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Abstract
Many people are fascinated by biological swarms, but understanding the behavior and inherent task objectives of a bird flock
or ant colony requires training. Whereas several swarm intelligence works focus on mimicking natural swarm behaviors,
we argue that this may not be the most intuitive approach to facilitate communication with the operators. Instead, we focus
on the legibility of swarm expressive motions to communicate mission-specific messages to the operator. To do so, we
leverage swarm intelligence algorithms on chain formation for resilient exploration and mapping combined with acyclic
graph formation (AGF) into a novel swarm-oriented programming strategy. We then explore how expressive motions of
robot swarms could be designed and test the legibility of nine different expressive motions in an online user study with 98
participants. We found several differences between the motions in communicating messages to the users. These findings
represent a promising starting point for the design of legible expressive motions for implementation in decentralized robot
swarms.
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1 Introduction

Human-Robot teams offer many benefits in real-world
deployment scenarios such as exploration of unknown envi-
ronments. Multi-robot systems controlled by a human oper-
ator can allow access to spaces where humans may be unable
to reach (such as other planets or underwater), and are
able to cover large areas more efficiently. How to effec-
tively design and deploy such systems is therefore quickly
becoming an area of interest. For example, in 2017 DARPA
launched its OFFensive Swarm-Enabled Tactics (OFFSET)
program where teams have to locate and secure multiple
simulated items of interest relevant to the urban operational
scenario (Chung, 2021).

In such contexts, swarm robots offer an advantage over
single-robot systems, which are not able to effectively cover
large areas and present a critical single point of failure for the
mission. Although centralized multi-robot management is
one solution, robotic swarms, i.e. with decentralized control,
have been identified as more efficient (Schranz et al., 2020).
Swarm control algorithms, often referred to as ‘behaviors’,
are generally distributed, leveraging the processing power of
all units combined, which greatly decreases the load on each
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robot. Furthermore, swarm robots rely on local interactions,
both with their neighbors in the swarm and with their sur-
roundings in the environment; a strategy that makes them
more robust to dynamic mission contexts. The programming
challenges of swarm behaviors has been addressed already
in several works (St-Onge et al., 2020), leading to numerous
successful realistic deployments (McGuire et al., 2019).

Robotic swarms are bio-inspired: swarms unfold in vari-
ous forms in nature, from bird flocks to ant colonies, and they
have always been subject to humanity’s fascination. How can
complex behaviors, such as efficient nest designs, emerge
from the combination of millions of local actions performed
by individuals? Theraulaz shows in (Theraulaz, 2014) that
part of the explanation comes from sharing simple informa-
tion about their current task to the neighboring individuals of
the swarm (sometimes referred to as stigmergy). However,
this information is invisible to most observers, as is knowl-
edge of the group cohesion rules,whichmakes understanding
what a biological, or robotic, swarm is doing very challeng-
ing (Dorigo et al., 2021). In the case of robot swarms, this
lack of unified understanding of swarm behavior is especially
problematic; unconstrained and dynamic environments, as
well as complex mission objectives means user input is still
needed for the effective fulfillment of missions.

Adding to this complexity, there are physical constraints in
explorationmissions that can hinder communicationwith the
swarm. The perception and understanding of motion features
characterizing different global states of a swarm are neces-
sarily influenced by their task (swarm functional motion and
environment). For this work, we therefore focus on the con-
text of exploration conducted by an aerial swarm and we
deploy a communication strategy integrated in the mission-
specific control.

An additional factor to consider that is especially rele-
vant for exploration is the position from which the operator
interacts with the swarm. In fact, both physical and remote
interactions are possible - the operator may be either in the
field looking up at the aerial swarm, or remotely monitoring
the swarm on a mission planner. For example, the operator
could be looking at a dozen or more Unmanned Aerial Vehi-
cles (UAVs) directly in the sky, or through a mission planner.
In both cases, the operator has to always be aware of what is
happening in themission andmake quick decisions regarding
the actions of the swarm.

Consequently, in addition to recent work that introduces
new ways to improve prediction and control over swarms
by the operator, we need to consider the behavior of the
swarm in terms of its legibility to the user. In this context,
legibility refers to the ability of a robot, or a group of robots,
to communicate its intent to the user (Capelli et al., 2019a,
2019b). The challenge then becomes how to orchestrate large
numbers of individual robots in a coherent way that is both,
efficient for the mission, and legible to the operator.

One way of addressing this challenge is through group
expressive motion. By expressive motion, we mean the col-
lective movement of the robot swarm, which can then be
harnessed for a communicative purpose. Such motions allow
for providing feedback to the operator in scenarios where
other means of communication, such as sound, lights or other
signals, are not effective. Thus, the swarm expressive motion
acts as a kind of natural interface for the user to interpret the
current status of the swarm.

Popular swarm algorithms (flocking, aggregation, shape
formation, etc.) already have an intrinsic expressivity, as
reflected by the potential of collective movements to trigger
emotional meanings (Santos & Egerstedt, 2021; St-Onge et
al., 2019). However, in these works, the swarm was mostly
presented as a communication agent, without any other real-
istic mission/task to fulfill. Additionally, while emotional
reactions to expressive motions or the ability of a group
of robots to communicate its intention to the user has been
researched (Santos & Egerstedt, 2021; St-Onge et al., 2019),
no work, to the authors’ knowledge, has been done on the
interpretation of mission-specific messages. Also, there is
a lack of swarm control algorithms allowing for a modular
approach to exploration giving the operator some feedback
on the mission.

