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Abstract— Natural and robotic swarms often exhibit non-
reciprocal interactions; agents do not exhibit equal and opposite
forces on each other. By studying the effects of reciprocal
and non-reciprocal interactions we are better able to design
emergent behaviors in robot collectives composed of agents that
exert attractive and repulsive forces on each other. Moreover,
by controlling agent-specific coupling forces on-demand, we can
enable a collective to exhibit desired behaviors previously not
possible. We use a general form of the swarming oscillator,
swarmalator, model to study reciprocal and non-reciprocal
interactions among agents that affect each other’s motions over
long and short distances, we use non-reciprocal coupling to
elicit collective locomotion toward or away from target sites,
and we use the control barrier function method to optimize
the non-reciprocal interactions for a desired spatial formation.
This work addresses the interests of the active matter, swarm
robotics, and control barrier functions communities and demon-
strates various collective behaviors with strong potential to be
realized in macro- and micro- length scale robot swarms.

I. INTRODUCTION

Non-reciprocal interactions are prevalent throughout nat-
ural and artificial swarms because in many cases these
collective systems are out of equilibrium. When a collective
system is in equilibrium, its constituents exhibit equal and
opposite actions/reactions to each other; however, it is when
agents do not exhibit equal and opposite actions/reactions
to each other that unexpected behaviors emerge and expand
the collective’s capabilities. For example, in the context of
robot swarms, a collective may exhibit non-reciprocity if
some portion of the agents move away from another group of
agents that move toward them. In the context of microrobot
swarms, the notion of non-reciprocity is particularly exciting
because this enables a collective of heterogeneous micro-
robots to self-organize on-demand [1], perform work on their
surroundings [2], and enable emergent locomotion [3], [4].

This work deals with a general model that enables us
to explore reciprocity and non-reciprocity through swarm-
ing oscillators (swarmalators), which were introduced as a
framework that enables dual swarm and sync behaviors [5].
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Swarming is spatial self-organization, where agents couple
through spatial variables like cohesion and alignment and
enable behaviors exhibited by schooling fish and flocking
birds. Sync (synchronization) is temporal self-organization
and is related to the coupled oscillators field, where agents
couple their internal oscillatory state, or phase, to enable
collective behaviors like synchrony, asynchrony, and trav-
eling waves. Various coupled oscillator models have been
formulated throughout the past couple decades to help char-
acterize and understand the collective behaviors of diverse
natural systems like flashing fireflies, clapping audiences,
and firing neurons. Researchers have explored swarmalators
by introducing more general forms of the model [6], [7],
exploring local coupling [8], using the model to understand
the self-organization behaviors of natural and artificial micro-
scale swarms [1], and realizing some of the swarmalator
behaviors on a group of 10 robots [9].

Our approach here is to treat a robot swarm as a dynamical
system whose pairwise interactions are defined by a swar-
malator model; regardless of the hardware implementation
and whether the robot swarm is at the micro- or macro-
length scales. Our contributions through this study are as
follows: (1) we explore the effect of reciprocal interactions
among swarmalators and the spatial-phase order of the
emergent formations, (2) we study the attraction / repulsion
mechanisms that enable the collective behaviors, (3) we
study the effect of non-reciprocal interactions and design
a rule set that enables the collective to move toward or
away from a target site, and (4) we use the control barrier
functions (CBF) method to enable the collective to reach
and maintain a desired formation. Barrier functions (BFs)
are Lyapunov-like functions [10], [11], whose use can be
traced back to optimizations [12]. More recently, they have
been employed to prove set invariance [13], [14], [15] and
for multi-objective control [16]. Control BFs (CBFs) [17]
[18] [19] are extensions of BFs for control systems, and are
used to map a constraint defined over system states to a
constraint on the control input whose satisfaction implies
the satisfaction for the original state constraint. CBFs are
primarily used to guarantee system safety. In this work,
we use CBFs to optimally tune the swarmalator parameters
to achieve desired formations. By choosing a general form
of the swarmalator model, we can explore a parameter
space that reveals collective behaviors that could later on
be realized by microroboticists, characterized by physicists
to better understand behaviors in diverse collective systems,
and motivate swarm roboticists to realize them in diverse
hardware implementations.
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Fig. 1: Overview of the swarmalators. (a) Color bar of phases between 0 and 2π. (b) Agents with similar phases attract
when J > 0 and they repel when J < 0. (c) Agents phase couple (move toward phase synchrony) when K > 0, and they
anti-couple (move towards asynchrony) when K < 0. (d-h) Behaviors when J2 = 0. (d) Static sync. (e) Static async. (f)
Static phase wave. (g) Splintered phase wave. (h) Active phase wave. (i-m) Behaviors when J1 = 0. (i) Partial sync. (j)
Static async. (k) Static phase wave. (l) Active phase wave. (m) Active phase wave.

