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Abstract. As groups of robots increasingly collaborate with humans,
understanding how humans perceive them is critical for designing ef-
fective human-robot teams. While prior research examined how humans
interpret and evaluate the abilities and intentions of individual agents, so-
cial perception of robot teams remains relatively underexplored. Drawing
on the competenceśwarmth framework, we conducted two studies ma-
nipulating swarm behaviors in completing a collective search task and
measured the social perception of swarm behaviors when human partici-
pants are either observers (Study 1) and operators (Study 2). Across both
studies, our results show that variations in swarm behaviors consistently
inŕuenced participants’ perceptions of warmth and competence. Notably,
longer broadcast durations increased perceived warmth; larger separa-
tion distances increased perceived competence. Interestingly, individual
robot speed had no effect on either of the perceptions. Furthermore, our
results show that these social perceptions predicted participants’ team
preferences more strongly than task performance. Participants preferred
robot teams that were both warm and competent, not those that com-
pleted tasks most quickly. These őndings demonstrate that human-robot
interaction dynamically shapes social perception, underscoring the im-
portance of integrating both technical and social considerations when
designing robot swarms for effective human-robot collaboration.

1 Introduction

Swarm robotics is a rapidly growing őeld in which multiple robots work to-
gether as a team [12,11]. Unlike individual agents that maximize their own per-
formance, robots in swarms prioritize collective goals, coordinating their actions
to achieve outcomes that exceed the capability of any single robot [16,5,24,59].
As robots increasingly collaborate with humans, recent studies have explored
human-swarm teaming, focusing primarily on improving objective performance
metrics [27,41,48,19,47,56]. Less attention has been given to how humans per-
ceive and interact with swarms, despite the importance of such perceptions in
shaping trust [43,48] and preferences for speciőc agents [35,9,34,17].
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Fig. 1. Two studies were conducted where participants rated the perceived warmth
and competence of swarms of robots. In the őrst (left), they only observe the swarm.
In the second (right), they also control a member of the swarm.

Humans naturally evaluate others along the dimensions of warmth and com-
petence [13]. Competence reŕects ability (e.g., intelligence, skill), while warmth
reŕects intent (e.g., friendliness, helpfulness). These dimensions also inŕuence
interactions with individual robots. For example, previous research suggest that
agents perceived as both competent and warm are more trusted, whereas highly
competent but low-warmth agents may be approached cautiously [34,17,46,54,30].
Prior work has largely focused on single-agent systems [35,54], but interactions
with swarms may differ [9,22]. Understanding whether warmth and competence
extend to human-swarm interaction is critical for effective swarm design.

In this paper, we make the following contributions4:

Social Perception Framework in Human-Swarm Interaction. We in-
vestigate warmth and competence as key dimensions of social perception in robot
swarm behaviors, and examine how they shape both human perceptions of and
interactions with robot swarms.

Inŕuence of Human Involvement on Social Perception of Swarms.

Across Studies 1 and 2 (see Fig. 1), we show that overall perceptions of robot
swarms remain consistent across conditions, but human involvement as team
members shifted their perception of the swarm behaviors. This highlights the
dynamic nature of social perception in human-swarm interactions.

Team Preferences Beyond Objective Metrics. While both task per-
formance and social perceptions inŕuence team preference, we show that social
perception has a stronger effect, highlighting the importance of designing robot
swarms that prioritize socially preferred behaviors alongside task performance.

Initial Guidance for Designing Socially Preferred Swarm Behav-

iors. By manipulating robot parameters including speed, separation, and broad-
cast duration, we generated distinct swarm behaviors that were consistently per-
ceived as highly warm and competent. These őndings provide a foundation for
the future design of socially preferred robot swarms.

Swarm User Interface. We built SwarmUI, a user interface supporting
human-swarm collaboration and controlled studies of social perception by ma-

4 A selection of preliminary őndings were reported in [39].
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nipulating swarm behaviors. SwarmUI will be released as an open-source tool to
facilitate future research on human-swarm interaction.

