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Abstract
Self-propelled motion cues elicit the perception of inanimate objects as animate. Studies usually
rely on the looking behaviour of subjects towards stimuli displayed on a screen, but utilizing
artificial unidentified moving objects (UMOs) provides a more natural, interactive context. Here,
we investigated whether cats and dogs discriminate between UMOs showing animate vs inanimate
motion, and how they react to the UMOs’ interactive behaviour. Subjects first observed, in turn,
the motion of an animate and an inanimate UMO, and then they could move freely for 2 min while
both UMOs were present (two-way choice phase). In the following specific motion phase, the
animate UMO showed one of three interactive behaviours: pushing a ball, a luring motion, or
moving towards the subject (between-subject design). Then, subjects could move freely for
2 min again while the UMO was motionless. At the end, subjects were free to move in the room
while the UMO was moving semi-randomly in the room. We found that dogs approached and
touched the UMO(s) sooner and more frequently than cats, regardless of the context. In the
two-way choice phase, dogs looked at the animate UMO more often, and both species touched the
animate UMO more frequently. However, whether the UMO showed playing, luring or assertive
behaviour did not influence subjects’ behaviour. In summary, both species displayed distinctive
behaviour towards the animate UMO, but in dogs, in addition to the physical contact this was also
reflected by the looking behaviour. Overall, dogs were more keen to explore and interact with the
UMO than cats, which might be due to the general increased stress of cats in novel environments.
The findings indicate the importance of measuring multiple behaviours when assessing responses
to animacy. The live demonstration using artificial agents provides a unique opportunity to study
social perception in nonhuman species.

1. Introduction

Rapid recognition of animate entities is important for
animals. Researchers identified several motion cues
that, even if displayed by an inanimate object, can
elicit the perception of the object as animate. Such
motion cues elicit an orienting response in observers
typically considered as an indication of perceiving the
object as animate, or observers describe the object
showing such motion as ‘animate’ (note that static
cues, such as face-like stimuli, can also trigger ani-
macy perception, but here we are only concerned
with dynamic ones). These cues include motion
characteristics such as sudden changes in speed and

direction (e.g. [1–3]), moving against gravity [4],
maintaining consistent antero-posterior orientation
during motion [5–8] and, when multiple objects are
presented, temporal and spatial contingency in their
motion (e.g. [9]). Animacy perception has been found
in several species and self-propelledness seems to be
an important indicator of animacy (e.g. [10–13]).
However, methods regularly used to study the phe-
nomenon may be challenging to apply to many non-
human species or provide limited information.

Most studies rely on displaying specific stimuli on
a screen (e.g. [1, 3, 14–16]). Applying videos instead
of a live demonstration has the advantage of being
highly controlled, invariable (e.g. [17]) and in the case
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of animacy perception, it allows researchers to test
how the specific cue in itself, without any disturbing
factors, influences perception. However, it may not
be the best approach in nonhuman species in general
because projected images and videos are far from their
natural set of visual inputs (for reviews about the use
of video playbacks in studying animal behaviour, see
[18, 19]).

The aspect that is measured most often in such
studies is the visual preference of subjects between two
stimuli (e.g. [10, 16, 20]). This provides important
information about the spontaneous discrimination
between animate and inanimate (motion) cues, and
in some cases, only this behaviour can be assessed
(e.g. in new-born human infants; [2, 10]). However,
this approach has limitations. For example, recently,
a series of studies has been carried out to investigate
the perception of chasing motion in dogs (Canis
familiaris), adult humans (Homo sapiens) and cats
(Felis silvestris catus), relying on their visual prefer-
ence, using video displays. In these displays geometric
shapes were chasing each other on one side of the
screen, while two others moved independently from
each other on the other side [16, 21–23]. Results
showed that both dogs and humans eventually turned
their gaze towards the independent motion, likely due
to the rapid perception of the chasing pattern [16, 22].
However, cats behaved differently, they first focussed
their visual attention on the independent motion, and
later increased their look towards the chasing pattern
[23]. Authors also found that the frequency of gaze
alternation between the patterns are similar in cats
and dogs [23], but humans shift their gaze more often
than dogs [22] (see also [24]). Differences between the
three species are likely due to the differences in their
ecological background and/or can be explained by
specific perceptual mechanisms, but relying solely on
their looking preferences does not provide sufficient
information.