II. THE MODEL

Swarmalators’ motions are dependent on their phase be-
havior and their phase behavior is dependent on their relative
positions. Swarmalators’ motions are dictated by an equation
of motion (Eq. 1), where | · | is a vector’s 2-norm; this is
similar to the equation of motion in [6], but here we are
interested in reciprocal and non-reciprocal behaviors.

ẋi =
1

N

N∑
j ̸=i

[
xj − xi

|xj − xi|

(
A+ J1,i cos

(
θj − θi

))
−

xj − xi
|xj − xi|2

(
B − J2,i cos

(
θj − θi

))
,

(1)

Here, each agent’s velocity, ẋi, is dependent on the follow-
ing variables: N (the total number of agents), xi (its position
in the global reference frame), xj (i’s neighbor’s position),
θi (its phase), θj (i’s neighbor’s phase), A (global attraction
coefficient), B (distance-dependent repulsion coefficient),
J1,i (global phase-dependent spatial coupling for agent i),
and J2,i (distance/phase-dependent spatial coupling for agent
i). A = B = 1 because A and B are normalized by space and
time; J1,i and J2,i are multiplicative factors of cos(θj − θi)
which is between -1 and 1 so both parameters are bound
between -1 and 1. For ease, we refer to J1,i as J1 when all
agents have the same J1,i value; the same goes for J2,i and
J2. As shown in Fig. 1, when J1 and J2 are positive, agents
attract toward other agents with similar phases, a negative
value enables repulsion from agents with a similar phase. The
main difference between these two coupling factors is that J1
enables agents to spatially attract / repel other agents based
on their relative phases regardless of the distance between
them, while the effect of J2 reduces with increasing distance.
This general form of the swarmalator model is used because
it is relevant in macro-scale [20], [21] and micro-scale [22],
[4], [23], [24] robot swarms in which the phase-dependent
spatial interactions are global and local. Having independent
values for the spatial-phase coupling, J1 and J2 enable us to

control the degree to which agents attract or repel each other
based on global or local (distance-dependent) interactions.

The swarmalators’ phase behavior is dictated by a
distance-dependent version of the Kuramoto model (Eq. 2).

θ̇i =
Ki

N

N∑
j ̸=i

sin
(
θj − θi

)
|xj − xi|

(2)

Here, Ki is the coupling factor for agent i. For ease,
Ki is referred to as K when all agents share the same
value for Ki. As shown in Fig. 1, when K > 0, agents
couple their phases to each other and if K < 0, they
anti-couple their phases. If K is high enough, the agents
can synchronize and lock on a phase. Through this study,
we introduce the swarmalators to the swarm robotics and
control barrier functions communities, therefore we choose
to explore specific portions of the coupling parameter space
for the reciprocal coupling cases and demonstrate desired
behaviors through the non-reciprocal coupling regime.

III. SPATIAL-PHASE CORRELATION ORDER PARAMETER

We focus on the spatial-phase correlation order (S) to
guide the reader through the coupling parameter spaces.

S =
1

N
max
±

∣∣∣∣∣∣
N∑
j=1

ei(ϕj±θj)

∣∣∣∣∣∣ (3)

S ∈ [0, 1] and depends on each agent’s phase (θj) and
its angular position about the collective centroid (ϕj). When
S ≈ 1, agents are perfectly organized by phase about the
collective centroid, when S ≈ 0, there is no form of spatial
organization as a function of phase. For example, S ≈ 1 for
a static phase wave (Fig. 1f); however, S ≈ 0 in the static
sync and static async states (Figs. 1d and e) because there
is no spatial organization by agents’ phases.
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Fig. 2: Heat maps of S order across (a) K − J1 and (b)
K − J2 parameter spaces. (a) J2 = 0; (b) J1 = 0

Fig. 3: Heat map of S order in the J1 − J2 parameter space
when K = −1.

