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MacroSwarm: a Scala Framework for Swarm

Programming

Gianluca Aguzzi, Mirko Viroli

Alma Mater Studiorum - Università di Bologna, Italy

Abstract

Programming swarm behaviors is a challenging task, due to the need to ex-
press collective behaviors in terms of local interactions among simple agents.
Even if several programming frameworks have been proposed, they are of-
ten based on low-level abstractions, which makes the development of swarm
applications complex and error-prone. Thus, we present MacroSwarm, an
aggregate programming framework for the development of swarm behaviors.
With this framework, it is possible to define a large variety of swarm behav-
iors, starting from simple movements to more complex ones, such as aggrega-
tion, flocking, and collective decision-making. In this paper, we present the
main features of the framework and some simple examples of its API usage.

Keywords: swarm programming, aggregate computing, collective adaptive
systems

Metadata

1. Motivation and significance

The concepts of pervasive [1] and collective computing [2] foster a paradigm
shift in which the physical world is starting to be populated with highly
dynamic and interactive computational devices. These devices, through
their interconnected nature, are not just mere independent entities; they are
designed to collaborate seamlessly, striving towards collective goals. This
vision is particularly significant in the context of large-scale systems, where
the volume of devices necessitates an advanced form of organization. Here,
the concept of “swarm” becomes central. Indeed, in such systems, the collec-
tive behavior emerges from the local interactions among the simple devices,
mirroring the complexity and adaptability of social natural systems. Notable
examples in this direction include swarm of drones [3], fleets of autonomous
vehicles [4], and crowds of augmented humans [5].
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Nr. Code metadata description Please fill in this column
C1 Current code version v1.5.3
C2 Permanent link to code/repository

used for this code version
https://zenodo.org/doi/10.

5281/zenodo.10363375

C3 Permanent link to Reproducible
Capsule

https://zenodo.org/doi/10.

5281/zenodo.7829207

C4 Legal Code License Apache License 2.0
C5 Code versioning system used git
C6 Software code languages, tools, and

services used
Scala, ScaFi, Alchemist

C7 Compilation requirements, operat-
ing environments and dependencies

JDK 1.8+, SBT

C8 If available, link to developer docu-
mentation/manual

https://scafi.github.io/

macro-swarm/

C9 Support email for questions gianluca.aguzzi@unibo.it

Table 1: Code metadata (mandatory)

Numerous methods and programming languages (mostly originated from
the context of swarm intelligence [6]) have been suggested for defining or
programming swarm behavior, as seen in various studies and publications [7,
8, 9, 10, 11, 12, 13, 14, 15]. However, most of these lack a crucial aspect or
provide it in a limited capacity: compositionality. This refers to the capability
to merge simpler swarm behavior units to build more complex and controlled
swarm systems.

Moreover, the majority of these existing methods are purely practical and
lack a formal foundation. They facilitate the creation of specific swarm ap-
plications but offer inadequate support for the analysis and structured design
of intricate applications, as indicated in some works (e.g., [12, 9, 14, 8]). Some
exceptions offer a formal methodology, yet these are often too theoretical, ne-
cessitating extra efforts for the actual programming and implementation of
swarm control applications [16].

Closing this gap is essential for the development of swarm systems , there-
fore in this paper we present MacroSwarm (already presented in [17]). It is
different from the others since it introduces a formally-grounded API, ex-
pressive and practical enough to concisely and elegantly encode a wide array
of swarm behaviors.

This framework is based on the API of the ScaFi language [18], which is
a functional language for programming aggregate systems. ScaFi has been
already used for programming swarm behaviours [19, 20, 21], but it lacked a
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body of reusable components, finally given by MacroSwarm.
The behaviors exposed by the library do not depend on specific devices

or communication protocols, but they are defined in terms of the local inter-
actions among the agents, therefore they can be used in different contexts.
Currently, MacroSwarm can be only tested in simulation (as the following
examples), using the Alchemist simulator [18], but it is designed to be used
in real-world applications. In the following sections, we will describe the
main features of the framework, starting from the software architecture end
then we discuss the key functionalities. Finally, we will present a case study
to demonstrate the capabilities of MacroSwarm and discussing the related
work in the field .