Further, the comparative studies showed that dogs
looked at the screen less than humans [16], and both
dogs and cats looked at the screen less over time
[22, 23]. In recent studies, also a large percentage of
dogs had to be excluded because they looked at the
screen for less than 1 or 2 s in at least one of the
trials ([23] and [21], respectively), and in the case
of cats, it was difficult to keep them in one place
[23]. General lack of visual interest towards the screen
thus makes it difficult to measure spontaneous visual
behaviour in nonhuman species in this setup. Also,
it is difficult to investigate the underlying mental
processes by relying solely on visual preferences (see
also [25]), and it may lead to false conclusions. In
the case of stimuli displayed on a screen, the use of
an eye-tracker and measuring pupil dilation provide
important insight about the phenomenon [26–28].
However, this method cannot be used with all species,
and obtaining accurate data in nonhuman species
often requires pretraining [29]. It is also unclear

how the perception of animacy influences subjects’
behaviour in real situations.

Studying the implicit interactive behaviour of
subjects can be important in revealing how percep-
tion influences subsequent actions. In adult humans
(and maybe in nonhuman primates), it is possible
to use interactive projected stimuli, thus the dis-
plays have the same advantage as a video demon-
stration, but different behaviours can be measured
(see e.g. the Don’t-Get-Caught! task in [30, 31]).
In the case of nonhuman species, functionally sim-
ilar methods should be explored, that is, paradigms
relying on the active, ecologically relevant behaviour
of the studied species, while keeping the stimuli as
controlled as possible. There are some examples of
similar studies from recent years. For example, in
newly hatched chicks, researchers used the video
display of stimuli, but instead of relying on looking
behaviour alone, they tested whether subjects pref-
erentially imprint on self-propelled objects [11] or
they investigated the subjects’ approach towards a
stimulus containing motion characteristics described
as animate vs inanimate motion [3]. In wild jackdaws
(Corvus monedula), Greggor et al [32] studied the
categorization of objects/entities as animate by test-
ing their startle response, subsequent behaviour and
whether they produce alarm calls upon the demon-
stration of a (stationary) model. However, these
approaches either cannot be used with all species or
do not allow the presentation of different motion cues
(respectively).

Using robots in animal behaviour studies has
become an interesting new direction (e.g. [33–36])
that can be also advantageous in the investigation
of animacy perception. Applying moving artificial
agents with unfamiliar embodiment, an unidentified
moving object (UMO) [37, 38] allows researchers
to present the specific motion as a live demonstra-
tion without the influence of the familiar physical
appearance. It also provides high flexibility regard-
ing the demonstration of the motion (e.g. context),
while having high control and repeatability (see also
[39]). Thus, several aspects of the procedure can be
tailored to the studied species to maintain ecologi-
cal relevance, while keeping functional similarity as
close as possible between investigations. Further, this
method facilitates the assessment of a wider range
of behaviours which might be crucial in nonhuman
species.

In the case of dogs, chasing perception was already
studied using UMOs as moving objects [37]. The
chasing and independent motion patterns were pre-
sented to subjects in turn, and dogs looked at the
stimuli on average 75% of the time. Later, when one
UMO from the chasing demonstration and one from
the independent motion were presented, each with
a ball in front of them, dogs approached the UMO
from the chasing motion sooner than the other UMO,
and also touched and grabbed the ball carried by this
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UMO earlier. Thus, UMOs might provide a unique
novel approach to studying animacy perception and
its effect on subjects’ behaviour in real situations,
while having high control and invariability in the
displayed stimuli in a more natural context.

In the present study, we wanted to explore the
applicability of this approach in a different experi-
mental setup using other motion cues, and to test
the method with another nonhuman species. In
the above-mentioned study, a chasing pattern was
applied, which is a complex motion and thus may
attract visual attention even without the perception
of the specific pattern. Further, it is difficult to assess
which motion cues in themselves (without the avail-
ability of the others) can elicit the perception in the
case of chasing, and inherently there is contingency
in the motion of the two objects that is missing
when a single object/entity is presented (see also [3]).
Thus, here we relied on simple motion cues that
were (1) used in previous studies to test animacy
perception (e.g. [3, 40]), and (2) simple depictions of
the initiation of a specific interaction.