This article therefore aims to explore how group expres-
sive motions can be used to communicate feedback about
the swarms collective state to the operator. We focus on the
design of swarm movements and dynamic behaviors with
the general goal of improving the user’s capacity to recog-
nize and predict the swarm’s behavior. We first consider the
control of a robot swarmusing swarm-oriented programming
and present a novel algorithm targeted at including feedback
for the operator in a preexisting exploration algorithm in a
completely decentralizedway. Second, we discuss the design
of nine different expressive motions intended to communi-
cate certain messages to the user (initiating communication,
no problem, low battery, broken communication, operator
intervention needed, closing communication). Finally, we
present the results of a user study which explored the rela-
tionship between the designed animations and the different
communicative messages.

2 Related work

One of the main challenges of controlling robot swarms
comes from the fact that understanding swarm behavior is
not necessarily intuitive and can place a high cognitive load
on the operator. In addition, the need to track multiple indi-
vidual objects at the same time can have a high impact on
operators situational awareness (Memar & Esfahani, 2018),
where the operators ability to perceive, understand, and pre-
dict the behavior of the robots in the swarm is diminished.
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To this end, several works have investigated how to min-
imise this cognitive load. For example, Hocraffer and Nam
(2017) state in their meta-analysis that increasing the auton-
omy of the swarm in a human-system interface scenario
reduces the cognitive load put on the user, thus improv-
ing their situational awareness. Additionally, Podevijn et al.
(2016) successfully demonstrated that increasing the number
of robots does not influence the cognitive load required from
a user if the control is performed on the swarm as a whole. In
this case, collective behaviors like flocking and aggregation,
two of the many decentralized control algorithms that can
be found in the literature (Brambilla et al., 2013), have the
potential to be really effective in helping the operator.

Adding multiple types of feedback modalities can also
help reduce the cognitive workload of the operator and
improve their situational awareness (Menda et al., 2011).
Other works have also succeeded in improving task effi-
ciency and general communication between the swarm and
the operator by using augmented reality (Walker et al., 2018)
or blinking lights (May et al., 2015). However, these tools
are not always available in the field, meaning other types
of feedback are also necessary for the operator in any given
mission.

In sum, the existing literature demonstrates that robot
swarms which are autonomous, collectively controlled, and
exploitmultiplemodalities of communication aremost effec-
tive at minimising the cognitive workload and increasing
situational awareness of the operator. Leveraging collective
swarm behaviors offers one such modality where these ben-
efits are able to be exploited, as emergent group motions
elicit communication which relies on the group’s collec-
tive movement (Levillain et al., 2018). However, in order
to successfully implement such collective group motions, it
is necessary to first understand how such behaviors are per-
ceived by users.

2.1 Legibility of swarm behaviors

Finding a way to design readable robot intentions has long
been a subject of research. Experts in cinematic anima-
tions have researched animation principles to improve robots
expressivity bymeans of creating expressive reactions to task
outcomes (Takayama et al., 2011).

Already, someworkhas investigated howcollectivemove-
ments of a swarm are perceived by users. In particular,
synchronized movements and the tendency to form figures
helps to convey information to the operator (Levillain et al.,
2019). Motionless formations have also been tested using
drones trying to guide humans with arrows or stop signs
(Grispino et al., 2020). Again, results showed that humans
could interpret the message from the group of robots and act
accordingly.

Multiple works have shown that the basic emotions can
be represented by different motions (St-Onge et al., 2019)
(Santos & Egerstedt, 2021). For example, fear can be rep-
resented by a fast aggregation of the swarm and sadness by
a slow flocking motion. Different movement characteristics
like speed, smoothness and synchronization have also been
shown to have a direct effect on users emotional responses
(Dietz et al., 2017).

Furthermore, research investigating the ability of a group
of robots to communicate its intention to the user, or legibility,
show that motion-variables such as trajectory and disper-
sion are relevant for the correctness of the communication
between the user and that the stiffness, a variable of attrac-
tion or repulsion force from a certain point that can result in
quick stop and start or change of directions, is relevant for
the rapidity of communication (Capelli et al., 2019a, 2019b).
While Capelli et al. considered fully connected swarms, i.e.
where each robot knows where all others are at all time, there
is also a need to consider progressive fully scalable algo-
rithms that can adapt to any number of robots and network
topology.

Legibility is also mentioned in recent work from Kim
and Follmer (2021), where they found that a rendezvous
behavior-basedmotion is legible and someothermotion char-
acteristics, control, trajectory and density, have an effect on
legibility. The authors come to the conclusion that in order to
create a legible swarm motion, the combination of multiple
motion variables will be required.

Thus, multiple motion characteristics (speed, synchro-
nization, trajectory) have been identified as contributing to
the legibility and successful interpretation of swarm behav-
iors. Here, we aim to build upon these findings by directly
manipulating different swarmmovements and analysing how
they are perceived by users. Our work provides a full stack
implementation for autonomous exploration missions with
motion-based feedback to the operator and an extended user-
based validation of several communicative motions.

3 Implementation of swarm control

Decentralized control is a difficult concept to grasp which
may explain why real swarm are difficult to understand. To
control the robots in a truly decentralized way, we use Buzz,
a swarm oriented programming language for heterogeneous
robot swarms (Pinciroli & Beltrame, 2016a). This section
describes the use of Buzz language and the adaptation of
two swarm algorithms to fulfill the mission of exploration
while communicating with the operator through expressive
motions. This stack will effectively facilitate a real world
robot swarm deployment in the future.
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3.1 Swarm-oriented programming

Buzz sees a robot swarm as a group of different interacting
robots. Each of the robots run aBuzzVirtualMachine (BVM)
which permits the use of the same Buzz scripts on all robots
simultaneously while incorporating a neighbor communica-
tion framework. Buzz is based on the concept of situated
communication, a form of inter-robot communication that
positions the robot sending the message in the receiver’s
frame. This permits all the robots to know where any robot is
positioned so long as the communication chain between all
the robots is active.

