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1. INTRODUCTION

Robotic swarms consist of autonomous robots that are situated in the environment. These robots
have local sensing and communication capabilities, and many researchers state that swarms do not have
access to global knowledge or centralized control [1]. However, to enable swarms of robots to solve
real-world problems, other researchers want to preserve the role of a human operator [2], which is likely to
require some degree of centralization and insights into the global state of the swarm.

There is a range of potential advantages associated with the use of swarms of robots. According to
Barca and Sekercioglu [3], swarms can exploit the sensing abilities of large groups. This means that one can
discover areas of interest fast, decide if one wants to enter them, and rapidly determine when to leave.
Appropriately controlled swarms can furthermore provide superior situational awareness and facilitate higher
levels of robustness than systems that solely rely on one individual, as other robots can take over work that
previously was conducted by a failed robot. Additional advantages are that swarms can distribute workloads
amongst their members to accomplish more significant results and manipulate their environments more
efficiently than one individual.

Robotic swarms are generally expected to operate autonomously [4]-[7]; however, the involvement
of an operator can be advantageous—or even essential—in real-world applications. The operator can modify
mission objectives and ensure that the swarm’s behavior remains aligned with the overarching goals of the
mission. Additionally, a human operator can provide high-level reasoning in unstructured, dynamic, and
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complex environments. The operator can also detect and correct system failures or supply out-of-band
information that is unavailable to the swarm’s sensors. Finally, the operator can assume responsibility for
decision-making when the swarm undertakes high-risk tasks. As a result, swarm robotics and HSI are useful
in a wide variety of application areas such as sea exploration, search and rescue, space missions, and defense
[8]. However, a significant challenge still lies in how one can realize meaningful human control over swarms
of robots [9].

A large number of works on HSI have been published since Kolling et al. [10] presented the first
survey of the topic. The aim of this paper is to review these works to gain an understanding of where state-of-
the-art HSI research is at, and to identify gaps in knowledge that still must be filled to enable swarms of robots
to operate in the real world with the aid of a human operator. Current surveys on HSI are largely outdated as
the field is progressing rapidly. As a result, there is a need for a new updated survey paper on the topic.

HSI will be defined in the next section. In Section 3, state-of-the-art methods that can be used for
remote and proximal interaction between swarms of robots and a human operator are reviewed. Four methods
for transmitting an operator’s intent to a swarm are presented in Section 4, while levels of autonomy and
flexible autonomy in HSI are covered in Section 5. A discussion of the gaps in knowledge that still must be
filled to enable swarms of robots to operate in the real world is presented in the following section. Section 7
summarizes and concludes the paper.

2. HUMAN SWARM INTERACTION

In HSI, one human traditionally interacts or collaborates with swarms of robots that coordinate
among themselves to achieve a mission objective [11]. State-of-the-art techniques have enabled a single
human to supervise a heterogeneous swarm of 174 ground and air vehicles [12].

Unlike single-robot operations, where operators typically control the platform’s movement
manually, HSI involves humans performing higher-level mission management tasks. According to Steane et
al. [2], HSI operators may have to transition between being on-the-loop (where the human is involved in a
supervisory role) and in-the-loop (where the human is actively involved in the low-level decision-making
process). This capability is important when considering that human operators can be viewed as a failsafe to
guarantee that the swarm’s behavior aligns with its mission objectives.

Swarms of robots are commonly regarded as fully autonomous, self-organized, and without central
control [13]. However, fully autonomous swarms operating in unstructured dynamic environments are not
expected to be a reality soon due to their lack of human-like general intelligence [10]. As technology becomes
more sophisticated and robot swarms demonstrate an increased ability to perform autonomously, HSIs will still
be required, but at a higher level. The ideal role of a human is, in fact, at the supervisor or teammate level rather
than at a level where the human operator manually controls the individual robots in the swarm [4], [14], [15].

3. INTERACTING WITH SWARMS OF ROBOTS

Based on the reviewed literature, a significant challenge in interacting with remote swarms is
communication. Specifically, the latency of communication channels between the human operator and the
swarm presents a significant issue. Increased latency causes delays in bidirectional interactions, making it
hard for the operator to accurately comprehend the current state of the swarm [6], [16]. This is a major
problem for HSIs in defense contexts, as radio frequency channels often are jammed by an adversary.
Remote interaction with swarms of robots will be discussed in greater detail in the following sub-section.