Both companion cats and dogs have daily interac-
tion with a heterospecific agent but dogs are descen-
dents of a group-living species (e.g. [41]) whereas
the ancestors of cats are solitary-living (e.g. [42, 43]).
Further, during development the two species have
different experiences. For example, dogs are used to
going to novel places and encounter many strangers
[44], whereas cats have less experience of interacting
with unfamiliar social partners and being exposed
to novel environments (especially when kept indoors
[45]). Thus, whether their behaviour suggests the per-
ception of an artificial agent as animate and how they
react to simple initiations of specific interactions, can
provide information about how their ecological back-
ground and developmental experiences may influence
perception and subsequent action. However, here we
do not aim to disentangle the influence of the different
underlying factors.

Previous findings support the idea that dogs
engage in various social interactions with artificial
agents (e.g. [46–48]), and are thus likely to recognize
the UMO as a (potential) social partner (see also
[37]). We have no information about cats in similar
situations, but they are extremely efficient preda-
tors, and their play behaviour, including interactive
object play with the owner, is likely linked to hunting
behaviour skills [49, 50]. For example, a study showed
that adult cats play longer and more intensely if the toy
resemble a prey [49, 51]. Thus, it is possible that upon
perceiving the UMO as animate, cats would display
hunting behaviour (potential prey).

Here we investigated (1) whether companion cats
and dogs discriminate between two UMOs, which
display animate vs inanimate motion patterns; and
(2) whether they show different behaviour towards
a UMO depending on the specific action it carries
out. Our aim was twofold: we aimed to compare

the behaviour of cats and dogs towards UMOs, and
to establish a novel methodological framework to
study animacy perception. We hypothesised that both
cats and dogs prefer the animate UMO because they
recognize it as a potential social partner or as a
potential prey. We also expected that both species
would avoid a UMO that shows assertive motion,
whereas luring motion and initiation of play by the
UMO would elicit interest towards the agent in both
cats and dogs. We also hypothesised that dogs would
engage more readily and more often with the UMO
than cats, because they are interested in interacting
with a novel social partner, whereas in the case of a
luring motion cats would approach the UMO faster
due to its perception of it as prey.

2. Methods

2.1. Subjects
2.1.1. Cats
All tested cats were habituated to the test room on
an earlier, separate occasion; the criteria for being
ready for testing was that the cat should accept food
from an unfamiliar female experimenter or play with
her (see Uccheddu et al under review). We tested
27 cats, out of which four had to be excluded: one
cat was distressed in the room and the test was
terminated early, one cat was excluded because the
robot lost the connection to the smartphone during
the demonstration phase (movement was not fully
demonstrated), one cat was excluded because the
owner did not follow the instructions, and one cat
because accidentally several animate cues were visible
in the case of the inanimate UMO. Thus 23 cats
were included in the statistical analyses (nine females;
mean ± SD age: 4.2 ± 3.4 years) (see supplementary
material 2).

2.1.2. Dogs
We tested 29 relatively small dogs, the adult height
of which was less than 40 cm high at the withers, to
be comparable to cats. We excluded three dogs due to
technical issues, three dogs because they looked at (at
least) one of the demonstrations for less than 20% of
the time, and one dog due to a procedural problem.
Thus 22 dogs were included in the statistical analyses
(16 females; mean ± SD age: 4.1 ± 2.6 years) (see
supplementary material 2).

2.2. Artificial agent and experimental equipment
We used two Sphero Ollie robots (Sphero, Inc.; W× L:
11.5 cm × 9 cm) as UMOs that were connected to the
Sphero Edu app on two Android 8.0.0. smartphones
via bluetooth. In the demonstration and specific
motion phases (see below) the motion of the robots
were preprogrammed using the ‘Text Canvas’ option
in the app, using JavaScript. In the freestyle phase
(see below) the UMO was controlled by Experimenter
1 (E1). There were slight differences in the motion
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Figure 1. Scheme of the procedure.

of the two Ollie robots (e.g. with the same distance
set for both UMOs, one of them moved a shorter
distance than the other), thus we used one Ollie as
animate, and the other Ollie as inanimate for all
subjects. In all tests, one of the Ollies had the original
white cover while the other the Ollie had the white
parts covered with black self-adhesive wallpaper. We
counterbalanced between subjects whether the black
or white Ollie was the animate UMO.