This programming language creates the flexibility needed
in the implementation by using different swarm-based prim-
itives allowing for swarm management. The work done in
(Pinciroli & Beltrame, 2016b) explains in more detail how
the swarm constructwas built and its purpose.As is described
in their work : “the swarm construct of Buzz allows the
programmer to tag a set of robots according to a certain con-
dition”. By using the swarm construct, wewere able to divide
the robots of the swarm in sub-swarms based on their condi-
tion, for example their availability. A sub-swarm can then be
requested to complete different tasks unconditionally from
the other sub-swarms. Other constructs are also available to
help build the behavior script such as the neighbors construct
that contains information about the robots within communi-
cation range and the stigmergy construct (Pinciroli et al.,
2016) that is a tuple space to broadcast messages between
the robots, robust to heavy packet loss and propagated in
gossip-like manner.

To be able to deploy robotic swarms in the real world,
we need a tool to help run and control the robots on a
lower level. We use Robot Operating System (ROS) as it
is widely used in robotics and has proven to be reliable. We
thus use ROSBuzz, the ROS implementation of the BuzzVir-
tual Machine (BVM) (St-Onge et al., 2020). ROSBuzz puts
ROS and Buzz together with a ROS node which includes the
BVM while using the Micro-Air Vehicle Link (MAVLink)
protocol, available with the MAVROS implementation, to
communicate between swarm members. Using a launch file,
the user only needs to point to a certain Buzz behavior
and ROSBuzz will start the main ROS loop with the nec-
essary configuration parameters and callback functions for
subscribers, publishers and services. The Buzz script will
then be executed in the BVM and will receive ROS mes-
sages through the MAVROS communication.

To test the behaviors before deploying the code on real
robots, we use the Gazebo simulator.We use 12 robots which
each run the same Buzz scripts to execute the exploration
while providing feedback for the operator. The two adapted
algorithms used to fulfill that task are described in the fol-
lowing sections: the exploration algorithm and the acyclic

Fig. 1 Progressive formation of a chain to complete a task, inspired
from (Varadharajan et al., 2020)

graph formation algorithm. We then describe how they were
redesigned to be combined in a full stack implementation.

3.2 Exploration algorithm

As our work targets semi-autonomous deployment of a
robotic swarm to explore an unknown (no map available)
region, we built upon the “chain formation” algorithm pub-
lished recently (Varadharajan et al., 2020). The original
algorithm creates a progressive chain formation where all the
robots follow the worker, the head robot, towards a goal. The
robots creating the chain are called networkers and their only
task is to maintain connectivity between the worker and the
groundstation as shown in simulation in Fig. 1. To increase
robustness to robot and network failure, the networkers can
create multiple connectivity links. The worker first elects
networker(s) to start creating the chain as shown in the simu-
lation in Fig. 2. Then each networker will elect another robot
to continue the chain and keep connectivity with the ground-
station until the worker reaches its target.

Once a goal is set by the operator and sent to the swarm,
the worker computes the path to the goal and transmits it
to the networking robots that it elects, thus streamlining the
communication between the robots. The worker is also the
first to encounter any obstacles and is responsible for making
any necessary adjustments. When more robots are required
to extend the chain, the request goes through the networkers
until a free bot joins the chain. Whenever the chain has the
expected number of robots, the robots will move towards
their goal. From that point on, all robots check if the distance
between them and their parent is smaller than the critical
communication distance. We compute a speed vector that
prevents future collisions while approaching the goal and
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Fig. 2 UAVs simulated inGazebo using realistic kinematic and dynam-
ics. Four have taken off, the worker (green circle) and 3 networkers
called as the worker move away from the groundstation (yellow circle)
(Color figure online)

maintaining an acceptable communication range Aui . The
control law of each robot is recalled from (Varadharajan et
al., 2020), which itself extended and adapted the collision
avoidance control law of (van den Berg et al., 2008):
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the preferred trajectory. This law was shown to be sufficient
to always provide a collision-freemotion of the chain to allow
for the worker to reach its goal.

In order to be robust to individual robot failures, a peri-
odic communication coming from the worker informs each
individual in the swarm of its position in the chain and the
position of its neighbors. This way, if the communication is
broken, the robots are able to know which robot is no longer
responding and where to fix the chain. The robots surround-
ing the faulty one will approach each other (retract the chain)
to repair the communication.