This paper is organized as follows. Section 2 reviews related work on human
social perception and human-swarm interaction. Section 3 introduces SwarmUI
and the swarm behavior designs. Sections 4 and 5 present Studies 1 and 2,
respectively. Finally, Sections 6 and 7 conclude with discussion and implications.

2 Related Work

2.1 Fundamental Dimensions of Social Perception: Warmth and

Competence

Research shows that warmth and competence are core dimensions of social per-
ception shaping interactions at both individual and group levels [13,7,8]. These
perceptions, sometimes expressed as stereotypes or biases [14,6,3,18] strongly in-
ŕuence engagement: people prefer interacting with those seen as both warm and
competent, while competent but cold individuals may face cautious engagement
or exclusion [13,15]. Notably, prior work shows that judgments of warmth and
competence can depend on an individual’s involvement in a groupÐfor exam-
ple, as an observer or as a team member. Individuals tend to perceive ingroup
members as warmer than outgroup members, even when objective behavior is
identical [6,14]. Research further indicates that judgments of competence and
warmth are based on distinct factors. Competence is typically linked to an indi-
vidual’s or group’s ability to perform tasks and tends to be relatively stable over
time; a generally competent person or team may still be perceived as capable
even after occasional failures. In contrast, warmth reŕects moral and prosocial
intentions, such as helping, cooperating, or prioritizing others’ needsÐwhich can
be evaluated more independently of task performance [13,14].

2.2 Social Perception in Human-Swarm Interaction

A key characteristic of swarm robotics is its inherent robustness as a group,
demonstrated in three ways: the swarms are typically relatively homogeneous,
improving their tolerance to failures in individual members; control is decen-
tralized, removing a single point of failure; and the swarm can self-organize to
adapt dynamically to changing situations [61]. With the rapid advancement of
swarm robotics, particularly in their ability to autonomously accomplish com-
plex tasks, new challenges arise in designing systems that effectively support
human-swarm collaboration. Recent research has primarily focused on enhanc-
ing the technical capabilities of swarm robots to enable collaborative tasks with
single or multiple human partners [21,41]. Some studies in human-swarm inter-
action have focused on social perception through trust [1], psychophysiological
effects [52], and users’ calibration of reliance on swarm performance and its im-
pact on task outcomes [60,33]. Other studies have focused on the expressive
qualities of swarm motion, showing that coordinated movement patterns can
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convey łaffective statesž such as happiness or sadness [10,58,53,23]. However, it
remains unclear how humans perceive the broader social characteristics of robot
swarms, when behaviors are systematically varied, and whether these percep-
tions differ between observers and active team members.

To address these questions, we developed SwarmUI, a swarm user interface
and paired this with physics-based simulations in which a swarm of robots col-
laboratively search for and approach locations of interest. Building on prior work
in swarm behavior design [25,41], we created distinct robot team behaviors and
investigated for the őrst time social perceptions across two studies (see Fig. 1):
one in which participants acted as observers (Study 1) and one in which partic-
ipants served as active team members (Study 2).

3 Methods

3.1 Swarm Behavior Design

We simulated a homogeneous swarm of 10 robots using the ARGoS simula-
tor [50]. We used this swarm size to ensure observable collective behavior while
keeping the swarm visually manageable for participants. Each robot is based on
the e-puck [42], a mobile robot that has been widely used in swarm robotics due
to its compact size, modular sensors, and reliable locomotion. The robot has a
diameter of 7 cm and moves using a differential-wheel drive. It is equipped with
eight proximity sensors positioned along its perimeter. We assume the robot can
sense its global position but cannot communicate globally. Instead, it is equipped
with a range-and-bearing board that enables local communication with neigh-
boring robots (up to a range of 36 cm between the robot centers).

An overview of the experimental setup is shown in Fig. 2. The robots reside in
a square arena of side length 150 cm, starting from uniformly random positions
and orientations. Three seconds into the trial, a target region representing a
location of interest appears at a random position. It is deőned as a circular area
of radius 25 cm. Each robot detects the position of the target region if its body
resides therein. However, the robot is unaware of the locations of other robots.
The objective for the swarm of robots is to all enter the target region as quickly
as possible. To do so, each robot needs to explore the environment, discover the
target either by itself or with the help from a team member, and move to it.