Subjects were tested at the Department of Ethol-
ogy, Eötvös Loránd University, Budapest, Hungary,
in a 6.27 m × 5.4 m testing room, and tests were
recorded with multiple cameras (see figure 2 and sup-
plementary material 1). For the experimental equip-
ment, see figure 2 and supplementary material 1.

2.3. Procedure
The experiment consisted of four phases follow-
ing each other without breaks, in a fixed order
(see figure 1): (1) demonstration phase: demonstrat-
ing the animate and inanimate motion to subjects;
(2) two-way choice phase: both UMOs were placed on
the ground, subjects could move freely in the room.
After this, only the previously animate UMO was in

the room. (3) Specific motion phase: in a between-
subject design, the UMO showed one of three actions;
it pushed a ball to the subject or displayed luring
motion or moved directly towards and stopped near
the subject, after which subjects could move freely
in the room. And (4) freestyle phase: both the sub-
ject and the UMO moved around the room (the
UMO was controlled by the experimenter and moved
semi-randomly).

2.3.1. Demonstration phase
For the arrangement of the room, see figure 2 and
supplementary material 1. The subject entered the
room with the owner and E(s). Dogs were led on
a leash, and cats were carried in their carrier box
(the closed carrier was placed on the right side of
the platform next to the wall). After entering, owners
released the subject and it was able to explore the
room for at least 3 min or until they sat or laid
down after moving around the room. Following the
exploration, cats were put inside a wire-meshed box
placed on the platform (not their own carrier), and
dogs were held by their owner in the front-middle of
the platform (either in the owner’s lap or the owner
sat next to the dog). We allowed for this difference
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Figure 2. Experimental setup and the arrangement of the demonstration phase. For the arrangement of the other phases, see
supplementary material 1.

in watching the room because in our previous study
[23], most owners had difficulties holding their cats
in one place for 1–2 min, but most owners reported
that their cat is used to (and prefers) being inside a
box.

E1 put the UMO to its starting position and its
smartphone on a narrow shelf behind the occluder,
while the subjects’ view of the room was blocked
by a cover (figure 2). E1 stood on the right side
of the platform. We used a beeping sound to call
subjects’ attention, and then E1 started the UMO’s
program. The animate/inanimate UMO started to
move immediately.

Both UMOs displayed the same motion, but the
inanimate UMO started and stopped closer to the
walls. The UMOs started to move from rest, increased
their speed (animate: after 140 cm, inanimate: after
170 cm), then decreased it again (after 240 cm) and
stopped on the other side (animate: after 105 cm,
inanimate: after 170 cm). Three seconds after the
UMO stopped, it turned back and carried out the
same motion, stopping at the original position. The
exact measurements might slightly vary between sub-
jects. In the case of the inanimate UMO, we placed the
route covers in a way to cover the starting, stopping,
and the moments of accelerations and decelerations.
Thus, subjects could see the UMO moving with
lower and higher speed, but without the motion
cues that were reported to elicit animacy perception.
In the case of the animate UMO, the route cov-
ers also covered parts of the motion path, but all
self-propelled motion cues were visible (see supple-
mentary material 1).

After the UMO stopped at its original position, E1
placed the cover in front of the subject, and changed
the UMOs and smartphones. E1 also changed the
positions of the route covers. E1 took the cover away
and we repeated the same procedure as described

above. We counterbalanced between subjects whether
the animate or inanimate motion was demonstrated
first.