3.3 Acyclic graph formation

Fig. 3 Example chain with a worker (green circle) and 10 networkers
forming 2 links to the groundstation (yellow circle) (Color figure online)

Transition
to AGF Free

Asking

JoiningJoinedLock

root

Fig. 4 The behavior law of the progressive graph formation algorithm
represented as a finite state machine, adapted from (Li et al., 2019).
Every robot joining the mission will experience states Transition to
AGF, Free, Asking, Joining and Joined. Before switching to state Free
and Lock the robots wait for consensus in a transition barrier state

To communicate with the operator using expressive
motions, we need a flexible strategy granting us the abil-
ity to design any motion. The strategy is two-fold: we first
form a graph, with as many robots as available and required,
and we then start a periodic motion from that formation. For
the first part, we leverage a decentralized progressive shape
formation algorithm published recently, the acyclic graph
formation (AGF) (Li et al., 2019). AGF algorithm positions
the robots according to a predetermined graph shared among
the whole fleet: all robots possess the graph representation,
but none is initially assigned to a specific position. The for-
mation is built relative to a root position, which can either be
a robot or a relative distance to any robot before the forma-
tion. The overall shape is built dynamically and iteratively:
each new robot joins the shape only after being granted per-
mission by one of the parents, using local communication
exclusively. As shown in Fig. 4, the acyclic graph formation
algorithm works as a finite state machine to get the robots
from a free state, when they leave the exploration chain, to a
lock state in which they can perform the expressive motion.

As a newcomer to the graph formation, robot i knows
the position of its parents ( j and k) in its local reference
frame, and uses them to calculate its goal, based on its knowl-
edge of the graph to produce. To reach its targets, an adapted
Lennard-Jones potential law is used:

u = f (Fp + Fa) (4)
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This law calculates the forces Fj and Fk adding up to form the
attraction force Fa while simultaneously all neighbor robots
position are used to compute a repulsion force Fp.

3.4 Exploration withmotion feedback

Both algorithms leveraged in this work were developed in
Buzz. We adapted and combined them to give feedback to
the operator while the robots are conducting an exploration
mission.Whenever a communicative motion is triggered, the
swarm splits itself into subswarms. This requires several new
mechanisms: 1. to create specialized subswarms, 2. to cope
with the interference between the two algorithm usage of
neighboring message primitives, 3. to maintain consensus
among the subswarms, and, 4. to allow for smooth back-
and-forth transitions between split and united swarm.

To deploy specialized swarms we used the swarm man-
agement primitives in Buzz to switch from one behavior to
the other; a first realistic demonstration of the swarm-based
programming functionality.Multiple sub-swarms are created
in the exploration algorithm (chain formation), one for essen-
tial robots to maintain the connectivity and one for each of
the other links. These redundant links serve to increase the
chain formation algorithm robustness and the robots cover-
age, and, with sub-swarm, create the possibility to control
each link separately. When needed, a subgroup of robots can
be switched to a new behavior and complete another side task
before coming back to their initial exploration task, as long as
a minimum number of robots stays to maintain connectivity.
However, the ’chain formation’ algorithm does not include
any means of differentiating the networkers, as they are all
identical. We included a swarm ID (number) in the request
message sent by the worker robot to the joining networkers.
This swarm ID is then passed along to the next robots join-
ing the chain.When accepting the request, the new networker
joins the swarm of its parent so that the networkers are now
regrouped into sub-swarms for each link. This novel func-
tionality grants the possibility to use these redundant links
(only one link is mandatory to maintain connectivity) for
different side-tasks while a primary chain keeps the connec-
tivity.

Both graph and chain formations rely on periodical mes-
sage exchanges between all neighboring robots, which are
propagated to the whole swarm. While these exchanges are
optimised within each solution, their combination unnec-
essarily overcharges the communication infrastructure (tai-
lored to long range, low bandwidth peer-to-peer radio
devices). Furthermore, both algorithms based their aware-
ness of the other robots position in formation through simply
receivingmessages from others, whatever their content. The
received messages actually build up a swarm members list,
but when both algorithms run side-by-side, they must ignore
the robots which are not part of their formation, unless for

Fig. 5 Main steps to complete the exploration and feedback with the
expressive motion: 1-launching the mission, 2-chaining up to the tar-
get, 3-half the networkers switched to a circle formation to inform the
operator

collision avoidance.More specifically, if the robotswhich are
part of the acyclic graph formation sub-swarm are still con-
sidered by the chain, a robot failure in themain chainmay not
be repaired due to the wrong assumption of a redundant link.
We implemented a state backupmechanism that keeps all the
relevant variables inmemory, warns the surroundingworkers
of their intention to leave, and then disconnects themselves
from the chain formation messaging threads. It is only after
that the AGF messaging services are started.

The lead robot (worker) is the first to be informed of
any challenging situations (communication lost, blocked
passage, etc.), thus it maintains a status variable with
the rest of the swarm through Buzz’s stigmergy (dis-
tributed shared database). A subswarm predetermined as
non-essential (redundant link to the chain), will wait to reach
consensus on that status which can then trigger a commu-
nicative action at any time in the mission. At the end of an
expressive motion sequence, the robots resume their position
and state in the chain formation, calling back a stack of state
variables backed up before the transition and re-enabling its
communication protocol. The full process is shown in Fig.
3.

The free state in the original AGF provides a mechanism
to avoid collision with any other robots, in the graph or not,
while circulating around the graph to optimise their avail-
ability. However, in our context this state is replace by the
chain formation and its control law, also covering for colli-
sion avoidance.

Both algorithms use the barrier mechanism: a safe idle
state to wait for all the swarm to be ready for the next state
transition. The mechanism was adapted in order to be apply
to sub-swarm instead of the whole fleet. For instance, the last
barrier in AGF (see Fig. 4) let the robots transit to the lock
state, where we implemented the periodic motion, only when
all others are in position.
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Fig. 6 One sub-swarm in the chain formation with the worker (green
circle) at the goal while the other is in the acyclic graph formation

In AGF, all positions are labelled and positioned as node
in the graph, thus allowing the designer to give commands to
each node individually. From this initial formation, we can
generate cyclic motion, slight translation, vibration, twitches
and play with different velocity for each robots undergoing
these motions. To illustrate the complete integration of the
algorithm, we propose to look into a rather simple case: a
swarm informing the operator that it reaches its target. Fig-
ure 5 summarize the threemain steps: 1- The chain formation
is starting with the worker taking off followed by two net-
workers link heads, 2- The worker reached its target and the
one set of networkers are preparing to switch to AGF, 3- The
AGF is creating a predesigned expressive motion while one
link still maintains connectivity. Figure 6 shows the last step
from simulation.