To enable all robots to efficiently arrive at the target location, we instructed
the robots to perform the following three behaviors. The robots indicated their
current behavior using distinct LED light patterns.

Explore. Each robot individually explores the arena using ballistic mo-

tion [25]. In this mode, a robot moves straight at a constant speed v and rotates
on the spot for a random duration when it encounters an obstacle, such as walls
(i.e., the arena boundary) or other robots. The direction of rotation is deter-
mined by which side the obstacle was detected; the robot will turn left if the
obstacle was detected on the right side and vice versa. The walls are detected
using proximity sensors with a range of 10 cm. Each robot maintains a desired
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Real robotsSimulated robots

Fig. 2. Overview of the experimental setup. Left: We investigate swarms of simulated
robots that explore a bounded environment to discover a hidden target region (not
shown). Right: Real-world equivalent of the setup.
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Fig. 3. Overview of the system architecture, including user interface SwarmUI as used
in Study 2. The participant interacts with the swarm simulation via the user interface.
They control one robot of the swarm.

separation distance d from other robots, measured using its range-and-bearing
sensor. We used ballistic motion because it covers bounded areas more effectively
than other random walk strategies while being simple to control [25].

Share target. Once a robot discovers the target region, it starts sharing the
target’s location via local communication with neighboring robots for a prede-
őned duration of T seconds. During this duration, the robot continues to move
exactly as it would in the Explore mode. Any robot that is informed for the
őrst time of the location of the target will also start sharing the location for T

seconds. This approach helps to spread the information across the swarm.

Move to target. After sharing the target’s position for T seconds, the robot
moves toward the target location. To do so, it realizes a ŕocking motion based
on virtual potential forces, similarly to [40], where robots are attracted to a
common target center while being repelled by each other. This allows the swarm
of robots to cluster inside the target region regardless of the separation distance
d, while avoiding collisions.

To elicit a range of group behaviors in the robot swarm, we systematically var-
ied three core parameters of the aforementioned exploration strategy: speed v ∈
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{5.0, 7.5, 10.0, 12.5, 15.0} cm/s, separation distance: d ∈ {4, 12, 20, 28, 36} cm, and
local broadcast duration: T ∈ {0, 4, 8, 12, 16} s. The parameters were selected
based on the physical capabilities of the e-puck robots and their expected im-
pact on swarm behavior. The speed range reŕects the feasible locomotion per-
formance of the e-puck in real-world settings, ensuring that simulated behavior
can be transferred to physical robots. Separation distance captures variations in
the robots’ ability to maintain spacing with each other, which directly inŕuences
group-level coordination. Local broadcast duration deőnes the temporal window
during which a focal robot locally shares information with its peers, and varying
it allows us to modulate how the information is spread across the swarm. Com-
bining the őve levels of each parameter yielded 125 robot team conőgurations.
Task performance was measured as the time required for all robots in each team
to reach the target region, with shorter times indicating better performance.
Parameter checks conőrmed that the selected parameters and their ranges pro-
duced a wide distribution of completion times (13ś103 s, mean around 60 s) and
that each parameter signiőcantly affected task performance.

3.2 Swarm User Interface, SwarmUI

To allow users to interact with the swarm as team members (Study 2), we devel-
oped SwarmUI, a custom user interface for human-swarm interaction (see Fig. 3).
Each participant controlled one robot via a web-based ARGoS plugin [49], while
the remaining robots operated autonomously as described in Section 3.1. The
source code is available from [38].