2. Software description

MacroSwarm aims to expose essential and extensive but minimal building
blocks that capture the swarm’s main patterns. These patterns can be com-
bined aptly to create complex and high-level behaviors from simple ones, like
obstacle avoidance and collective decision-making. The fundamental concept
underlying MacroSwarm revolves around conceptualizing a unit of swarm be-
havior as aggregate functions, which are functions from computational fields
to computational fields. Computational fields [22] are the main abstraction
in aggregate computing, representing the spatial distribution of values in the
aggregate system. These functions translate sensory and parameter inputs
into actuation outputs, typically in the form of velocity vectors. In this way,
the swarm behavior is defined as a composition of aggregate functions, which
are then executed by the agents. Below, we describe the main features of the
framework, beginning with the software architecture and then discussing the
key functionalities.

2.1. Software architecture

The structure of the API in MacroSwarm is segmented into several mod-
ules (Figure 1), that are based on aggregate computing building blocks (red
and blue rectangle in the figure). These modules encompass groups of behav-
iors that are logically connected. They include both basic, widely applicable
behavior sets and those more tailored to specific applications, such as move-
ment or team formation strategies. In order to use the API, the user must
concretize a MacroSwarmSupport trait, which is the main entry point of the
framework. Particularly, it needs a Incarnation instance, which is the main
abstraction in ScaFi for representing an entire aggregate system (please refer
to the reference paper for more details [18]). Currently, the only available
incarnation is the ScafiIncarnationForAlchemist, which is used to run
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Figure 1: MacroSwarm architecture. The framework is composed of a set of modules, each
one implementing a set of specific behaviors. The modules can be used together to create
complex tasks.

simulations in the Alchemist simulator. More details about how to use the
framework are given in Section 2.3.

2.2. Software functionalities

In the following, starting from Figure 1, we describe the functionalities
of each module, highlighting the main behaviors that can be implemented
using them.

Movement block. The module summarizes various movement-related blocks,
offering functions for Brownian motion (i.e., random movement), GPS-based
navigation, temporal movement control (i.e., repeating a movement for a
certain duration/condition), and obstacle avoidance.

Flocking blocks. This module exposes a group of behaviors related to cohesive
movement, collision avoidance between agents, and alignment in a common
direction. It implements key blocks for agent flocking, drawing on models
like Vicsek [23], Cucker-Smale [24], and Reynolds [25].

Leader-based blocks. In the domain of swarm systems, leadership plays a cru-
cial role in coordination and influence. Leaders in these systems are usually
identified through a Boolean computational field, where true indicates a
leader agent and false signifies a follower agent. A leader essentially gen-
erates an area of influence, which significantly impacts the behavior of its
followers.

Two critical components in this module are the alignWithLeader and
sinkAt blocks. The alignWithLeader block propagates the leader’s velocity
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Figure 2: The formation of different shapes using the MacroSwarm API.

to its followers within its influence zone, thereby aligning their velocities
accordingly. On the other hand, the sinkAt block creates a computational
field that induces an attractive force toward the leader, ensuring cohesion
within the group.

Team formation blocks. Team formation is a key feature that enables the
division of a swarm into sub-groups or teams for specific tasks or interven-
tions. This process involves creating distinct groups within the swarm, each
with their objectives. Teams can be formed based on various criteria, such as
spatial arrangements or leader-based structures. This module facilitates the
formation of teams with the teamFormation API and can be conditioned on
certain parameters like team size or proximity requirements. Leaders play a
central role in coordinating these teams, employing various methods to direct
and align the movements of team members.

Pattern formations blocks. The spatial structure of a swarm is a crucial as-
pect of swarm systems since it impacts the efficiency of the swarm’s oper-
ations. In MacroSwarm, the process of forming these structures involves a
leader agent who gathers distance data from follower agents and direct them
to form the desired structure. Supported structures include v-like shapes,
lines, and circular formations (see Figure 2), all characterized by their self-
healing nature, enabling them to reassemble after disturbances.