2.3.2. Two-way choice phase
After the second demonstration, E1 placed the cover
in front of the subject. She placed the route covers next
to the walls, and the beeper on the tripod in the mid-
dle (equal distances from the UMOs). E1 also placed
the cartonplast bases 220 cm away from the dog and
140 cm away from each other, and put the UMOs to
the middle of the bases (one UMO to each base) (see
supplementary material 1); we counterbalanced the
sides of the UMOs between subjects. E1 removed the
cover, and E1/E2 called the subjects’ attention using
the beeping sound. For 15 s, the subjects stayed at
their original places (to be able to measure looking
behaviour towards the UMOs). After 15 s, the owner
released the dog/E1 opened the cats’ cage. Subjects
could move freely in the room for 2 min. After
the 2 min elapsed, the owner called the subjects
back or went to the subject and took it back to the
platform.

2.3.3. Specific motion phase
Dogs were held on the platform as during the demon-
stration phase. In the case of cats, we asked the owner
whether it is better to put the cat back inside the cage
or if they hold the cat for 2–3 min. E1 placed the cover
in front of the subject again. In this phase, the UMO
either pushed a ball towards the subject (playing,
N = 8 cats, N = 8 dogs), displayed a luring motion
(luring, N = 8 cats, N = 7 dogs) or moved directly
towards the subject and stopped near it (assertive,
N = 7 cats, N = 6 dogs).

E1 put the cartonplast bases back under the large
tripod, and the inanimate UMO into its box (thus
only the animate UMO was present from here). E1 put
the animate UMO to its starting position: (a) 350 cm
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away from the subject in case of the playing and
assertive actions (the beeper stayed on the tripod),
or (b) 440 cm away from the subject next to the
wall on the right hand side, in case of the luring
action (the beeper was placed on a narrow shelf next
to the UMO’s starting position) (see supplementary
material 1). In the case of playing, E1 also put a ball in
front of the UMO. E set the 0◦ direction of the UMO
in the app. E1 placed the smartphone in the usual
place behind the occluder, and took away the cover.
E1/E2 called the subjects’ attention with the beeping
noise and E1 initiated the preprogrammed motion of
the UMO. In the case of playing action, the UMO
moved forward about 125 cm while pushing the ball.
In the case of the luring action, the UMO moved on a
semi-circular route, going near the subject and then
moving away again, while continuously increasing
its speed until stopping. In the case of the assertive
action, the UMO moved 110 cm forward, stopped
for a moment, and then moved another 160 cm
forward. For a demonstration of the motions, see
supplementary material 1. Owners were instructed
to release the subject (a) when the UMO pushed
the ball (playing), (b) when the UMO moved pass
the middle line (the closest point to the dog; lur-
ing), or (c) when the UMO started to move again
after the brief stop (assertive). Subjects could move
freely in the room for 2 min, while the UMO was
motionless.

2.3.4. Freestyle phase

After the 2 min elapsed, the UMO started to move,
controlled by E1. The UMO started to move slowly
to not startle the subject. The UMO’s motion was
semi-random, that is, it did not move in a prede-
termined route with predetermined speed, but its
motion included speed changes, turns, stops and
starts of motion, and approached the subject within
0.5 m at least once (except for three cats and one dog
that avoided the UMO during the entire test, thus
E1 kept a distance with the UMO from them). The
UMO’s motion depended on the subjects’ reaction.
In the case where the subject avoided the UMO
(keeping constant distance and moving away when
the UMO went closer), the UMO kept a distance
from the subject and moved more slowly. In the
case that the subject engaged in playful behaviour
with the UMO, the UMO moved faster and went
closer to the subject. The length of the phase varied
between subjects based on subjects’ reactions to the
UMO (mean (s) ± SD; cats, 178.15 ± 61.66; dogs,
136.25 ± 40.66).

2.4. Data analyses
All tests were recorded and subjects’ behaviour was
analysed with Solomon Coder 19.08.02 (developed by
András Péter: http://solomoncoder.com). Data were
analysed by R software version 4.1.2 [52] in RStudio
version 1.4.1717 [53]. Inter-coder reliabilities were

carried out on a random subsample (20% of dogs and
20% of cats). Inter-coder reliabilities were acceptable
for all variables; see supplementary material 1.

