enter at the left and exit at the right, and data is shown for a single
agent stream. The local density is estimated as p,. = Ny77,/(p,0 TRZ), where

Ny 7,/(8TR?) is the average local density in a region of area R2, and N is the total
number of agents counted in time 8T = 25007,. The data is normalized by the local
density at the inflow estimated as py = 6I'7,/(27RintRy).

transition may be understood as motility-induced jamming®, where
the repulsive conservative potential of standard ABPs is replaced here
by a vision-assisted steering avoidance. At smaller vision angles, the
system maintains the free-flow regime even at large inflow, as agents
allow for closer proximity (see Fig. 8), preventing congestion.
Increasing p (i.e., I) causes a decrease in the average velocity due to
increased scattering in the interaction regime, as seen in Fig. 6b. In
particular for the jammed state (p > 1.0), a sharp reduction in the
velocity is seen. As before, the jammed state has a heightened value of
a due to the long-time persistent motion of particles within perco-
lated clusters. It is important to note that in our model, we do not
observe a reduction in flow at high densities, with most of the data
falling within the ‘free-flow’ regime of the fundamental diagram. This
outcome is not entirely surprising, given that our model assumes
point-like particles without velocity modulation—an assumption that
holds primarily in the semi-dense regime.

Interestingly for v = 71/2, different movement strategies emerge as the
inflow rate I’ is increased. For instance, at I' = 2.0 and 4.0, a rotation state
develops wherein agents follow other agents with the same goal and form a
vortex around the center of the interaction, as seen in Fig. 6¢ and the local
density plots in Fig. 7a, b. This rotation state also allows for lower repulsion
as each particle is largely aligned with the neighbors, see Eq. (5) in “Meth-
ods”. This motion also creates an ‘eye’ in the center, marked by agent
depletion (see Fig. 7 and Supplementary Movie 4), suggestive of traffic at a
roundabout. This is consistent with the observation of several studies that

show the stabilization of pedestrian flows at intersections in presence of an
obstacle’”*. Thus, the self-organized development of the ‘eye’ in the center
in our simulations leads to a stabilization of flow. This emergent global state
offers insights into discerning effective transport strategies contingent upon
the pedestrian volume.

Conclusions

Drawing inspiration from active matter models in biophysics, we
have introduced a new approach to simulating pedestrian motion,
which employs a vision-based steering mechanism of agents in
combination with goal fixation. In contrast to the Social Force Model
and its derivatives which employ forces for obstacle avoidance and
goal following, we employ non-reciprocal interactions between
agents, with local vision-based self-steering through torques that alter
the propulsion direction of the agents. The overdamped limit of the
Langevin equation mitigates artefacts arising from inertia effects and
Newton’s action-reaction principle, which is also inherent in force-
based mechanistic pedestrian models. This facilitates a more realistic
description of the motion of pedestrians, who ‘steer’ their movement
direction, rather than face repulsive/attractive forces, with the former
navigation strategy likely dominating in low-density scenarios. Up to
now, collision avoidance has been studied theoretically mostly for the
much simpler case of bi-directional pedestrian flows. In contrast, we
investigate here a multi-stream intersection scenario, inspired in part
by recent antipode experiments. The simplicity of our model allows
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us to isolate the effects of different parameters such as relative
maneuverability A, vision angle v, and inflow rate I on the collective
dynamics of the agents.

In the state diagram, four classes of motion patterns of semi-
dense crowds are obtained, in which agents are weakly interacting,
localized flocking, strongly scattering, and jamming. Notably, the
jammed state for y = 7 is characterized by percolating clusters, which
qualitatively resembles the behavior of pedestrians joining forces to
penetrate through highly congested areas. Despite of large differences
in the global collective behavior, the complex interplay of inter-agent
interactions and goal fixation, the observed super-diffusive motion of
the agents can be explained using fractional Brownian motion and
Levy walks. For increasing inflow, agents display distinct collective
behaviors based on their vision angle, such as the development of
roundabout motion at ¥ = 7/2 and a jammed state at ¥ = .
Remarkably, the fundamental flow diagram is found to be universal
for different vision angles. Notably, our study captures distinct
behaviors such as percolated clusters, roundabout motion, and sub-
ballistic movement, even at high relative maneuverability A, which
can all be directly attributed to the goal-following behavior of the
agents, in combination with the distinction between on-coming and
co-moving agents in collision avoidance. In contrast, agents without
goal orientation, but with similar maneuverability exhibit purely
diffusive motion®'.

Our study lays the foundation for more detailed modeling of systems of
interacting cognitive agents, such as pedestrian and animal groups. By
introducing additional torques—related to boundaries or local alignment
and group-following interactions—various scenarios, including navigation
through channels, flocking, and swarming can be studied. We have focused
on ‘semi-dense’ crowds, where the assumption of constant speed is a very
good approximation. An important next step will be the incorporation of
both velocity adaptation and excluded volume effects to generalize the
model for higher crowd densities. The former can be addressed in the same
spirit as the well-known quorum-sensing mechanism used for ABPs,
wherein the agents ‘speed’ depends on the local density of neighbors, and the
latter by using Lennard Jones interactions. Lastly, it would be interesting to
study experimentally the dependence of the fundamental flow diagram on
vision angle.