Swarm Planning blocks. This section outlines a mechanism in MacroSwarm
for expressing dynamic plans that guide swarm movements toward varying
targets over time, referred to as “swarm planning”, based on the notion of
aggregate plans [26] . Plans are defined by a behavior, which is essentially the
logic for producing a velocity vector, and a goal, determined by a boolean
predicate condition. A swarm executes a sub-plan until the goal’s condition
is met, then moves to the next objective.
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2.3. Sample code snippets

MacroSwarm is available on Maven Central and can be imported into a
Scala project using the following dependency (SBT):

libraryDependencies +=

"it.unibo.scafi" %% "macro-swarm-core" % "1.5.3"

libraryDependencies +=

"it.unibo.scafi" %% "macro-swarm-alchemist" % "1.5.3"

This includes the core library and the Alchemist incarnation, which is cur-
rently the only available incarnation. The following demonstrates how to use
the MacroSwarm API to program a simple swarm behavior. As a starting
point, refer to this repository: https://github.com/AggregateComputing/
macro-swarm-demo. To use MacroSwarm, a MacroSwarmSupport trait must
be concretized.

The code snippet below shows how to import a MacroSwarmSupport in-
stance for Alchemist:

// for macro swarm API

import it.unibo.scafi.macroswarm.MacroSwarmAlchemistSupport._

// for ScaFi API

import it.unibo.scafi.macroswarm.MacroSwarmAlchemistSupport.incarnation._

This imports all the functionalities of the framework into the namespace.
To utilize them, an MacroSwarmProgram must be created, which is the main
abstraction in ScaFi for representing an aggregate program.

From this, various modules of the framework can be mixed in, as shown
in the following example:

// define a program that supports movement in an alchemist environment

class SimpleMovement extends MacroSwarmProgram

with StandardSensors with TimeUtils // standard AC API

with ScafiAlchemistSupport // support for alchemist

// library for basic movement

with BaseMovementLib {

override protected def movementLogic(): Point3D = brownian()

}

Before running the program, a simulation environment must be defined,
which in Alchemist is done by configuring a YAML file. In this file, the
number of nodes, the communication radius, the simulation duration, and
the initial positions of the nodes can be specified. For instance, the following
YAML configuration expresses the setup for a simulation that launches the
defined program:
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## Simulator configuration

incarnation: scafi

launcher: { parameters: { batch: [], autoStart: false } }

# Attach the GUI to the simulator

monitors: { type: SwingGUI }

# Environment configuration

network-model: { type: ConnectWithinDistance, parameters: [350] }

_reactions:

- program: &program # MacroSwarm program, executed every second

- time-distribution: 1

type: Event

actions:

- type: RunScafiProgram

parameters: [example.SimpleMovement, 1.0]

- program: send

- move: &move # Related actuation, executed every second

- time-distribution: 1

type: Event

actions: { type: MoveToTarget, parameters: [ destination, 10 ] }

deployments:

type: Grid

parameters: [-500, -500, 500, 500, 300, 300, 25, 25]

programs: [ *program, *move ]

The configuration is divided into two parts: one for configuring the simu-
lator and one for defining the environment. In the simulator configuration,
the specific incarnation to use (i.e., scafi) and the type of launcher (i.e.,
SingleRunSwingUI) are specified.

In the environment configuration, the network model, the reactions,
and the deployment of the program are defined. Specifically, nodes in
the simulation are connected based on a network model that links nodes
within a distance of 350 units (expressed with network-model). The be-
havior of the nodes is defined through reactions. One such reaction, labeled
program, is a MacroSwarm program that runs every second. It includes the
SimpleMovement MacroSwarm program with a parameter. Another reac-
tion, named MoveToTarget, also runs every second and includes actions like
moving to a target destination with a speed parameter of 10.

The deployment of the program is specified in a grid format. The grid
starts from coordinates (−500,−500) and ends at (500, 500) with steps of
300 units in both the x and y directions. The positions of the nodes in the
grid have a randomness variance of 25 units. The program is deployed in a
4 × 4 grid with the behaviors defined in the program and move reactions.
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For a full YAML specification, refer to the documentation of the Al-
chemist simulator1. With this configuration, the simulation can be run using
SBT by adding the following lines to the build.sbt file:

Compile / mainClass := Some("it.unibo.alchemist.Alchemist")

run / mainClass := Some("it.unibo.alchemist.Alchemist")

addCommandAlias("runAlchemist", "run run src/main/yaml/main.yml")

Where src/main/yaml/main.yml is the path to the YAML file. The simula-
tion can be initiated with the command sbt runAlchemist. Once the GUI
is open, start the simulation by clicking the play button. The nodes should
be observed moving randomly in the environment. This is a brief overview;
for more details, refer to the documentation 2.