In all analyses described below (except for lin-
ear models (LM)), we carried out backward model
selections using the drop1 function; selection was
based on the likelihood ratio test (LRT). In the case
of LM, we carried out backward model selection
by comparing the models using the lrtest function
(‘lmtest’ package [54]). The LRT of nonsignificant
variables are reported before their exclusion from the
models. For significant explanatory variables in the
final models, we carried out pairwise comparisons
(‘emmeans’ package [55]) and we report contrast
estimates (β ± SD). In the case of mixed models, we
included the ID of subjects as random variables to
control for within subject measurement.

2.4.1. Demonstration phase
The duration that a subject looked at the UMO was
measured from the moment the animate/inanimate
UMO started to move, until it stopped at the original
location. Considering that the demonstration time
slightly varied, we analysed the proportion of looking
duration (looking duration divided by the length of
the given demonstration). Looking proportion was
analysed using the linear mixed model (LMM; ‘lme4’
package [56]). Residuals of the model were normally
distributed (Kolmogorov–Smirnov test: D = 0.071,
p = 0.732). We estimated the fixed effects of species
(dog vs cat), trial (trial 1 vs 2), demonstration (ani-
mate vs inanimate), whether there was an error in
the demonstration (e.g. single visible speed change
in the inanimate motion), and whether animate or
inanimate motion was presented first.

2.4.2. Two-way choice phase
Before the subject was released, we measured the
subjects’ looking duration towards the animate and
inanimate UMOs starting from the beeping sound
for 15 s. Looking duration was analysed using
LMM. Residuals of the model were normally dis-
tributed after Tukey’s ladder of powers transfor-
mation (‘rcompanion’ package [57]; lambda 0.4)
(Kolmogorov–Smirnov test: D = 0.104, p = 0.287).
We tested whether dogs or cats were looking longer at
the animate or inanimate UMO (species × animacy),
the UMO on the left or right side (species × side)
or the black or white UMO (species × colour). We
also tested whether the looking duration towards
the animate or inanimate UMO was influenced by
which demonstration subjects’ observed first (UMO
× FirstDemo) or whether there was an error in the
demonstration (UMO × DemoError).

After the subject was released, we measured the
latency of first choice (when subjects moved inside
the area of the cartonplast base) and first touch of
the UMO (first choice and first touch were anal-
ysed in separate models). We indicated if the event
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happened with a 1. In the case the event did not
happen, it was indicated with a 0 and we used the
maximum time as latency. Considering that the ani-
macy, side and colour of the first chosen/touched
UMO could be defined only in the case of subjects
that chose/touched one of the UMOs, we had two
models for each behaviour. First, we carried out Cox
regression (‘survival’ package [58, 59]) on the data
of all subjects, testing whether there was a difference
between species in the latency to choose/touch any
of the UMOs (species). Following this, we carried
out Cox regression on the data of subjects that
chose/touched at least one of the UMOs. We tested
whether cats (N = 10) or dogs (N = 20) chose sooner
the animate or inanimate UMO (species × animacy),
the left or right UMO (species × side), or the black
or white UMO (species × colour). We also tested
whether the motion pattern was demonstrated first,
or whether there was an error in the demonstration
that influenced the latency of the first choice of the
animate or inanimate UMO (animacy × FirstDemo
and animacy × DemoError, respectively). Regarding
the latency of first touch, only five cats touched any
of the UMOs, thus only the data of dogs (N = 18)
were analysed here (for the result, see supplementary
material 1). We tested whether the motion pattern
demonstrated first, or whether there was an error
in the demonstration influenced the latency of first
touch of the animate or inanimate UMO (animacy
× FirstDemo and animacy × DemoError, respec-
tively). We also estimated the effect of side (left vs
right) and colour (black vs white) on the latency of
first touch.

During the 2 min free moving, we measured
the frequency of looking at, approaching (within
0.5 m) and touching the UMOs. The frequency of
looking at the UMOs was analysed using LMM.
Residuals of the model were normally distributed
(Kolmogorov–Smirnov test: D = 0.074, p = 0.726).
Regarding the frequency of approaching and touch-
ing the UMOs, based on the AIC values (model
comparison with ANOVA) Poisson distribution fit
both data best (AICapproach = 237.88; AICtouch =

191.50; models with the lowest AIC value were
kept and a model was considered better whenever
ΔAIC was �2). We carried out the generalized linear
mixed model (GLMM; ‘lme4’ package) to analyse
the frequency of approach and touch. In all three
models, we tested whether cats and dogs looked
at/approached/touched more often the animate or
inanimate UMO (species × animacy), the UMO on
the left or right side (species × side), or the black
or white UMO (species × colour). We also tested
whether the animate motion was demonstrated first
or the presence of errors in the demonstration had
an effect on the frequency of looking at, approach-
ing and touching the animate or inanimate UMO
(animacy × FirstDemo and animacy × DemoError,
respectively).