IV. EMERGENT BEHAVIORS FROM RECIPROCITY

Swarmalators with reciprocal interactions shared the same
K, J1, and J2 values, and held them constant over time.
Figs. 1-5 highlight the emergent behaviors.

A. K − J Parameter Space

Figs. 1 and 2 show the emergent behaviors and order
within the K − J parameter space, and they demonstrate
that the coupling parameters control the collective’s spatio-
temporal self-organization. The spatial-phase organization
depends on K, J1, and J2. We test the K − J1 and K − J2
parameter spaces when J2 = 0 and J1 = 0, respectively.

The representative behaviors of the K − J1 parameter
space are shown in Figs. 1d-h, and they are representative of
the static and active states. In the static states, agents tend to
exhibit a constant phase and not move, this is the case for the
static sync, static async, and static phase wave states shown
in Figs. 1d-f. The splintered phase wave and active wave
(Figs.1g-h) are the result of agents anti-coupling with each
other (meaning they move towards phase asynchrony). In the
splintered phase wave (Fig. 1g), agents weakly anti-couple
(K = −0.2); they form the phase wave formation but the
anti-coupling drives them to break up into clusters. When the
anti-coupling is stronger (K = −0.4), the agents form the
phase wave formation but are continuously changing their

Fig. 4: Heat map of the S order in the J1 − J2 parameter
space when K = 0 for all agents.

phase to mismatch the agents closest to them. This drives
agents to be in constant motion; the agents along the inner
boundary of the annulus formation tend to move in one
direction (clockwise or counterclockwise) and the agents on
the outer boundary tend to move in the opposite direction.

The emergent states in the K − J2 parameter space
(Figs.1i-m) exhibit many similarities with behaviors from the
K−J1 parameter space, except that phase-dependent spatial
interactions depend on the distance with their neighbors.
This causes agents to be heavily influenced from neighbors
and weakly influenced from far-away agents; similarly, their
influence on nearby agents is high, but low for far-away
agents; this causes lower neighbor spacing. The heat maps
for S order (Fig. 2) demonstrate that the spatial organiza-
tion by phase about the collective centroid remains similar
regardless of whether agents exhibit phase-dependent spatial
interactions globally (K − J1 parameter space) or locally
(K − J2 parameter space).

B. J1 − J2 Parameter Space

For conciseness, we only explore the most important two-
dimensional slices of the three-dimensional K − J1 − J2
parameter space to show off the range of behaviors that
emerge as a function of relative strengths of global (J1) and
local (J2) phase-dependent spatial coupling; we map out the
emergent collective behaviors when K = −1 and K = 0.

When K < 0, agents anti-couple their phases, which
drives them to enter active states. As shown in Fig. 3, the
spatial-phase correlation order can be tuned to have the
lowest value (most disorder) by setting both J1 and J2 to be
negative. When J1 < 0 and J2 > 0, a foam-like formation
occurs like the ones observed through other active matter
models [25]. Agents with similar phases repel (regardless of
distance because J1 < 0) but simultaneously nearby agents
with similar phases attract (because J2 > 0). When J1 > 0
and J2 > 0, an active phase wave forms with higher spatial
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Fig. 5: Heat map of the total force exerted from one swar-
malator to another across the ∆θij − rij parameter space.
(a) J1 = −1, J2 = −1. (b) J1 = 1, J2 = −1. (c) J1 = 0,
J2 = 1. (d) J1 = 1, J2 = 0.

attraction between agents with similar phases than the active
phase wave shown in Fig. 1m.

When K = 0, there is no phase coupling; this enables
the collective to spatially organize by phase when J1 and
J2 are positive and form static phase-disordered clusters
when the parameters are negative. As J2 reduces, there is
weaker phase-dependent spatial coupling that depends on
distance, which causes agents to move away from the tight
ring formations (Figs. 4e and g) to the spread out annulus
formation (Fig. 4f). The foam-like formation in Fig. 4d is
caused through similar mechanisms as what occurs in Fig.
3d; however, in this case K = 0 enables a static state.