3. Illustrative example

To demonstrate the capabilities of MacroSwarm, we will now present a
case study previously discussed in [17]. Consider the following scenario: a
swarm of robots is deployed in a disaster area to perform a search and res-
cue mission. In our case, we aim to deploy a group of drones to monitor a
specific region. Within this zone, various emergencies, like fires or injuries,
might occur. To address these incidents, a specialized drone, termed a healer,
is tasked to handle them (the specifics of resolution are not covered in this
study). For effective surveillance, the drones should operate in teams consist-
ing of at least one healer and multiple explorers. These explorers will assist
the healer in detecting critical situations.

To organize the desired behavior of the drone swarm, we divide the task
into several steps:

1. Formation of teams guided by a healer drone, acting as a leader. Each
team must have at least one leader (Figure 3a).

2. Teams should arrange themselves in a spatial pattern that enhances
the efficiency of their search operations (Figure 3b),

3. The teams are tasked with covering and exploring the entire designated
area (Figure 3c).

4. Upon detecting a hazardous zone, the detecting drone must immedi-
ately inform the healer drone.

5. The healer drone then proceeds to the identified danger zone to address
the situation.

1http://alchemistsimulator.github.io/
2https://scafi.github.io/macro-swarm/guide/quick.html
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6. Following the intervention, the team resumes its exploration activities.

Starting from this scenario, we outline the main steps for programming the
swarm behavior using MacroSwarm. The process begins with forming teams
using the Team Formation functions:

val teamFormedLogic =

(leader: ID) => isTeamFormed(leader, minimumDistance + confidence)

def createTeam() =

teamFormation(sense("healer"), minimumDistance, teamFormedLogic)

Here, minimumDistance represents the least distance to be maintained be-
tween drones during team formation, and confidence is the interval used to
confirm if a team is properly formed via the isTeamFormed method.

Each team then carries out the steps described earlier, which can be
programmed using the Swarm Planning API:

def insideTeamPlanning(team: Team): Point3D =

team.insideTeam {

healerId => {

val leading = healerId == mid() // identifies the team leader

execute.repeat(

plan(formation(leading)).endWhen(circleIsFormed),

plan(wanderInFormation(leading)).endWhen(dangerFound),

plan(goToHealInFormation(leading, inDanger))

.endWhen(dangerReached),

plan(heal(healerId, inDanger)).endWhen(healed(dangerFound))

).run() // repeating the plan

}

}

To validate the code described above, we then deploy the script in a simulated
environment, using the Alchemist simulator [27]3. At the beginning, an array
of 50 explorers and 5 healers are dispersed randomly over a 1 km2 region.
Each drone is capable of reaching speeds up to 20 km/h and can communicate
within a radius of 100 meters. Emergency scenarios are sporadically created
throughout the designated area, occurring at varied intervals within a [0, 50]
minute timeframe. Teams are to be organized such that they include at
least one healer and multiple explorers, ensuring a minimum separation of
50 meters between each node and its team leader. In Figure 3 is shown some
snapshots from the simulations, but for more details please refer to [17].

3simulation at: https://zenodo.org/doi/10.5281/zenodo.7829207
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(a) Team formation (b) Circle formation (c) Explore

Figure 3: The initial stages of the situation outlined in Section 3 involve several key
steps. Initially, the system is organized into various teams (Figure 3a). Subsequently,
these teams arrange themselves in a specific spatial pattern, which in this instance is
circular (Figure 3b). The final step involves the teams commencing their exploration
of the broader area /Figure 3c. To reproduce the snapshots please look at https:

//scafi.github.io/macro-swarm/guide/alchemist.html

4. Impact

Aggregate computing has been widely used in research for swarm-like
scenarios [20, 21, 28, 29]. Therefore, creating a library of blocks that encap-
sulate the main behaviors offers the possibility to simplify this development
process and at the same time allow it to be used easily even by those who are
not properly versed in aggregate programming. Below, other details about
the impact of the software are provided.