2.4.3. Specific motion phase
We measured the latency to look, approach (within
0.5 m) and touch the UMO. The presence of the
action was denoted with a 1, and its absence with
a 0. We analysed the data using Cox regression.
We estimated the effect of species and type of
action (species × type). In the case of playing
action, we also measured the latency to touch the
ball; here we estimated the effect of species using
Cox regression.

We also measured the frequency of looking at,
approaching and touching the UMO during the
2 min free movement. Frequency of looking at the
UMO was analysed using the linear model (LM).
Residuals of the model were normally distributed
(Kolmogorov–Smirnov test: D = 0.062, p = 0.998).
Based on the AIC values (model comparison with
ANOVA) Poisson distribution fit the frequency of
approach data best (AICapproach = 105.24), and neg-
ative binomial distribution fit the frequency of touch
data best (AICtouch = 85.50) (models with the lowest
AIC value were kept and a model was considered
better whenever ΔAIC was �2). We carried out a
generalized linear model (GLM) to analyse the fre-
quency of approach and touch. In all three models,
we estimated the effect of species and type of action
(species × type).

2.4.4. Freestyle phase

We measured the duration of looking at the UMO
from the moment the UMO started to move until
the end of the phase. Considering that the length of
this phase varied between subjects, we analysed the
proportion of looking at the UMO (looking dura-
tion divided by the length of the phase). Proportion
of looking at the UMO was analysed using LM.
Residuals of the model were normally distributed
(Kolmogorov–Smirnov test: D = 0.077, p = 0.958).
We estimated the effect of species and the type of
action the UMO carried out in the previous phase
(species × type).

We also measured the frequency of approaching
the UMO by the subject, that is, when the subject
and UMO got within 0.5 m of each other. We dis-
criminated whether the subject moved towards the
UMO or the UMO towards the subject when they
got near each other (if they moved towards each
other, we counted it as ‘approach by subject’). We also
measured the frequency of touching the UMO. Due
to the differences in the length of this phase between
subjects, we analysed a relative frequency, that is,
we divided occurrence by the length of the phase.
The relative frequency of approaching and touching
the UMO were analysed using LM. Residuals of the
models were normally distributed after Tukey’s ladder
of powers transformation (lambda: approach, 0.425;
touch, 0.3) (Kolmogorov–Smirnov test: approach,
D = 0.133, p = 0.430; touch, D = 0.140, p = 0.371).
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Figure 3. Latency of (a) first choice and (b) first touch of the UMOs in the two-way choice phase.

Figure 4. Latency of first choice of the animate and inanimate UMOs in the two-way choice phase. Only those subjects are
included that chose at least one of the UMOs.

We estimated the effect of species and the type of
action the UMO carried out in the previous phase
(species × type).

3. Results

Due to the volume of the data analyses, we only report
the main results here to improve clarity. For all other
results, see the supplementary material 1.

3.1. Demonstration phase
We did not find a difference between cats and dogs
regarding the proportion of time spent looking at the
demonstrations, and subjects did not look for longer
at either of the demonstrated motions (LMM, LRT:
species, χ2

1 = 0.076, p = 0.783; demonstration, χ2
1 =

0.107, p= 0.744) (see also supplementary material 1).
However, subjects looked for longer at the demonstra-
tion that was presented first (trial, χ2

1 = 4.995, p =
0.025; trial 1 vs trial 2, β ± SE = 0.046 ± 0.020, p =

0.023). Whether the animate or inanimate UMO was
presented first, or whether there was an error in the
demonstrated motion, did not influence the propor-
tion of time spent looking at the UMOs (FirstDemo,
χ2

1 = 1.909, p = 0.167; DemoError, χ2
1 = 1.744,

p = 0.187).