3.1. Remote interaction

Since robot swarms will often enter hazardous or inaccessible environments, remote interaction is
expected to be the standard approach. HSI solutions designed for this purpose should allow humans to
interact with robot swarms regardless of the geographical distance between them [17].

In HSI scenarios where the number of robots surpasses that of human operators, efficient interaction
becomes challenging because of issues related to workload, perception, and situational awareness.
Consequently, there is a need for intelligent interface designs to address these challenges. Traditional remote
interaction interfaces predominantly utilize screen-based solutions due to their ease of implementation.
However, recent advancements have seen a rise in the adoption of immersive interfaces employing virtual
reality (VR) or augmented reality (AR). These advanced solutions have demonstrated efficacy in reducing
operator workload and enhancing situational awareness [11].

Adams et al. [18] presented a VR-based solution that was used in DARPA’s offensive swarm-enabled
tactics program, investigating whether a single human can supervise a heterogeneous swarm of unmanned
ground vehicles (UGVs) and unmanned aerial vehicles (UAVs) that are completing tasks in real-world
environments. An immersive interaction interface (I3) was used to interact with the swarm. I3 is a VR

A review of human swarm interaction (Jan Carlo Barca)



82 a ISSN: 2722-2586

interface developed using the Unity game engine. It utilizes SteamVR and the Valve Index hardware system.
The interface enables a swarm commander to interact with swarms from a dedicated command center near a
battlefield. Experiment results demonstrate that the interface enables a single human to deploy a swarm of 100
heterogeneous robots to conduct missions in urban environments. The interface is described in detail in [19].

Jang et al. [20] presented a VR-based solution for beyond-line-of-sight HIS, making make use of
Leap Motion, a head-mounted display, and an avatar that can supervise a swarm of robots via robot-oriented,
swarm-oriented, and environment-oriented interactions. In robot-oriented interaction, the human gives direct
commands to individual robots, while in swarm-oriented interactions, a human operates a leader robot. In
environment-oriented interactions, the human modifies the environment that robots interact with by creating
virtual obstacles or walls. Experiments using three real and six virtual robots indicate that the system
proposed by the authors is suitable for swarm robotics in large, remote environments. However, the system
should be regarded as being closer to a multi-robot system rather than a true swarm, as all robots are
connected to a centralized control center. To turn the proposed solution into a true swarm, each robot should
be equipped with individual decision-making capabilities so that desired collective behaviors can be achieved
even if only a subset of the robots are connected to the centralized hub.

In another attempt to devise a solution for remote interaction with a swarm, Macchini et al. [21] proposed
a Leap Motion-based interface for controlling a swarm of four simulated UAVs through a teleoperation task.
In their solution, a leader drone is controlled by a human operator, while the remaining agents are controlled
by the Reynolds’ algorithm. The swarm is visualized in third-person view using a head-mounted VR display,
and the swarm can perform eight different maneuvers, namely front-back motion, up-down motion, right-left
motion, and expansion-contraction. Results showed that 10 human subjects were all able to navigate a swarm
of simulated UAVs through a path using the proposed interface. However, it would be desirable to test the
solution on a physical drone swarm to investigate if the results are transferable to the real world.

Sachidanandam et al. [17] presented an example of an AR solution that has been developed for
remote access HIS, developing an interface that allows users to perceive and operate a group of robots
remotely through a video call, and ran user studies where participants performed a navigation task where a
robot swarm was directed through sequences of goals in cluttered environments. The participants executed
these tasks using an unaugmented version of the interface that only displays the robots and the environment,
and with an augmented version that offered more information, including the robot swarm boundary, current
heading, shortest path to a goal, and indications of collision safety barrier violations. Findings show that there
is statistically significant improvement in collision safety barrier violations and tracking accuracy when the
human participants used the augmented user interface. Through surveys, it was furthermore shown that
human operators overwhelmingly prefer the augmented interface. These results show that AR-based
solutions can improve interaction with remote HSI.

