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S1. INTRUDER’S MOTION OF INTRUDER
WITH ONLY DIRECTIONAL
MANEUVERABILITY

A. Orientational probability and auto-correlation
function

The equation of motion for the orientation angle v; of
the intruder is
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When the vision maneuverability of the intruder is zero,

Qf =0, ie., the intruder has only directed maneuver-
ability QL this equation simplifies to

(t)/dt = /2D, C(t) — QF sin(é(t)) (S2)

The equivalent Fokker-Planck equation is
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With the assumption of small variations of the angle ¢
around the goal direction, so that sin(¢) ~ ¢, the Fokker-
Planck equation can be solved to find the time-evolving
probability distribution of the process ¢(t),

1
\/27T(DR/95)(1 — exp(—2Q%t))

. [_ (6 — do exp(QLt)?
P 2(Dr/Q0) (1 = exp(—2011)

P(¢,t) =

(S4)

As the derivation of P(¢,t) involves the approximation
sin(¢) ~ ¢, Eq. (S4) and results based on it are valid for
Qé > Dg.

With the help of the probability density P(¢,t),
compute the orientational auto-correlation function

C(t) = (e
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For simplicity, we choose the reference angle ¢(0) = 0, so
that C(t) = (e**®). This yields the explicit expression

C(t) = / dge'® !
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and finally

C(t) = exp [—;gg(l — e—mit)] (S7)

This result implies that the relaxation time 7 for reaching
the steady state is 7 = (2Q4) 7!

B. Mean square displacement and transverse
diffusivity

With the help of Eq. , we can also calculate the
mean square displacement of the intruder perpendicular
to the goal direction, which characterizes the deviations
of the intruder’s trajectory from a straight motion in the
goal direction.

The instantaneous position of the intruder is

r(t) = vo / o (38)

so that the mean square displacement can be expressed
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which contains again the orientational auto-correlation
function C(|t — '|) = (é(') - é(t")), compare Eq. (S5).
Equation is solved by substituting Eq. to obtain

ydt'dt” ;. (S9)

Dpg

(1)) = <1 - 291> 2

D 1 I

2 R —2Qt
+vi———— |t + — at — 1 .
Yo 2(&2{1)2 ( 2&25(6 )>

The first term on the right-hand side represents the
mean-square displacement in the goal direction, and the
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FIG. S1. The transverse diffusivity D} /Dg of the intruder
as a function of directed maneuverability, when the intruder
has activity Pe; = 4 and vision maneuverability Qf = 0.

second term the corresponding displacement in the per-
pendicular (y) direction. Thus,
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The transverse diffusivity
1
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can be obtained directly from Eq. (S11J),
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which is valid for Q(Ii > Dpg. This result implies that
in the absence of vision-based maneuverability of the in-
truder — or in the absence of agents — the transverse diffu-
sivity has an inverse-square dependence on the intruder’s
directed maneuverability.

The comparison of the analytical result for the
transverse diffusion of the intruder in the absence of
agents is displayed in Fig. The simulations show that
the diffusivity remains approximately constant for small
values of QL/Dp, then decreases for QL /Dp > 10, fol-
lowing an inverse-square dependence. This behavior is in
excellent agreement with the theoretical prediction.

C. Orientation distribution and averages

The stationary state solution of equation (S3)), i.e for
OP(p.t) _

5% 0, is given by
exp (U cos ¢/ Dr)
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FIG. S2. Histogram of the intruder’s orientation angle ¢ for
the directed maneuverabilities Q} € (0,100). The dashed
lines represent the simulation data, while the solid lines rep-
resent the theoretical distribution obtained from Eq. ,
ﬁtte(} to the simulation results for the corresponding values
Of Qd'

where I,,(...) denotes the modified Bessel function of the
first kind.

We find that in the absence of agents, the probability
distribution function of the orientation angle (¢) of the
intruder has a peak at ¢ = 0 (i.e., oriented towards the
goal) and becomes narrow [I], in agreement with the pre-
diction of Eq. . Additionally, the average directed
velocity satisfies the condition

(Vii)/vo = (cos(¢)).

The average orientation of the intruder is denoted by
(cos(¢)) and is given by the expression [2]
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Figure [S3] shows the comparison between simulation and
theoretical results [I]. As the directed maneuverability

Qé increases, the speed approaches the maximum value
of (V])/vo ~ 1 with the scaling

Dpg
in the limit of Q}/Dp > 1.