As shown in the screenshot of SwarmUI (See Fig. 3), the user-controlled robot
was labeled łYouž and surrounded by a red circle indicating its communication
range. By default, the user-controlled robot remained in Explore mode, moving
straight forward. Participants could steer the robot by holding the left or right
keyboard keys, rotating it in place. This allowed users to control the robot’s
heading while maintaining the same speed as the remaining robots of the swarm.
Participants can also switch between the three behaviors described in Section 3.1
using buttons at the top-right corner of SwarmUI. Pressing the button łShare

Targetž enabled the robot to broadcast the target location once it had discovered
it, either directly, or through local communication by a peer. Pressing łMove to

Targetž directed the robot to navigate autonomously to and remain inside the
target area for the remainder of the trial. Participants were instructed to press
łMove to Targetž only after they were satisőed that the target location had been
shared with other robots and wanted their robot to move directly to the target.

3.3 Experimental Design

To examine the impact of human involvement on perceptions of robot swarms,
we conducted two studies where participants acted as observers or active team
members (see Fig. 1). Although a within-subjects design could allow direct com-
parisons within individuals, we ran separate studies to (1) recruit a larger, more
diverse sample in Study 1 to identify features perceived as warm or competent,
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and (2) avoid carryover effects between roles [20,26], ensuring clear separation
and complementary insights across the studies.

4 Study 1: Perception of Robot Swarm Behaviors as an

Observer

In Study 1, we aimed to examine whether the participants perceive different
levels of warmth and competence when observing different robot swarm behav-
iors, and whether these social perceptions inŕuence their preferences for selecting
robots as potential teammates. Preliminary őndings were reported in [39].

4.1 Participants

We recruited 90 online participants (hereafter referred to as observers) via Pro-
liőc (45 female, 45 male; Mage = 29.6 yrs, SDage = 4.5 yrs). The sample size was
chosen to ensure that each robot team was rated by at least 10 observers, pro-
viding sufficient data for stable estimation of stimulus-level effects in subsequent
analysis. All observers reported normal or corrected-to-normal vision. Written
informed consent was obtained from each observer prior to the study, and ob-
servers were compensated at a rate of £12/hour. The experimental protocol was
approved by University of Sheffield Ethics Committee (Reference ID: 068772).

4.2 Procedure

Each observer őrst watched a short demonstration to familiarize themselves with
the experimental setting and robot behaviors described in Section 3.1 (see Sup-
plementary Video for an example clip). They were informed that the goal was
for all robots to have reached the target region as quickly as possible. Observers
then watched robot teams performing the task and rated each team on perceived
warmth, competence, and team preference. We assessed perceptions of warmth
(łHow friendly, approachable, or cooperative is the group of robots?ž) and com-
petence (łHow capable, effective, and intelligent is the group of robots?ž) using
7-point Likert scales. The scale descriptions were adapted from [35], which eval-
uated the same dimensions in humanśagent interaction. Each observer rated 15
randomly selected teams, with trials presented in random order. To reduce or-
der effects, the rating sequence (i.e., warmth, competence, team preference) was
counterbalanced across participants. After rating all teams, observers completed
a brief post-task questionnaire and provided free-text responses describing robot
behaviors they perceived as warm or competent.

4.3 Results

We őrst examined how swarm parameters (speed, separation, and broadcast)
inŕuenced perceptions of warmth and competence using a linear mixed-effects
model (LME) (see Table 1). Warmth was signiőcantly predicted by broadcast
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Table 1. LME models of robot swarm parameters on warmth & competence.
SE = standard error; t = t-statistic. Adapted from [39].

predictor estimate SE t p-value

model for
warmth ratings

speed -0.002 0.020 -0.111 0.912
separation 0.011 0.006 1.814 0.070
broadcast 0.043 0.012 3.565 0.0004

model for
competence ratings

speed 0.014 0.022 0.619 0.536
separation 0.018 0.007 2.564 0.010
broadcast -0.013 0.014 -0.903 0.367

Signiőcant predictors (p < .05) are highlighted in bold.