Another solution for remote interaction with swarms of robots is presented by Williamson ef a/. [22]
[22]. A 2D sketch-based interface that can be used either with a mouse or a stylus was presented. The
interface displays information collected by robots on a map. For commands, the operator can draw gestures
and provide additional parameters via further gestures or keyboard input. An AR interface application
deployed to HoloLens 2 was also created. The interface uses hand tracking technology to recreate features
available in the 2D sketch interface and provides a 3D interface to the operator. It presented map information
in multiple formats—top-down, 3D, and ground-level views. The AR interface supports voice commands,
enabling multimodal robot control. Field tests used the sketch interface primarily for swarm command and
the AR interface for enhanced situational awareness during operations. Both interfaces worked together: the
sketch interface provided route information, while the AR interface designated no-go zones. The design
enabled efficient management of a large-scale swarm network consisting of UAVs and UGVs in the field,
and clear information delivery without distracting users.

In [23], a technique for remote interaction with swarms of robots using eye movements is presented.
The work focuses on coverage control using Voronoi partitioning. The work is implemented using
HoloLens 2 and TurtleBot robots for practical experiments. Experimental results show that the method
maintained high performance in challenging environments, achieving over 85% coverage efficiency.

3.2. Proximal interaction

Proximal interactions enable an operator to directly observe the swarm and engage with it within a
shared environment. In scenarios where the swarm can sense the presence of the human operator, the
operator can, in certain cases, act as a special member of the swarm—using local interactions to influence its
behaviour. This approach opens the possibility for multiple human operators to collaboratively control and
influence the swarm in a distributed manner [10].

A human operator interacts with a proximal robot swarm consisting of up to 20 wheeled tabletop
Zooids robots using gestures, touch, and verbal instructions [24]. Findings indicate that user-elicited
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interaction methods are closely linked to both the number of robots involved and their relative proximity. It
was also revealed that the effective operation of robot swarms will require dynamic, state-dependent
interaction vocabularies, as future swarms are expected to be increasingly mobile and adaptive.

A multi-modal interface that makes use of a combination of haptic and verbal input to operate two
AR Drone 2 UAVs is presented by Pourmehr et al. [25]. A user can identify individual or groups of robots
using haptic stimuli (e.g., by touching the robots). The user can also name robots using a voice command.
Subsequent commands such as “take off” and “land” can be addressed to the named robots. They
demonstrated that their solution allows a single human to operate a multi-robot system in semi-realistic
coordinated exploration missions. However, experiments on larger numbers of UAVs will be required to
demonstrate that this solution will enable a human operator to control swarms of robots.

In the solution presented by Gromov et al. [26], a human operator can communicate with one or
more robots using gestures and speech with the aid of a set of off-the-shelf wearable devices when the human
and the robots share the same physical environment. A relative localization system to transform
gesture-related information into a common reference frame for the human and robots had been developed. No
global positioning system is therefore required. Vocal messages and light emitting diodes are used to offer
feedback from the robots to the operator. The solution has been tested with three Pioneer P3AT and four
Foot-bot wheeled robotic platforms. The solution allows the human to command robots to go to a point in
space, move in a particular direction, search for survivors for 20 minutes, and so on.

Swarm Touch presents an alternative interaction method for HSI where an operator controls the
formation of Crazyflie 2.0 quadrotors. The operator receives vibrotactile feedback through a glove equipped
with five vibrotactile actuators attached to their fingertips. This method considers the operator’s hand
velocity and adjusts the formation shape and dynamics of the swarm accordingly. A user study involving six
participants indicated that tactile feedback enhances the operator's ability to guide drone formations and
increases HSI interactivity [27].

Another interface for proximal interaction with groups of robots is presented by Fedoseev et al.
[28]. They proposed Dandelion Touch, a haptic display that delivers feedback to a user’s fingertips from a
swarm of Crazyflie drones through flexible cords. Technology enables a user to control the swarm with four
gestures: moving right, left, forward, and backward. They use an Oculus Quest headset for hand tracking and
interaction with obstacles in a virtual environment. Artificial potential fields are used to avoid internal
collisions between Crazyflie and with the user’s hand.