3.5 Simulation validation

The set of predesigned expressivemotion formission-specifc
messages are circumstantial in that they arise at certain
moments of mission to specify specific status or request
of the swarm, without altering the continuous states of the
swarm and the progress of the exploration mission itself.
We ran several simulations with various goal position, maps
and launching various expressive motions; all missions suc-
ceeded in reaching their goal. Figure 7 shows that even with
communication challenges (increasing number of packet
lost), the combined algorithm succeed.

As our complete solution never alters the critical compo-
nents of the chain formation, it has no effect its the success
rate. However, it can slow down the exploration, in order to
allow for input from the operator.

Fig. 7 Robustness to packet lost of the combined chain formation
and acyclic graph formation. The red lines show when the expressive
motions are triggered (Color figure online)

4 Design of expressive motions

The above implementationmakes it possible to deploy awide
range of expressive motion within a robust, safe and efficient
real world exploration mission. However, before implement-
ing expressive motions on the robots, we must first design
meaningful motions adapted to this exploration mission con-
text. We propose a framework to do so: 1. Identify the key
information to communicate to the operator during the an
exploration mission operated by the swarm, 2. gather a focus
group to design 2D animations considering usual mission
constraint, and 3. validate with a user study that the swarm
behaviors depicted in the 2D animation are designed in a way
that they can be easily identified and understood by any oper-
ator, from any location (Lee, 2001) so that they are ideally
interpretable across contexts andmissions andnot limited to a
specific configuration or type of robot. This section describes
how we designed nine 2D animation sequences potentially
interpretable by operators as one of the six mission-specific
messages that emerged as relevant for an usual swarm explo-
ration mission.

Previous research on swarms as a display suggests that
there are two main ways to use a swarm to convey a message
(Kim&Follmer, 2017).Thefirstwayof communicatingmes-
sages is by positioning the swarm as an iconic formwhere the
user can understand the shape or icon shown by the swarm.
The second is by performing abstract motions which can be
compared to humans body language in order to convey infor-
mation. Both of these concepts are used while designing the
expressivemotions, with an emphasis on the abstract motion.

From our previous work (Levillain et al., 2019), we con-
cluded that 6 types of messages were particularly important
in an exploration scenario. Those mission-specific messages
are: initiate communication with the operator, close com-
munication, no problem to report, intervention needed, low
battery, and broken communication in the connectivity chain.
We designed one or two expressive motion for each message
type.

The design process started with discussions in a focus
group of experts in psychology and art to obtain a first set of
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motions characteristics that each type ofmessage should con-
tain. From other works, such as (Santos & Egerstedt, 2021)
and our previous research (St-Onge et al., 2019),we extracted
the main shape and motion features that each message type
could leverage. Shape features include roundness and angu-
larity or iconic form,whereasmotion variables can be divided
into synchronisation (both spatial and temporal), velocity and
trajectory. All of these variables can be manipulated in order
to influence the swarm state (message) perceived by the oper-
ator.

Through an iterative process, nine animations were cre-
ated and improved from the focus group feedback. A small
user study with nine robotics students helped determine
which motions were effective and which ones needed more
refining or a complete redesign. In the end, nine motions
representing six types of mission-specific messages were
developed for further testing. All of the animations are
included in a supplementary materials video. See Table 1 for
a summary of the identified communicative messages, their
associated expressive motion features and which sequence
they correspond to in the user study.

The first animation designs relate to the communicative
goal of initiating communication with the operator. From
the expert discussions we concluded that a signal designed
to realize a phatic communication, a language function
designed to establish communication between the speaker
and listenerwithout having the purpose of transmitting ames-
sage (Jakobson, 1963), should have the purpose of attracting
and maintaining the operator’s attention. We already have
some evidence from (St-Onge et al., 2019) that movements
with high speed and a uniform deployment are often asso-
ciated with a state of surprise. We then decided to make a
cyclic motion which can be repeated until the swarm attracts
the user’s attention. This information is intended to form
expectations “here and now” of the forthcoming communi-
cation and it is meant to be used by the operator as a cue
to infer the communication intent of the swarm. This osten-
sive signal is thus meant to be the first perceptible signal
that allows the operator to perceive the swarm as an agent
(Brinck & Balkenius, 2019). From these characteristics, we
created two motions where the goal is to provide a clear
visual perceptive signal to the operator to initiate the human-
swarm communication. In the first motion, six robots form
a circle that grows bigger and then smaller with time, like
a pulse (see Fig. 8). In the second one, six robots make a
straight line where the distance between the robots increases
and decreases with time, similar to the first motion. These
motions represent Sequences 1 and 4, respectively in the user
study (Sect. 5).