Table 2. LME model predicting team preference from social perceptions
and task performance (standardized). SE = standard error; t = t-statistic.
Adapted from [39].

predictor estimate SE t p-value

warmth 0.739 0.030 24.73 < 0.001
competence 0.924 0.031 29.70 < 0.001
task performance 0.121 0.024 5.02 < 0.001

Signiőcant predictors (p < .05) are highlighted in bold.

duration (p < 0.001), with longer information sharing perceived as warmer.
Competence was signiőcantly inŕuenced by separation distance (p = 0.01), with
more dispersed robots perceived as more competent. No parameter interactions
were signiőcant (all p > 0.10), and robot speed had no signiőcant effect on either
dimension.

Previous research has shown that warmth and competence is a better predic-
tor for participants’ team preferences in human-agent collaboration than objec-
tive performance [35,17], suggesting that humans may prioritize perceived social
traits over task outcomes in their team preferences. To test this, we modeled how
team preference is predicted by warmth, competence, and task performance, us-
ing a similar LME analysis as above. Task performance was measured as the
time to complete the task and thus reversed for interpretability (i.e., higher val-
ues = better performance). All predictors were standardized (z-scored) to allow
comparison of effect sizes. As shown in Table 2, social perception ratings and
objective task performance positively predicted team preference (p < 0.001 for
all). Warmth (β = 0.74) and competence (β = 0.92) emerged as strong predic-
tors, whereas task performance showed a signiőcant but smaller effect (β = 0.12).
This indicates that observers’ preferences were driven more strongly by the social
perceptions of the robot teams than by their objective performance.

Based on Study 1, we őrst divided all robot teams into four quadrants
(1) high warmthśhigh competence, (2) low warmthśhigh competence, (3) high
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warmthślow competence, and (4) low warmthślow competence, using the me-
dian ratings of warmth and competence across all participants. Within each
quadrant, we then ranked teams by the sum of their averaged warmth and com-
petence scores and selected the top ten teams to ensure that Study 2 included
robot teams with distinct behaviors.

5 Study 2: Perception of Robot Swarm Behaviors as an

Operator

5.1 Participants

We recruited 16 participants (8 female, 8 male; Mage = 26.8 yrs, SDage =
9.9 yrs). A priori power analysis for a repeated-measures ANOVA (α = 0.05,
power = 0.8) indicated that this sample size would be sufficient to detect medium-
sized effects (i.e., f = 0.25). The inclusion criteria and ethical approval were
identical to those described in Study 1.

5.2 Procedure

Each participant came to the lab and completed the task in person. The task
instructions and the description of the social perception measures were kept
consistent across all participants, following the same procedure as in Study 1.
In each round, participants directly controlled one robot while the remaining
robots were operated by the system using the same parameters as in Study 1.
Participants used SwarmUI introduced in Section 3.2. They were instructed that
the goal was for all robots to reach the target region as quickly as possible, with
each round limited to 60 seconds. Following the procedure of a previous study
on social perception in humanśagent interactions [35], participants received a
performance-based bonus of £0.50 for each successful round. In each round,
participants rated the team on perceived warmth, competence, and joint effort.
Here, we measured joint effort instead of team preference, because participants
interacted with a new team in every round (i.e., irrelevant to their preference).
The measurement of joint effort captured their sense of belonging to the team.
Each participant completed 20 rounds, comprising őve robot teams randomly
sampled from each of the four groups identiőed in Study 1.

5.3 Results

Following the experiments for Study 2, we őrst examined whether participants’
social perceptions of the teams were preserved overall. We included all trials
in the analysis, except for one trial from a participant who did not successfully
complete the task. Table 3 shows participants’ ratings of warmth and competence
for each group, averaged across robot teams and participants (1 = very low,
7 = very high). A one-way ANOVA revealed signiőcant differences in Study
2 ratings of both warmth and competence across the four groups (Warmth:
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Table 3. Averaged ratings of warmth and competence in humanÐrobot teamwork.