V. SPATIAL ATTRACTION AND REPULSION

The attractive and repulsive forces exerted by an agent
j on an agent i depend on the distance between them (rij),
the difference between their phases (∆θij), and the values of
the phase-dependent spatial coupling parameters J1 and J2.
As shown in Fig. 5, the landscape of the exerted attraction
and repulsion in the ∆θij − rij parameter space has distinct
differences based on the values of J1 and J2. When J1
and J2 are negative (Fig. 5a), attraction occurs when the
magnitude of ∆θij is highest because the negative values
reverse the spatial-phase coupling components of Eq. 1 and
thus enable agents with a large phase difference to attract,
and agents with a low phase difference to repel; rij has
the greatest effect when ∆θij = 0 because this enables
cos(θj − θi) = 1, which enables the distance-dependent
portion of Eq. 1 to have the strongest effect. When J1 = 1
and J2 = −1 (Fig. 5b), there is high attraction across most of
the ∆θij − rij parameter space because when ∆θij is low,
J1 = 1 enables high attraction, and when |∆θij | is high,
J2 = −1 enables high attraction. There is stronger repulsion
towards low rij and low ∆θij because agents are very close
to each other (which enables high repulsion) and J2 < 0
enables the low phase difference to exert high repulsion.
In Figs. 5c-d, J1, J2 ≥ 0, which means that the highest

attraction occurs when ∆θij = 0; however, J2 determines
how much the attraction / repulsion is influenced by distance.

VI. EMERGENT BEHAVIORS FROM NON-RECIPROCITY

Non-reciprocal swarmalators are enabled through dis-
tributed coupling; each agent has its own Ki, J1,i, and J2,i.
This opens up a large parameter space worth exploring in
future works involving the distribution of Ki, J1,i, and J2,i
values across the collective to simultaneously elicit several
behaviors and guarantee their stability. Here, we focus on
exploiting time-varying agent-specific coupling parameters to
enable non-reciprocal interactions that allow the collective to
execute functions that were previously not possible; namely
locomotion and programmable self-organization.

A. Non-Reciprocity-Induced Locomotion

Time-varying distributed coupling factors were found to
elicit collective locomotion when they were generated with
random values. From a robotics perspective this is powerful
because a group can be made to move together because
of the changing pairwise interactions. This is only possible
through non-reciprocal interactions because the collective
system needs to be out of equilibrium, meaning there needs
to be an asymmetry in the pairwise interactions across the
group that drive it to move in some given direction. This
behavior is useful for robot swarms if the group can be made
to move in a desired direction or trajectory.

By employing the rule sets in Eqs. 4 and 5, we enable
directional control toward/away from a target; the functions
use a multiplicative global parameter to tune the strength.

J1,i = α
|di − dc|

dmax − dmin
(4)

J2,i = β
|di − dc|

dmax − dmin
(5)

It is important to note that there is no attractive or
repulsive potential field driving agents toward or away from
the target site. The collective motion is an emergent property
of the system that results from an imbalance in the pairwise
interactions as a function of the distance from the target site.

Here, α and β have values between -1 and 1; we test
across the α − β parameter space to measure whether the
collective moves toward or away from the target site. di is
the distance between agent i and the target, dmax is the
collective’s maximum distance to the target, dmin is the
collective’s minimum distance to the target, and dc = dmin in
one set of tests (summarized by Fig. 6a) and dc = dmax in a
second set of tests (summarized by Fig. 6b). The value of dc
was the defining factor in whether the collective generally
moved toward or away from the target site, as shown in
Fig. 7. When dc = dmin the collective either moves away
from the target site or remains with its centroid close to the
origin; the latter occurs when α and β are close to -1. The
collective moves away from the target site throughout most
of the α − β parameter space when dc = dmin because
(di − dc)/(dmax − dmin) has a higher value the farther
away from the target an agent is, which strengthens the
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Fig. 6: Heat map of the distance from the collective centroid
to the target location (d̄). (a) dc = dmin. (b) dc = dmax.

Fig. 7: Emergent locomotion toward/away from a target using
non-reciprocal coupling. (a-d) dc = dmin. (e-g) dc = dmax.
(a,e) α = −1, β = 1. (b,f) α = 1, β = 1. (c,g) α = −1,
β = −1. (d) α = 1, β = −1. Target is a black dot and circle
is for scaling. (h) Collective trajectory spelling out MIT.

phase-dependent spatial coupling parameters J1,i and J2,i.
The stronger spatial coupling parameters drive more agents
to move toward those agents which causes the centroid to
drift away from the target. The fastest motion away from
the target is when α = β = 1; however, the collective can
also move toward the target when α or β have a large-
magnitude negative value. The motion is much slower in
this case because the negative value drives agents to spread
out more which lowers the strength of their influence on
each other. Given enough time, however, the collective would
eventually move to the target site.