4.1. Close the reality gap of aggregate computing

MacroSwarm significantly contributes to bridging the gap between the
theoretical models of aggregate computing and their practical applications,
particularly in swarm-like scenarios. By offering a collection of behavior
blocks that encapsulate the core aspects of swarm behaviors, MacroSwarm
enables the implementation of complex swarm systems in a more accessible
and manageable manner. This approach not only simplifies the development
process but also extends the use of aggregate computing to a broader range
of users, including those who may not have specialized knowledge in this
area. The adaptability and practicality of MacroSwarm pave the way for
its application in diverse fields, ranging from environmental monitoring to
disaster response, thereby opening new avenues for research and innovation
in swarm robotics and aggregate computing.

4.2. Flexible and composable swarm programming

The design of MacroSwarm emphasizes flexibility and composability in
programming swarm behaviors. This framework allows for the assembly of
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complex behaviors from simpler, modular components. Such an approach
provides developers with the versatility to tailor swarm behaviors to specific
tasks and scenarios, enhancing the effectiveness and efficiency of swarm sys-
tems in various applications. MacroSwarm’s composable architecture thus
represents a significant advancement in the field of swarm programming, en-
abling more robust, adaptable, and efficient swarm systems.

5. Related Work

In this section, we review related work on swarm programming languages
and DSLs for decentralized swarm programming (Section 5.1), and task or-
chestration languages (Section 5.2).

5.1. Decentralized Swarm Programming

Buzz [14] is a mixed imperative-functional language for swarms, utilizing
virtual stigmergy for swarm-wide consensus. MacroSwarm employs general,
expressive primitives and supports swarm programming with reusable blocks,
leveraging field calculi for formal analysis [30].

Voltron [13] uses a team abstraction for drone systems, focusing on task
commands with spatiotemporal constraints. Meld [7], a logic-based lan-
guage for modular ensembles, employs facts with side-effects, production
rules, and aggregate rules, but primarily addresses shape formation and self-
reconfiguring ensembles.

Other related calculi and languages (e.g., attribute-based communication
languages [31]) are noted for potential but lack comprehensive implementa-
tions or libraries.

5.2. Centralized Orchestration Approaches

Task orchestration languages (e.g., TeCoLa [11], Dolphin [12], Maple-
Swarm [10], PARoS [9], Resh [8]) use centralized entities for swarm con-
trol based on task descriptions. MacroSwarm provides decentralized control
through a collective task description executed by individual agents.

TeCoLa, implemented in Python, coordinates robotic teams with a mis-
sion group concept managed by a coordinator. PARoS, a Java framework,
uses a central coordinator for swarm orchestration and spatial organization.
Maple-Swarm supports swarm capabilities through agent groups and hier-
archical task plans. Dolphin, a Groovy DSL, defines vehicle sets for au-
tonomous vehicle networks, supporting orchestration of individual behav-
iors. [15] proposes a mixed decentralised-centralised actor-based framework
for swarm programming. Resh, a DSL for multi-robot orchestration, uses
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tasks, robot capabilities, and spatiotemporal primitives for non-Turing com-
plete task synthesis.

In summary, while many approaches focus on centralized control or spe-
cific applications, MacroSwarm emphasizes reusable, composable blocks for
decentralized swarm programming.

6. Conclusions

In this paper, we introduced MacroSwarm, a framework designed for high-
level programming of drone swarms. This framework offers a set of building
blocks that represent common behaviors in decentralized swarms. It is based
on aggregate computing, a well-established method for managing group be-
haviors, and is developed using the ScaFi toolkit/DSL. Through various ex-
amples and a simulated case study, we demonstrated that our approach is
flexible, practical, and powerful.

7. Future Plans

Looking ahead, we aim to expand the MacroSwarm API to include a
broader range of swarm behaviors, as outlined in well-known classifications
of swarm activities [3]. Moreover, we plan to extend the framework to sup-
port other incarnations, like ARGoS (for simulations) and ROS (for real-case
scenarios). We are also interested in exploring methods to automatically
generate combinations of MacroSwarm blocks. One possibility is to follow a
modern trend called “hybrid aggregate computing”, in which aggregate pro-
gramming is aptly mixed with sub-symbolic artificial intelligence techniques
(e.g., machine learning) [32, 33, 34, 35, 28]. Finally, our goal is to implement
and evaluate MacroSwarm in real-world scenarios.
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