Group Warmth (M±SD) Competence (M±SD)

HighWarmth_HighCompetence 5.01 (1.50) 5.91 (1.08)
LowWarmth_HighCompetence 3.90 (1.82) 5.09 (1.57)
HighWarmth_LowCompetence 5.18 (1.37) 4.30 (1.52)
LowWarmth_LowCompetence 4.38 (1.66) 4.59 (1.43)

ANOVA F (df) 10.93 (3,316) 19.99 (3,316)
p-value < .001 < .001

Fig. 4. Boxplots show the changes in warmth (red) and competence (blue) ratings
between Study 1 and Study 2, with each dot representing an individual robot swarm
team. Signiőcance levels: *p < 0.05, **p < 0.01, ***p < 0.001.

F (3, 316) = 10.93, p < 0.001; Competence: F (3, 316) = 19.99, p < 0.001).
Post-hoc Tukey HSD tests further conőrmed signiőcant differences in ratings for
intended high vs. low warmth and competence teams, supporting the robustness
of our results. These results suggest the robot swarm behaviors were robust
across conditions, whether participants acted as observers or team members.

Although overall perceptions of the swarms were similar to Study 1, partici-
pants’ perceptions shifted when they actively joined the teams. To assess this, we
compared Study 2 ratings with Study 1 ratings for each group using two-sample
t-tests. Fig. 4 shows each group (labeled at the top of each subplot), with changes
in warmth (red) and competence (blue) ratings. While general perceptions were
largely preserved, interacting with the robots as team members shifted social
perception. For instance, high-warmth, high-competence teams (leftmost sub-
plot) were rated lower on both dimensions (p < 0.001), whereas low-warmth,
low-competence teams (rightmost subplot) were rated higher (p < 0.001).

6 Discussion

Across two studies, we investigated how participants perceive warmth and com-
petence in robot swarms under observation and direct control. Although direct
control slightly modulated social perceptions of swarm behavior, the overall pat-
tern of high versus low warmth and competence remained consistent across con-
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ditions. These őndings demonstrate the robustness of our parameterized swarm
behaviors across humanśrobot interaction contexts.

Social Perceptions of Robot Swarm Behaviors. Our results show that robot
swarm behaviors elicit robust social perceptions, extending prior work on single
agents [54,35,34,17,31]. While swarm-robotics research often prioritizes move-
ment speed [10,57,22], our őndings highlight two other parameters that signiő-
cantly shape social perception. Within the parameter range tested in our study,
larger separation distances were perceived as more competent, likely because the
more distributed formations suggested improved exploration capability [2,29].
Longer broadcasting durations increased perceived warmth, as sustained broad-
casting was often interpreted as robots łhelpingž each other [36,4] and signaled
joint engagement [28,32,44]. These results offer practical guidance for designing
more socially aware humanśswarm interactions. Qualitative analysis of the post-
task questionnaire responses revealed that participants consistently associated
perceived warmth with prosocial, collective behaviors. In particular, warmth
judgments were linked to robots’ behaviors to share information and prioritize
group success over individual efficiency. For example, participants highlighted
behaviors associated with warmth: łRobots went to share the target with othersž,
łI considered whether the robots which found the targets őrst would help other

robotsž, and łnot going to the target straight away and moving around to sharež.
Social Perception Over Objective Performance in Team Preference. Our re-

sults show that social perceptions more strongly inŕuenced team preferences
than task performance. These results extend single-agent research to swarms,
highlighting that optimizing task performance alone is insufficient for effective
human-robot collaboration [35,17,54,51]. Designers should consider behaviors
that convey warmth and collaboration, informed by more őne-grained, multi-
dimensional assessments of social perception [4,45]. Future work can draw on
human social behavior, natural systems, and variations in swarm size [52] to
design swarms that are both effective and socially engaging [37,55].

7 Conclusion

In summary, our őndings demonstrate that robot swarm behaviors elicit social
perceptions of warmth and competence, which exert a stronger inŕuence on
human team preferences than task performance. Although active engagement in
humanśrobot teams modulates these perceptions, robot parameters, including
broadcasting duration and inter-robot distance, reliably shaped participants’
perceptions during observation and collaboration. These őndings underscore the
importance of integrating technical and social considerations when designing
robot swarms to ensure they are not only effective but also socially preferred.
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