We change the agent’s vision maneuverability Q2 /Dg,
while keeping the intruder’s parameters fixed at Q! =0,
and all other properties the same as Tab. I of the main
text, except Qé = 5, 10, and 20. Figure shows that
there is a significant effect of the agent’s vision maneu-
verability on the intruder’s directional motion, as with
increasing 2!/ Dp, agents can move out of the way of
the intruder and thereby reduce the frequency of direct
collision. Thus, the intruder speed (V)) increases with

QA /D,
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FIG. S3. Average orientation (cos(¢)) of the intruder relative
to the goal direction ey, as a function of directed maneuver-
ability Q%/Dg, with simulation data (red bullets) and theo-
retical results (solid black line) obtained from Eq. (S16).
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FIG. S4. The variation of the intruder’s normalized di-
rected velocity for zero intruder maneuverability (Q = 0)
as a function of the agents’ maneuverability Q2 /Dr, shown
for different values of the intruder’s directed maneuverability
Q% = 5,10, and 20.

S2. MOTION OF AN INTRUDER WITH
VISION-INDUCED MANEUVERABILITY

A. Relation of transverse diffusivity and
directional speed — a toy model

A comparison of Figs. 2(a) and 6(a) of the main text
suggests that there is a strong (inverse) relation between
the directional speed (V})) and the transverse diffusivity
Di of the intruder.

In order to comprehend this relation, we consider a
simplified toy model, where particles are assumed to

move on a square lattice with lattice constant a. Particles
move along the bonds from vertex to vertex in time steps
At. Without vision-guided avoidance, particles move un-
obstructed with speed vg = a/At. Scattering events due
to avoidance steering reduce the probability for a parti-
cle to reach the next vertex in the goal direction, and
simultaneously increase the probability to move in the
transverse direction. Let p be the probability to move in
the goal direction, and (1 — p) to move in the transverse
direction.

This implies for the average directional speed that
(Vi) = pa/(At) = puvo, so that p = (V})/vo. For
the transverse diffusivity, the model yields D! = (1 —
p)2a?/(At). Then, with the assumption that the typical
time scale is proportional to the inverse rotational diffu-
sion coefficient 1/Dg, and p = (V}) /vo, we finally obtain

Dy = D = (V) /wo)?, (S18)
(ABP) . . ir . .
where D7, is the translational diffusion coefficient of

an active Brownian particle.

The important factor is (1 — (Vj)/v)?, because
(Vj)/vo = T(QL/QL), with scaling function I'(.), com-
pare Eq. (11) of the main text. Thus, Eq. (S18|) makes
plausible that in the presence of vision-induced avoidance
steering

e the functional dependence of DI on Qf/Q}

e the “inverted” dependence of (V}))/vo and D, i.e.

2(V})/vo decreases as a function of Qf/Qf, while
D, increases

e the transition from goal-direction dominated to

visual-avoidance dominated behavior occurs in
both cases at Qf/Qf ~ 10

e and is consistent with Eq. (S13)) in the limit Qf — 0
and Q4 > D, (using Eq. [S17).

Thus, this simplified toy model explains the main qual-
itative features of D .

B. Effect of vision-induced steering attraction of
the intruder by agents

If we change the sign of the vision maneuverability
of the intruder Qf — —Qf then instead of avoiding
the agents, the intruder follows them. In such a case,
the average directed velocity of the intruder again de-
cays with the magnitude of the maneuverability ratio,
see Fig. Somewhat surprisingly, the velocity exhibits
an approximately symmetric behavior at high density,
iLe. (V(=9Q)) = (Vj(QL)). This can be understood in-
tuitively as follows: At high agent density, the agent dis-
tribution is nearly isotropic but shows some fluctuations.
Then, it does not matter much for the distraction of the
intruder from the goal direction whether it reorients more
toward the somewhat more dense or the somewhat less
dense regions.
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FIG. S5. The variation of the intruder’s normalized directed
velocity as a function of the vision maneuverability at three
different directed maneuverabilities when Q! — —QF.
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FIG. S6. The average distance between agents (< d2 > /o)
as a function of area packing fraction.