When designing the communicative goal: close commu-
nication, we needed to represent that the swarm is returning
to its normal mode of operation, thus breaking any previous
activated structure in its collective dynamics.We thought that

Fig. 8 Motion designed to initiate the communication between the
swarm and the operator: initial formation in circle (left), followed by
radial translation of each robots (middle and right). Represents sequence
1

Fig. 9 Motion designed to get the user to intervene: initial tree-like
formation (left), followed by rotational motion of three robots around
the center one while all others are stationary. Represents sequence 2

quickly scattering the robots in different directions looking
random with no further motion would mark this transition in
a salient way. In addition, the fact that the robots stop after
moving quickly reinforces the signal that the communication
is over. See Sequence 9 in the user study.

To tell the operator there is no problem to report in the
mission (Sequence 7 in the user study), a soothingmovement
should be performed by the robots. To create this, we thought
that a circular shapemoving slowly in a simple pattern would
fit the characteristics and would not alert the operator. Thus,
this motion starts as a circle, similar to the first motion to
initiate the communication, but with the robots moving along
the circumference slowly.

Getting the operator to intervene requires an element of
urgency in themovement.We assumed that movements iden-
tified in a previous study (St-Onge et al., 2019) as having a
component of fear, with rapid and short oscillations, would
be adequate to represent this state of emergency. For the first
motion designed to convey thismessage, all the robotsmeet at
the same location (with active collision avoidance) and then
disperse in all directions in a way designed to look erratic.
The second motion puts a small number of robots in “panic”
mode where they move quickly around the other robots that
are vibrating while staying still (see Fig. 9). These motions
represent Sequences 5 and 2, respectively, in the user study
(Sect. 5).
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Table 1 List of motion characteristics and corresponding sequences with each of the 6 identified mission-specific messages

Mission-specific message Group Characteristics Sequence/s
Shape Motion

Initiate Communication Circle/line Slow oscillations Sequence 1 Sequence 4

Close Communication Line Randomly dispersing stopping Sequence 9

No Problem Circle Slow oscillations rotating counterclockwise Sequence 7

Intervention Needed Cluster Tremor rapid oscillations Sequence 2 Sequence 5

Low Battery Wave Progressively come to a halt Sequence 3 Sequence 6

Broken Communication Line Broken synchronization Sequence 8

Fig. 10 Motion designed to represent a low battery or battery problem
within the fleet: initial wave formation (left), followed by a decreasing
sinusoidal movement up to a straight line. Represents sequence 6

To represent a battery problem or low batteries for the
group of robots, we emphasized the aspect of losing energy.
Movements gradually slowing down or motion losing ampli-
tude were identified as potential visual markers of this
message. Our first motion is then a diagonal line, represent-
ing the battery level of the robot, where each robot “falls”
one at a time until they are forming a straight line. A second
one shows a sinusoidal with a high amplitude slowly decreas-
ing until it reaches an immobile straight line (see Fig. 10).
These motions represent Sequences 3 and 6, respectively, in
the user study (Sect. 5).

Finally, to represent a broken communication link between
the robots (Sequence 8), the collective motion needs to rep-
resent a loss of synchronization or the loss of symmetry in a
motion. This would show that a robot or two groups of robots
are not communicating together properly. So, we designed
this motion to feel like a “no problem” message at the begin-
ning by having a straight line pulsating until a robot drops and
half the line stops moving while the other continues to pul-
sate. This way, the broken communication is clearly shown
by the dropped robot and the broken synchronization in the
motion.

5 User study and evaluation

In this sectionwe explore the legibility of the aforementioned
expressive motions. Through a preliminary user study, we
aim to investigate if it is possible to elicit different percep-

tions through these motions and if information (i.e., the 6
selected pragmatic messages) can be effectively communi-
cated through one or more of the 9 designed sequences.

The study was approved by the research ethics committee
at École de technologie supérieure in Montreal. 98 partic-
ipants were recruited via word of mouth (email and social
media). Participation was completely voluntary and partici-
pants did not receive any compensation.

The study was conducted entirely online and took approx-
imately 15 minutes to complete. After first indicating their
consent to participate, participants proceeded to the main
survey, where they viewed each of the 9 animations in one
of three different orders. For each animation, the partici-
pants were asked to rate the messages they thought the robot
swarm was intending to communicate (initiating commu-
nication, closing communication, no problem, intervention
needed, low battery, broken communication). Responses
were recorded on a 5-point Likert scale for each of the
six identified messages (1 = strongly disagree, 5 = strongly
agree). The original and translated versions of the questions
for each message can be seen in Table 2.

Even though we designed the sequences with a specific
message in mind, we don’t discredit the significance of a
different perceived message. Since there are limited findings
on the perceived intent of robotic swarms expressive motions
in the literature, we cannot with confidence predict how the
motions will be perceived and the user study might show
different results than expected from the design of themotions.
As such, we conducted the user study from an exploratory
perspective without specific a priori hypotheses for which
messages will be associated with each motion (Scheel et al.,
2021).

5.1 Analysis plan

All analyses were conducted using R version 4.0.0 (2020-
04-24)– “Arbor Day” (R Core Team, 2021).