Methods

Simulation details

All influxes are spaced at the same angular distance from each other
and agents enter with frequency v¢/Ro. At each inflow, the start
position 1y = (xo, yo) of the incoming agent on the circle is deter-
mined by first sampling a number x; from a normal distribution
x1y ~ N (0, 0?) with zero mean and standard deviation o = 7R;,/18 to

generate the intermediate point r'y = (x(, ;) using xg + y7 = R ;-
The desired point is then generated by a rotation, r, = Ryry,, where
0 = 0, 271/3, —271/3 for the red, green and blue streams, respectively.
The value of ¢ determines the approximate interaction radius Reg, via
the relation Ngyeam(60) =~ 27R.g. For our choice of ¢ = 7R, /18,
this results in an effective minimum interaction zone of radius
Refr = Rine/2. An agent crossing the boundary of the interaction zone
at any point is removed from the simulation (absorbing boundary).

The equation of motion is solved using the Velocity-Verlet scheme
suitable for stochastic systems45 , with a time step dt = 0.00057,, and a total
time of T = 40007,. We ensure overdamped dynamics with the choice of
y = 100, so that m/y < 1.

Path-length distribution for straight paths

In the absence of any interactions, we can estimate the path length
distribution using simple geometric arguments. As described in the
“Simulation details” section above, the agents are initiated at a position
(%, y) for the central axis of the inflow along y-axis. At each inflow, x;, is
drawn from a Gaussian distribution N(0, %), with mean zero and standard
deviation o, and xi> + y? = R%,. The path length for an agent (non-
interacting) starting at (x;,y;) is then given by L, = 2L, where
L= /R}, — x{?. We can estimate the cumulative distribution function
F;(]), i.e., the probability that L <1, as

F,() = P(L<])

P(Ixo| 2 \/ Ry — )

int

(14)

1+ V’(_ Rizm - lz) - ‘//( Rizm - lz)

where y(x) is the cumulative distribution function of x,. The probability
distribution function f; (I) can then be calculated using f, () = F;(I) to give

21

—F—¢
o\/2m(R:, — )

The result in Eq. (15) compared with the simulation data in Fig. 4b of the
main text.

fi(h)= XP[_(Rin - lz)/zaz] (15)

Cluster polarization
The average cluster polarization P, is calculated as

(16)
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where C represents the set containing indices of particles within the same
cluster, e; is the orientation vector of the particle, N, is the cardinality of C,
and the average is over all clusters.

Fractional Brownian motion

Fraction Brownian motion is a continuous-time Gaussian process X(f)
defied as™*

X(t) = —2 ( /0 t (t — s V2aw(s)

[(H+1/2)

: 17)
+ [ - (—s)H—l/z]dwc))

where dW(s) is the standard Wiener process, o is the noise strength, I'(z) is
the Gamma function, and 1/2 < H < 1 is the Hurst exponent. The Hurst
exponent is a measure of the ‘memory’ of the noise, with H > 1/2 for
positively correlated increments, H < 1/2 for negatively correlated incre-
ments, and H = 1/2 for uncorrelated increments (Brownian noise). Consider
R(t) = (X(1), Y(#)) to the be position of the particle at time ¢, then using the
relations

dR(t) ) Dy
D="0 T Tren+1) (18)
it can be shown that the velocity auto-correlation has the form™***
dD
C(t) = ——H 22 19
() TGH-1) (19)
with the corresponding MSD
2 2dDy oy
1) = =t 20
(r'()) eH+1) (20)

where d = 2 is the spatial dimensionality. Here we have assumed that both
X(t) and Y(#) are independent Gaussian processes described by Eq. (17).

Nearest neighbor distance
The average nearest neighbor distance dy,cigh of agents, is defined as
dneigh = (min(rij))i (21)
where min(r;) is the distance to the closest neighbor j of particle i and the
average is over all particles. Figure 8a shows the plot of d,gn, with A for
different vision angles. The slope of the curve changes from positive for
¥ < 71/2 to negative for y > 71/2, i.e., the minimum separation for small vision
ranges decreases for increasing avoidance. This occurs because for small
vision angles, localized flocking occurs. Upon alignment, two neighboring
agents can be arbitrarily close without noticing the presence of the other.
The spatial extent of ‘ignorance’ increases as the vision angle becomes
smaller. As soon as ¥ > 71/2, a least one pedestrian in approaching or co-
moving pairs will notice the other, implying the absence of any ‘ignorance’
regimes. This imposes a minimum separation distance dycigh = R, equal to
the vision range. Similarly, Fig. 8b shows dyeign for different inflow rates.
Clearly, dycignh depends in a complex way on the inflow, vision angle and
relative maneuverability, and thus also implies that the length scales for the
analysis of properties such as cluster size distribution and average density
must be chosen suitably. Guided by the plots in Fig. 8, we choose R., =~ R,
and Ry =~ Ry for the cluster analysis for vision angles ¥ = w and y = n/4,
respectively. Similarly, for the calculation of the average density at different
inflow rates, we assume that each pedestrian occupies approximately an area
of ﬂdﬁeigh (T, y). Such a choice becomes necessary, due to the large

differences the minimum inter-agent distances for the different parameter
choices and the absence of any inherent length scale as we have no excluded
volume effects.

Characterization of successful exits

For simplicity, we describe the characterization of a ‘successful exit’ for
agents from the inflow with the central axis along the y-axis, ie., the ‘red’
stream in Fig. 1 of the main text. The results hold for other streams via a
rotation of the axes. For the center of the stream (the inflow) lying at (0, Riy),
ie, 6y = 71/2 in polar coordinates, agents exiting the interaction circle for
angles 6 € (6p + m — /2, 8y + m — 6/2) are considered to have crossed
successfully. Note that here § is the angular width of the ‘region’ of successful
exits, which has a maximum value of §;,.x = 277/ Nyream- In the analysis of the
data presented in the main text, we have chosen & = 71/2, considering the
finite width of the other streams.

Data availability
The data that support the results of this study are available from the cor-
responding author upon reasonable request.

Code availability
The code employed in this study is available from the corresponding author
upon reasonable request.
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