The opposite occurs in the set of tests when dc =
dmax; the collective moves toward the target because (di −
dc)/(dmax − dmin) has higher values when di approaches
dmin. If α and β are high, then J1,i and J2,i increase which
causes the centroid to drift in the direction of the target. Slow
motion away from the target can also be achieved when α or
β are negative because of the same logic that was explained
for when dc = dmin. Finally, we generated a set of way
points so that when α = β = 1 and dc = dmax the collective
would move across in a desired trajectory to spell out MIT.

B. Programmable Formations Using the CBF method

The swarmalator model is generally tuned by changing
the parameters J1,i, J2,i,Ki, which is heavily dependent on
empirical results. In this section, we propose to use the
CBF method [17], [18], [19] to optimally tune the model
parameters based on desired formations.

We first rewrite the swarmalator model (Eqs. 1 and 2) in
controllable form such that J1,i = ui,1, J2,i = ui,2, and
Ki = ui,3, where ui,1 ∈ R, ui,2 ∈ R, ui,3 ∈ R are three
control variables corresponding to J1,i, J2,i,Ki, respectively.
The above dynamics are affine in control variables, which is
crucial for efficient CBF implementation.

Suppose we have a formation specification b(xi, θi) ≥ 0
for the swarmalator, where b : R3 → R is continuously
differentiable. One formation specification example is the
annulus formation as shown in Fig. 1f. We then define
b(xi, θi) as a CBF to map the specification from the state
xi, θi to the control variables. Specifically, the control ui =
(ui,1, ui,2, ui,3) should satisfy the following High Order CBF
(HOCBF, a general form of CBFs) [19] constraint:

Lm
f b(xi, θi) + LgL

m−1
f b(xi, θi)ui +O(b(xi, θi))

+αm(ψm−1(xi, θi)) ≥ 0,
(6)

where Lf , Lg denote the Lie derivative of b(xi, θi) along
f and g, respectively. f and g are the drift and control
terms when we write the swarmalator model in affine-
control form, respectively. m denotes the relative degree of
b(xi, θi) (i.e., number of times we need to differentiate it
until any control appears in the derivative). In the above
O(b(xi, θi)) =

∑m−1
k=1 L

k
f (αm−k ◦ ψm−k−1)(xi, θi), and

ψk, k ∈ {1, . . . ,m} are defined as

ψk(xi, θi) := ψ̇k−1(xi, θi) + αk(ψk−1(xi, θi)),

k ∈ {1, . . . ,m},
(7)

where ψ0(xi, θi) := b(xi, θi) and αk, k ∈ {1, . . . ,m}
are extended class K functions (strictly increasing functions
passing through the origin). Integral HOCBFs [26] are re-
quired when not all the controls show up in the HOCBF
constraint (Eq. 6).

Finally, we can formulate the following HOCBF-based
Quadratic Programs (QPs) to optimally tune the swamalators
to reach the desired specification as defined by b(xi, θi) ≥ 0:

u∗
i = argmin

ui

|ui − ui,ref |2, s.t.

Lm
f b(xi, θi) + LgL

m−1
f b(xi, θi)ui +O(b(xi, θi))

+ αm(ψm−1(xi, θi)) ≥ 0,

ui,min ≤ ui ≤ ui,max,
(8)

where ui,ref ∈ R3 corresponds to the desired values for
(J1,i, J2,i,Ki). ui,min ∈ R3,ui,max ∈ R3 are the minimum
and maximum bounds for (J1,i, J2,i,Ki), respectively, and
the inequalities are interpreted component-wise. We dis-
cretize the time and keep the states xi, θi as constants when
solving the above optimization within each time interval, and
thus, it is reduced to a sequence of QPs.

The satisfaction of the HOCBF constraint (Eq. 6) implies
the satisfaction of the b(xi, θi) ≥ 0 by the HOCBF theory
[27]. Therefore, incorporating the above QP into the swa-
malator model solving loop can guarantee the satisfaction of
the formation. Specifically, after solving the QP at each time
step and getting u∗

i , we set ui = u∗
i in the controllable form

of the swarmalator model, and update the dynamics of each
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agent. This process is repeated until the final time step and
enables us to optimally tune the swarmalators using CBFs
to reach a desired spatial configuration. If the QP becomes
infeasible at a certain time step, we may relax the control
bounds so the group can reach the desired formation.