For this study, we transformed the mean ratings of each
participant into a ranked order of 1-6 for eachmessage,where
1 = highest ranked message for each animation and 6 =
lowest ranked message. This allowed us to clearly differenti-
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Table 2 Questionnaire items for
each of the 6 identified
mission-specific messages

Mission-specific message French English

Initiate Communication Les robots indiquent leur
intention d’initier une
séquence de
communication

The robots are indicating
their intention to begin
communicating

Close Communication Les robots indiquent que la
séquence de
communication s’achève

The robots are indicating
that the communication
sequence has ended

No Problem Les robots indiquent qu’il
n’y a pas de problème en
cours

The robots are indicating
that there is currently no
problem

Intervention Needed Les robots indiquent qu’une
intervention de
l’opérateur sur le terrain
est nécessaire

The robots are indicating
that an operater
intervention is necessary

Low Battery Les robots indiquent qu’ils
n’ont plus assez
d’autonomie

The robots are indicating
that they don’t have
enough battery

Broken Communication Les robots indiquent qu’ils
ne parviennent plus à
communiquer entre eux

The robots are indicating
that they can no longer
communicate between
themselves

Table 3 Friedman’s tests for each animation sequence. All d f = 5

Sequence Kendall’s W χ2 p

Sequence 1 .20 97.35 < .001

Sequence 2 .29 141.92 < .001

Sequence 3 .11 52.80 < .001

Sequence 4 .14 66.52 < .001

Sequence 5 .22 106.88 < .001

Sequence 6 .18 86.02 < .001

Sequence 7 .20 98.31 < .001

Sequence 8 .16 79.13 < .001

Sequence 9 .12 58.59 < .001

ate between the legibility of each message for the respective
motions.

We then performed Friedman tests for each of the expres-
sive motions to determine if there was a difference in how the
messageswere ranked. For all sequences, therewas anoverall
difference in the rankings of the six different messages, see
Table 3. This indicates that for each sequence, there was at
least one message which was ranked significantly differently
to one or more other messages.

For each expressive motion, we then performed post-hoc
pairwise comparisons using Wilcoxon’s signed rank tests.
Due to the exploratory nature of the analyses, we chose a
less conservative correction (Holm), rather than Bonferroni
(Bender & Lange, 2001). We used the most highly ranked
message/s for each motion as a baseline for comparison.
The results from each expressive motion are described below

(also see Fig. 11). For tables describing the full post-hoc anal-
yses see (Boucher et al., 2021).

5.2 Results and discussion

The post-hoc comparisons of the six message rankings for
each sequence suggests that the expressive motions can be
separated into 3 groups; those which had a single clear mes-
sage which was ranked higher than the others (Sequences 4,
5, and 6, as well as partially Sequence 9), those which had
2 messages which were (equally) ranked higher than the rest
(Sequences 1,2, and 7), and those which could not reliably
differentiate between messages (Sequences 3 and 8).

Among the more distinctive motions, Sequences 4 and 6
were both associated with initiating communication. Both of
these animations demonstrate a repetitive, almost wavelike
motion, which could be associated with waiting for some-
thing to start. This motion might also be seen as a loading
spinner, similar to what is shown in the loading screens of
many programs and which are also likely to be familiar to
the users.

For Sequence 5, “Intervention Needed” was the most
highly ranked message. In this case, the “huddling” of the
robots together could indicate a sense of fear (St-Onge et
al., 2019) in the robots that the users interpreted as requiring
intervention to resolve.

Sequences 4 and 5 also both involve an easily visible
aggregation to a common point. This result could provide
evidence that humans use the Gestalt properties of swarm
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Legend Highest Ranked Message/s Other Messages

Fig. 11 Post-hoc comparisons (with Holm’s correction) for the most highly ranked message/s for each animation. * significant at the p < .05 level,
** significant at the p < .01 level, *** significant at the p < .001 level
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behaviors such as common alignment, common velocity, and
proximity to recognize different behaviors.

The rankings for Sequences 1, 2, 7, and 9 were some-
what more ambiguous. For example, Sequence 1 was most
often ranked as intending to either initiate communication or
signalling that an intervention from the operator was needed,
with bothmessages ranking significantly higher than all other
messages. This is in line with the idea of cyclic motion
signifying a loading screen that represents initiating a com-
munication, as is also shown with Sequences 4 and 6, and
also the fact that a type of aggregation shows the need for
an intervention. This sequence thus needs to be clearer to
represent only one message.

For Sequence 2, The low battery and intervention needed
messages were most highly ranked, although there was no
differencebetween the two.This animationwas characterised
by short, sharp, and fast motions intended to communicate a
sense of fear (St-Onge et al., 2019). Although these results
indicate some success in attracting the attention of the user
and signalling that an action needed to be taken, the confusion
between the different types ofmessages suggestsmore clarity
is needed on what these actions specifically should be.

For Sequence 7, the “Initiate Communication” message
was ranked significantly higher than all messages except
“No Problem”. In turn, the “No Problem” message was also
ranked significantly higher than all other messages. Similar
to Sequences 4 and 6, the pulsing motion of this sequence
could be associated with waiting. Conversely, the circular
rhythm and slow motion should push a sentiment of calm-
ness and peacefulness where the user should retain that there
is no problem to report. Normally, this motion should be
used after having already initiated the communication which
might change the way users interpret this sequence.

Sequence 9, although not completely clear-cut, showed
a potential tendency towards the “Close Communication”
message, which was ranked significantly higher than the
“No Problem”, ”Initiate communication“ and “LowBattery”
messages, but not “Intervention Needed” or “Broken Com-
munication”. In this animation, the dispersion of the robots
into an undefined pattern and the immobility of the robots are
the characteristics that should push the user to perceive that
the communication is over. Perhaps a longer time of immobil-
ity, whichwasn’t available during the test since the animation
was in a loop, would push the user in perceiving the motion
as a “Close Communication” message more clearly.

The worst performing animations were Sequence 3 and
Sequence 8, neither of which showed consistent rankings for
the six different messages.