Serpiva et al. [29] presented a novel HSI technology that allows users to directly operate a swarm of
Crazyflie 2.0 UAVs through trajectory drawing using a hand gesture interface. The hand gesture interface
consists of a single webcam along with hand tracking and gesture recognition modules. A deep neural
network is used in the gesture recognition module to obtain high-precision gesture classification. The
interface enables the user to change the swarm’s shape and formation through free-form trajectory generation
control and trajectory drawing. Potential fields are used to achieve path planning and collision avoidance
between the UAVs. The technology was tested on seven human participants. Results from these tests show
that the proposed technology achieves both high variety and high accuracy swarm control.

Canal et al. [30] presented a brain-computer interface for non-invasive electroencephalogram-based
control of a high complexity ground moving robot swarm. The solution enables an operator to issue high-
level formation control commands that are performed by the swarm in a distributed manner. The feasibility
of the proposed solution was demonstrated through large-scale user testing on virtual and real robot swarms.

Chaudhary et al. [31] presented a HSI method that uses camera-based full-body action recognition
to operate a flock of UAVs. They determined the full-body pose of a human operator and made use of a k-
nearest neighbor technique to classify the movement made by the human. The swarm makes use of a leader-
follower approach and the identified movement to decide what direction to move in. The presented method
was tested on three simulated UAVs in the Gazebo simulator and on a real-world UAV equipped with a
camera in an outdoor setting. Experiment results demonstrate that their proposed method enables direct
operation of UAV swarms when the human shares workspace with the swarm.

In [32], a human—swarm interface that integrates both robot-oriented and environment-oriented
interaction modalities for a collective transport scenario is presented. Robot-oriented modality allows a
human operator to select and interact with individual robots, while the environment-oriented modality
enables the operator to modify the environment to indicate that the swarm should perform a specific task,
such as moving an object to a designated location. The interface was implemented as an AR application for
i0S 9+ handheld devices, chosen for its intuitive touch-based graphical interface and cost-effectiveness. The
authors conducted user studies with 10 participants, each operating four or five ground robots, to evaluate the
system’s usability and effectiveness. Results demonstrated that combining robot-oriented and environment-
oriented commands enhances performance in collective transport tasks, as it reduces the number of
commands required to accomplish a given goal.
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4. CONTROL METHODS

Methods that can be used to control a swarm are separated into four classes: i) selecting swarm
behaviors and algorithms, ii) altering the parameters of the swarm’s control algorithms, iii) indirect control
by altering the environment, and vi) control through swarm leadership strategies [33]. Each of these control
methods will be discussed below.

4.1. Behavior and algorithm selection

Behavior and algorithm selection-based control assumes that an operator can provide inputs at
specific times by selecting preset combinations of behaviors (e.g., plays), individual behaviors, or particular
swarm algorithms. It also presupposes that the operator has access to libraries of algorithms capable of
executing various swarm behaviors [10].

Controlling a swarm through behavior or algorithm selection appears to be an effective approach
when the robots are highly autonomous and capable of operating reliably without continuous human
supervision. Once the swarm is instructed to execute a specific behavior, a combination of behaviors, or an
algorithm, the operator depends on both the autonomy of individual robots and the collective autonomy of
the swarm to manage local coordination, inter-robot communication, and obstacle avoidance. This type of
control, according to Kolling et al. [10], does not pose considerable constraints on the communications
network. Behavior selection-based control was used in [34]-[36].

4.2. Control via parameter setting

Most swarm algorithms rely on sets of parameters for their operations. Human operators can control
these parameters, which is the most indirect form of guiding a swarm and depends significantly on the type
of autonomous behavior and swarm hardware [37]. One challenge with swarms is that the control parameters
do not directly determine their behavior; instead, they influence it indirectly through the interactions among
individual robots and between the swarm and its environment [10]. Works that consider control via parameter
setting can be found in [38], [39].

4.3. Environmental influence

Swarm robots can also be controlled by modifying parts of the environment. This method has been
implemented using virtual beacons and virtual pheromones [10]. Under this approach, the swarm continues to
function according to the same rules as when it was deployed. If a specific behavior is guaranteed to emerge,
this form of control does not necessarily affect that guarantee.