As shown in Fig. 8, the CBF method enables a desired
formation with user-specified outer ring (Rmax,desired) and
inner ring (Rmin,desired) boundaries. Figs. 8a and b have
Rmin,desired = 0 which causes the collective to form
a circular formation; since the spatial formation is the
only thing we care about in this case, the collective may
occupy space with any level of phase coherence. When
Rmin,desired > 0, the collective forms an annulus formation
(Figs. 8c-h); these images demonstrate the power of the
CBF method in modulating the non-reciprocal interactions
so that the collective remains in constant flux while obeying
the boundary conditions. The annulus formations of the
swarmalators in all past studies of the field are the result
of self-organization by phase; past annulus formations have
always had high S order and have resembled the formation
in Fig. 1f. With controllable non-reciprocal interactions, it is
not necessary for the collective to exhibit this space-phase
order; agents with constantly changing coupling factors may
adjust the attractive and repulsive forces with their neighbors
so that the desired ring boundary conditions are met. This
is a major thrust for the active matter and self-organization
communities because we demonstrate that by keeping the
collective in a transient state, the collective can reach and
maintain a desired formation.

Although the collective assumes the general desired for-
mation, the heat maps of Rmin and Rmax across the
Rmin,desired−Rmax,desired parameter space in Fig. 9 high-
light discrepancies between Rmin and Rmin,desired and
between Rmax and Rmax,desired. The major constraint for
the collective is Rmin,desired because the collective’s nat-
ural state (with no phase-dependent spatial coupling) is a
circular shape with Rmax ≈ 1; the hollow region required
by Rmin,desired > 0 forces agents close to the center
to attract to agents with similar angular positions farther
away from the center so the collective reaches Rmin =
Rmin,desired. The collective’s Rmin reaches Rmin,desired

(Fig. 9a), but Rmax ̸= Rmax,desired (Fig. 9b) especially at
higher Rmax,desired because the collective needs to remain
within the boundary condition but does not need to approach
the limit if it already satisfies it. Unless the CBF method
settles on ideal values for Ki, J1,i, and J2,i that enables
the agents to remain static without changing their coupling
factors, the agents toward the collective’s center continuously
update their coupling factors so that they oscillate between
attraction and repulsion to the other agents to fulfill the
Rmin,desired boundary constraint. The non-reciprocal cou-
pling causes the collective to drift in random directions;
future work will explore how we can use the CBF method to
enable the collective centroid to remain in a static position
or move along a desired path.

Fig. 8: Final state of the collective when employing the
CBF method. The Rmax and Rmin values are listed and are
found by computing a collective’s minimum and maximum
distances to its centroid. (a) Rmin = 0, Rmax = 1.3. (b)
Rmin = 0, Rmax = 1.4. (c) Rmin = 0.5, Rmax = 1.2. (d)
Rmin = 0.5, Rmax = 1.3. (e) Rmin = 0.8, Rmax = 1.4. (f)
Rmin = 0.5, Rmax = 1.7. (g) Rmin = 1, Rmax = 1.2. (h)
Rmin = 1, Rmax = 1.3.

Fig. 9: Heat maps of the collective’s final (a) Rmax and (b)
Rmin when employing the CBF method.

VII. CONCLUSION

In summary, we studied a general form of the swarmalator
model that allows for reciprocal / non-reciprocal coupling
among agents with tunable global / local phase-dependent
spatial coupling. For reciprocal coupling, we studied the
K − J1, K − J2, and J1 − J2 parameter spaces, and char-
acterized the emergent behaviors through the S order. For
non-reciprocal coupling, we enabled steerable locomotion
with time-varying J1,i and J2,i, and used the CBF method
to optimize the coupling parameters on each agent to reach
and maintain a desired spatial formation. Although the CBF
method enabled the non-reciprocal interactions to maintain
a desired formation, it is not yet clear if the method would
be useful to enable any kind of desired formation and spatial
organization of phases. We plan to address those queries in
future work; however, this study is an important thrust for
the active matter, swarm robotics, swarmalator, and control
barrier functions communities and will enable the control
barrier functions field to tackle problems related to robot
collectives in which agents’ spatial and temporal dynamics
are coupled. In the immediate future, we plan to implement
our behaviors in a collective of 15 robots, further guarantee
the stability of the collective in each of the formations,
and use this form of the model to characterize and study
the collective behavior of microrobot swarms with non-
reciprocal coupling which elicit similar collective behaviors.
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