Sequence 3 showed no difference in the rankings between
“Close Communication”, “Low Battery”, and “No Problem”
messages. The “Close Communication”message was ranked
higher than the “Initiate Communication”, “Broken Commu-
nication” and “Intervention Needed” messages. In turn, the

“Low Battery” message was ranked higher than the “Initiate
Communication”, “Broken Communication” and “Interven-
tion Needed” messages, but not the “No Problem” message.
The “No Problem” message was ranked higher than the
“Intervention Needed” message, but not “Initiate Commu-
nication” or “Broken Communication”.

This sequence depicted a slow, waterfall like motion and
was initially designed with the idea of low battery in mind.
However, the slow movements potentially conveyed a sense
of calmness (Dietz et al., 2017), which is the antithesis of
some the other animations which depicted faster and more
abrupt movements associated with a sense of urgency. The
contrast between the fast/sharp movements and slow/calm
movements potentially explains the confusion in this anima-
tionwith the no problem and close communicationmessages,
both of which imply that no action is needed to be taken.

Sequence 8 demonstrated almost equal rankings between
“Low Battery”, “Intervention Needed” and “Broken Com-
munication”, with no significant difference between the
three.Although the “LowBattery” and “InterventionNeeded”
messages were ranked higher than the “Initiate Communica-
tion”, “Close Communication” and “No Problem”messages,
the “Broken Communication“ message was only ranked sig-
nificantly higher than the “No Problem” message. In this
case, although the deviation of a single robot from the swarm
was associated with disruption, it was not necessarily clear
to the participants what the meaning of the disruption was.

6 Concluding remarks

In addition to the technical and practical advantages offered
by swarm robots in exploration contexts (e.g., greater spa-
tial coverage, lower cost, greater fault tolerance), group
behaviors of the swarm can be leveraged as a means of
communicating the swarm collective state to an operator.
Successful implementation of such group expressivemotions
would allow for minimizing the cognitive load of the opera-
tor and increasing situational awareness, therefore allowing
for more efficient mission deployments.

Consequently, the goal of this paper was threefold, first,
to present a novel algorithm implementing swarm expressive
motions in an exploration based-context, second, to design
sequences of expressive motions for the purpose of commu-
nicating different mission-specific messages to an operator,
and third, to conduct preliminary user testing on the legibil-
ity of these motions for the swarm-operator communication
purpose.

The presented algorithm improves on existing work as it
combines two swarm algorithms with different functionali-
ties to include visual feedback for the operator. This allows
for the possibility for the swarm to communicate differ-
ent mission-specific messages through expressive motions
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in exploration missions. The possibility to maintain con-
nectivity with a chain between the lead worker and the
groundstation all while using robots from the same swarm as
sub-swarms to fulfill other tasks, here expressive motions, is
an advantage over what was previously done in Buzz. The
implementation was done and fully functional in simulation.
A video of the whole process is available in our supplemen-
tary materials video.

The results from the user study demonstrate that some
swarm behaviors are potentially easier to recognize than
others. The most highly ranked mission-specific messages
across all the animations tended towards initiating commu-
nication or needing intervention (both were one of the top
ranked messages in 4 out of the 9 animations). In fact, many
of the animations showed confusion between the “Interven-
tionNeeded”message and one ormore of the othermessages.
This could suggest that the concept of “Intervention” was
too broad and overlaps with other, more specific actions. For
example, communicating low battery of the robots signals
that an action is needed such as putting the robots on charge,
which in itself could be considered an intervention.

Conversely, the “No Problem”, “Low Battery”, and “Bro-
ken Communication” messages were among the lowest
ranked for all the animations, which could imply that these
messages were more difficult to communicate. In the case of
“No Problem” it could be that this message is counter intu-
itive to the participants expectations of the interaction where
they might not necessarily perceive a need for an explicit
cue confirming that nothing is wrong. Signalling the lack
of any need for intervention could also be dependent on the
kind of action being executed by the robots and what kind of
movement is typical for that task. Potentially, it might be less
cognitively demanding for the operator to assume a default
“no problem” status, assuming that messages signalling an
action is needed are sufficiently clear.

That being said, the difficulty in communicating the “bro-
ken communication” and “low battery” messages highlights
the complexities in establishing such clean-cut feedback to
the operator. Given also the high overlap of many of the
messages with the “Intervention Needed” message it could
be that specific error messages are more difficult to inter-
pret compared to more global status indicators. It would be
worth investigating further if operators prefer having specific
motions associatedwith specific actions needed (e.g., putting
the robots on charge, repairing communication, replacing one
or more robots in the swarm) or if a global signal for inter-
vention by the operator is sufficient.

6.1 Future research

For future work, further research on the motion characteris-
tics of each animation would provide a better understanding
of why certain expressivemotionswere successful while oth-

ers were not. The blueprint for that research would be to
identify what are the motion characteristics in a given anima-
tion and compare it with the message perceived by the users.
Hopefully some tendencies allow to identify what motion
characteristics were most efficient in order to improve the
expressive motions.

A second path to future work is to conduct a similar user
study, but with real robots. 2D animations can give a good
idea of a collectivemotion perceived intent, but they don’t act
the exact same way as robots. The user also doesn’t always
have the same point of viewwhile watching robots, for exam-
ple from the side instead of from the top, and doesn’t have the
same immersion into themission. A real exploration scenario
with the sound of the robots and the imperfect robot motions
would possibly change the perception the user would get
from the expressive motions. In the context of exploration,
these findings demonstrate the utility of swarm expressive
motions in communicating feedback to an operator and iden-
tify several directions for how such motions can be designed
so as to improve their legibility.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10514-022-10079-
0.
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