Oliveira et al. [40] used virtual beacons, which were sources of attractive and repulsive potential
fields, to enable humans to control a flocking swarm through two maze-like structures in simulation. Through
user studies on 20 human subjects, the authors found that their virtual beacons are easy to implement and
relatively simple to learn to use. An example of the use of virtual pheromones to control a swarm is given by
Walter et al. [41]. Therein, it was demonstrated that operators can control up to 50 000 virtual UAVs in
simulation using virtual pheromones.

4.4. Leader selection

One can furthermore deal with the complexity of controlling a swarm by enabling operators to
control a subset of the swarm. According to Aldhaheri ef al. [42], controlling a few swarm members allows
for significant human intervention and is a reliable HSI mechanism. These controlled swarm members are
often regarded as leaders, as they influence the rest of the swarm. The use of leaders facilitates more
engaging forms of control, such as teleoperation. However, this control method can be vulnerable to
adversarial attacks targeting the swarm leaders and places relatively high demands on the operator due to the
increased workload associated with teleoperation.

In [31], a leader—follower approach to HSI was implemented, in which one UAV is designated as
the leader and serves as the recipient of commands from the human operator. The remaining members of the
flock respond to the leader’s movements, gradually adjusting their positions and drifting in the same direction
as the leader robot.

In [43], a leader quadrotor that interacts directly with a human operator guides a group of follower
quadrotors to track a human-defined trajectory in a desired formation pattern. The swarm is designed to
temporarily and autonomously adjust its motion trajectories if a human command leads to an unsafe situation,
such as encountering obstacles along the path. Experiments conducted with six physical Crazyflie quadrotors
confirmed that the proposed approach successfully achieves formation tracking, even in the presence of
dynamic obstacles.

A formation control method for contactless gesture-based HSI between multi-rotor UAV teams and
human workers is presented by Kratky et al. [44]. The system monitors worker safety, especially at heights,
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using one UAV as a sensor-equipped formation leader to detect humans and recognize gestures. Follower
UAVs maintain a set formation around the worker, offering multiple viewpoints. Workers use hand gestures
to direct UAV movements and mission tasks without extra communication channels or markers. Tests with
three UAVs and a human worker in simulated scenarios and in field experiments show the approach is
effective and responsive.

5. AUTONOMY IN HUMAN-SWARM INTERACTION

Four levels of autonomy for swarms were defined in [45], namely: i) full autonomy, ii) machine-
oriented semi-autonomy, iii) human-oriented semi-autonomy, and iv) manual operation. A fully autonomous
swarm performs tasks without intervention from the human [15]. In machine-oriented semi-autonomy, the
swarm mostly performs autonomously and simply informs the human operator of important events, while in
human-oriented semi-autonomy, the swarm frequently relies on human instructions. In manual operation, the
human operator makes all the decisions and performs the actions of the swarm [15].

The human operator’s workload is influenced by the swarm’s level of autonomy. At lower levels of
autonomy, the operator is responsible for planning and executing low-level actions, which leads to a
substantial workload. As the level of autonomy increases, the operator’s role becomes more supervisory,
focusing on making mission-level decisions and monitoring overall system performance.

Fixing the level of autonomy can produce a rigid system that does not adapt to real-time changes
[16]. In real-world operations, a human operator will therefore not solely interact with the swarm at a single
system level, but will continuously alter the level of automation as the mission develops [46]. If the level of
autonomy is low, then the human can be overloaded, whereas if the level of autonomy is high, the human can
become underloaded. Neither of these situations is ideal and may lead to difficulties in sustaining situational
awareness. It can also lead to complacency and a drop in performance. This is consistent with findings that
suggest that both too much and too little human influence can result in performance degradation of the swarm
[6]. It is therefore important that the workload is held within acceptable ranges [4], [47].

This brings us flexible autonomy. According to Chen and Barnes [48], flexible autonomy can be
classified as adaptable, adaptive, and mixed-initiative. This is based on whether the decision to adapt is taken
by the human, the software, or both. In adaptable systems, the human invokes the appropriate level of
autonomy. Adaptable autonomy has been critiqued for increasing the workload associated with autonomy
decisions to the human operator [15]. In adaptive systems, the decision is taken by the software. The load on
the human operator is therefore waived. The main drawback with this solution is that authority is in the hands
of robots rather than the human. The final category of flexible autonomy is mixed-initiative systems, in
which both human and software share responsibility for making adaptation decisions. These systems combine
elements of adaptable and adaptive autonomy, allowing the human operator to intervene in or override
decisions made by the software. Designs of mixed initiative solutions are presented in [15], [16].