S3. AVERAGE DISTANCE BETWEEN AGENTS

The average inter-agent distance is independent of in-
truder—agent interactions, since it is an intrinsic property
of the agents. Figure [S6] shows the dependence of aver-
age inter-agent distance (d2)/o as a function of packing
fraction @, following the scaling (ds) = ag®~/? with a
fitted prefactor ag = 0.67. The numerical result of the
prefactor (ag) can be compared with the lattice constant
of a regular triangular lattice as a reference. The area
fraction of the system is

Nno?
@ = — ].
102 (S19)
For a triangular lattice, the number of particles in a tri-
angle formed by three particles is n = 3 % 60/360 = 1/2,
and the area of a triangle is A, = v/3d?/2, where d; is
the length of the triangle side. Therefore, the total occu-

FIG. S7. Typical agent distribution around the intruder, with
geometric parameters of the void region. Here, d; is the dis-
tance between the intruder and the nearby front agent and do
the distance between the intruder and the nearby rear agent.

pied area A = NnA; = N \/§df /4, which equals the area
of the simulation box, i.e., A = L?. Hence, we obtain
L? = \/3Nd?/4, or d? = 4L%/(v/3N). By multiplying
with equation with Eq. (S19), we get

71-;'2@—1/2

dy = S20
t \/g ( )

which provides the prefactor
ap = omt/237 V4 2 0.67 (S21)

Hence, the theoretically estimated value ag/o for the
triangular lattice of the particles is in good agreement
with the average minimal distance in a fluid of active
agents obtained from simulations. This indicates that
self-steering agents in this active fluid self-organize such
as to keep nearly equal distances from their neighbors.
This result is in good agreement with particles with
avoidance steering in Ref. [3].

S4. AGENT DEPLETION AROUND INTRUDER

We calculate the radius of the region around the in-
truder, which is essentially void of agents, as shown in
Fig. [S7]

To quantify the size of this void, we first identify the
nearest-neighbor agents within two angular sectors — in
cones in front and behind the intruder — each with a
narrow opening angle of 20, where ©® = 7/6. These
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FIG. S8. Dependence of number variance on the observa-
tion window radius R for multiple agent vision angles 84 €
(m/16,7) at a fixed agent maneuverability Q4 = 16. The in-
set shows the variation of the hyperuniformity parameter «
as a function of 64,

front and rear distances are defined as
Tfront = Il’llln{”f'l||A¢Z| < 6}7

Trear = miin{ri“A(bi — 7| <6}, (S22)
respectively, where A¢; = ¢; — 1; is the relative angu-
lar position of the i*" neighbor with respect to the in-
truder’s orientation. The nearest agents within these do-
mains define the front and rear neighboring distances,
which together provide an estimate of the void’s diam-
eter. The mean void radius is then given by R,.iq =

[<Tfront> + <Trear>] /2

S5. HYPERUNIFORMITY — EFFECT OF
AGENT’S VISION ANGLE

Hyperuniformity depends on the agent’s parameters,
such as vision angle, maneuverability, and activity.

The intruder’s directional speed increases with the
agents’ field of view, as shown in the main text, Fig. 2(d).
Hyperuniformity is related to this behavior, as the system
becomes more hyperuniform with increasing vision angle
64, see Fig. When the agents have a narrow field
of view, their dynamics resemble those of simple active
Brownian particles (ABPs). Collisions occur frequently,
which slows their motion and induces the formation of
small clusters. In contrast, a wide field of view allows
agents to better anticipate and maneuver around one an-
other, actively maintaining separation. As a result, the
system evolves toward a more uniform spatial distribu-
tion. Notably, for 64 > 7/2, each agent effectively re-
sponds to all neighboring agents, and the system attains
its maximum degree of uniformity, as shown in the inset

of Fig.

S6. MOVIE CAPTIONS

Movie M1: Dynamics of an intruder moving through
a dense crowd of agents with maneuverability Q2 = 16,
at Pe? = Pel =4, 04 = n/2, 67 = 7/4, and ® = 0.5.
The three panels of the movie correspond to different in-
truder maneuverability ratios, Q! /Qfl =1, 10, and 100,
shown in the top, middle, and bottom panels, respec-
tively. The evolving intruder trajectories are shown by
red lines.

Movie M2: Dynamics of an intruder moving through
a dense crowd of agents with enhanced maneuverabil-
ity Q41 with respect to the intruder. Other parame-
ters are the agent-agent maneuverability Q4 = 16, di-
rected maneuverability Q) = 10, Pe? = Pe! = 4,
04 = 7/2, 61 = 7/4, and ® = 0.5. The three panels
of the movie correspond to different agents maneuver-
ability ratios near the intruder, Q27 /Q4 = 0.625, 6.25,
and 31.25, shown in the top, middle, and bottom pan-
els, respectively. The evolving intruder trajectories are
shown by red lines.
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