6. DISCUSSION

Many approaches to HSI have been formulated to date. However, HSI is far from being a solved
problem, and effective interfaces that can be used to interact with robot swarms are at their early stages. More
work on intuitive methods for controlling swarms of unspecified sizes, while at the same time accounting for
the human operator’s cognitive load, must therefore be developed. It is also noted that most of the techniques
found in literature focus on proximal interactions, while the default mode of operation of swarms is likely to
be beyond-line-of-sight interaction, as swarms of robots will often enter otherwise dangerous or inaccessible
environments. It is therefore suggested that more research into techniques for remote interaction with robotic
swarms is conducted. This includes research into methods that enable remote interaction with swarms of
swarms where an operator must manage very large numbers of platforms.

There is furthermore a lack of consistency in HSI interfaces, as all the reviewed work has developed
its own solutions. It would be beneficial if the community could develop a common open-source interface so
that multiple parties can work on it. This would lead to greater momentum, greater support, and adoption.

More work on HSI in degraded communications environments is also required, potentially aided by
delay-tolerant networking, which enables the swarm to act as a self-organizing ad-hoc network that ferries
data between the swarm and a human operator [8]. Preliminary work in this direction is presented in [49].
However, a delay-tolerant HSI interface is still lacking.

Additional research into swarm autonomy is also required to facilitate efficient supervisory control.
One prospective avenue in this regard is to conduct research into hyper-heuristic selection mechanisms so
that swarms can select algorithms or behaviors to execute autonomously. Another avenue of research is to
enable play-based control so that swarms execute combinations of behaviors autonomously. This will enable
human operators to work on a higher supervisory level but will require that the swarms have access to
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libraries of appropriate behaviors or control algorithms. Preliminary work on autonomous selection of swarm
algorithms has been presented in [50].

Most HSI solutions are furthermore tested in simulation or with a small number of robots. There is a
scarcity of solutions that are validated in the real world, particularly in large-scale swarm deployments. It is
recommended that more efforts be invested in addressing this issue.

Lastly, there is room for more work on trust in HSI, as robotic swarms can only be used by humans
if they can be trusted. Trust can be increased by making the decision-making process of the swarm more
transparent to the human user. One can also use confidence scores, which indicate the likelihood that the
swarm is correct, or one can use uncertainty communication, which highlights when the swarm is unsure of a
prediction. The latter approach helps users identify errors in the swarm’s reasoning and recognize when the
swarm is uncertain so that users can adjust their trust accordingly. Preliminary work that investigates trust in
HSI is presented in [51]-[54].

7. CONCLUSION

This paper reviewed recent activities in HSI research. The paper commenced with a short
description of swarming in general. It then discussed HSI and explained how a human operator can benefit
swarm missions. Novel methods for remote and proximal interaction with robotic swarms were then
reviewed. Four control methods that can be used to transmit an operator’s intent to a swarm were also
presented. Behavior and algorithm selection-based control, control via parameter setting, control via
environmental influence, and control via leaders were covered. Levels of autonomy and flexible autonomy in
HSI were furthermore described in detail. At the end of the paper, a discussion of the gaps in knowledge that
still must be filled to enable swarms of robots to operate in the real world was presented. It was found that
most of the techniques described in literature focus on proximal interactions, while the default mode of
operation of swarms is likely to be beyond-line-of-sight interaction, as swarms of robots will often enter
otherwise dangerous or inaccessible environments. It was therefore suggested that more research into
techniques for remote interaction with robotic swarms be conducted. This includes research into methods that
enable remote interaction with swarms of swarms where an operator must manage very large numbers of
platforms. More work on HSI in degraded communications environments is also required. In particular, for
defense applications, adversaries are likely to jam communications channels. Additional research into swarm
autonomy is furthermore needed to facilitate efficient supervisory control. There is also room for more work
on trust in HSI, as robotic swarms can only be used by humans if they can be trusted.
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