3.2. Two-way choice phase
3.2.1. Proportion of time spent looking at the
UMOs before release
Neither cats nor dogs looked for longer at one of
the UMOs during the 15 s long observation (LMM,
LRT: species × animacy, χ2

1 = 0.012, p = 0.912;
species × side, χ2

1 = 0.242, p = 0.623; species ×
colour, χ2

1 = 1.218, p = 0.270). Whether previously
the UMO carried out animate or inanimate motion
also did not influence subjects’ looking duration
toward the UMOs (animacy, χ2

1 = 0.022, p = 0.882).
However, we found that, overall, dogs looked for
longer than cats at the UMOs (species, χ2

1 = 9.853,
p = 0.002; cat vs dog, β ± SE = −0.595 ± 0.184,
p = 0.002), and subjects looked for longer at the
UMO on the right hand side, which is the side that
was revealed first when the cover was removed (side,
χ2

1 = 6.215, p = 0.013; left vs right, β ± SE =

−0.374± 0.146, p = 0.014). The colour of the UMOs
did not influence subjects’ looking duration (colour,
χ2

1 = 0.017, p = 0.898).

3.2.2. Latency of first choice and touch after release
Overall, dogs chose (Cox regression, LRT, choice:
species, χ2

1 = 20.986, p < 0.001; cat vs dog, β ±
SE = −1.820 ± 0.412, p < 0.001) and touched (Cox

8
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Figure 5. Frequency of looking at the (a) animate and inanimate UMOs, and (b) black and white UMOs in cats and dogs; and
frequency of (c) touching the UMOs in cats and dogs, and (d) touching the animate and inanimate UMO by subjects in the
two-way choice phase. Note that in panels (c) and (d) the y-axes are discontinuous.

regression, LRT, touch: species, χ2
1 = 20.854, p <

0.001; cat vs dog, β ± SE = −2.090 ± 0.516, p <

0.001) the first UMO sooner than cats (figure 3).
Regarding only subjects that chose at least one of

the UMOs, neither cats nor dogs chose the animate
or inanimate UMO sooner than the other UMO (Cox
regression, LRT, choice: species × animacy, χ2

1 =

2.359, p = 0.125; animacy, χ2
1 = 1.907, p = 0.167)

(figure 4). However, the latency of first choice of the
UMOs was shorter in the case of dogs than in the case
of cats (species, χ2

1 = 15.945, p < 0.001; cat vs dog,
β ± SE =−2.190 ± 0.608, p < 0.001).

3.2.3. Frequency of looking at, approaching and
touching the UMOs after release
Regarding the frequency of looking at the UMOs,
we found significant two-way interaction between the
species and previous animacy of the UMOs (LMM,
LRT: species × animacy, χ2

1 = 10.889, p < 0.001).
Dogs looked at the animate UMO more frequently
than at the inanimate UMO, but no difference was
found in the case of cats (animate vs inanimate: dogs,
β ± SE = 1.360 ± 0.363, p < 0.001; cats, β ±
SE = −0.400 ± 0.381, p = 0.300) (figure 5(a)). We
also found that dogs looked at the animate UMO
more frequently than cats, but there was no difference
between species in the case of the inanimate UMO
(cat vs dog: animate UMO,β± SE=−2.250± 0.764,
p = 0.005; inanimate UMO, β ± SE = −0.486 ±
0.764, p = 0.527).

We also found significant two-way interaction
between the species and the colour of the UMOs
(LMM, LRT: species × colour, χ2

1 = 10.204, p =

0.001) for the frequency of looking at the UMOs.

Pairwise comparison revealed that dogs looked at the
black UMO more often than the white one, but there
was no difference in the case of cats (black vs white:
cats, β ± SE = −0.700 ± 0.381, p = 0.074; dogs,
β ± SE = 1.000 ± 0.363, p = 0.009) (figure 5(b)).
We also found that dogs looked at the black UMO for
longer than cats, but no difference between the species
was found in the case of the white UMO (cat vs dog:
black, β ± SE = −2.218 ± 0.764, p = 0.006; white,
β ± SE = −0.518 ± 0.764, p = 0.501).

Neither cats nor dogs approached either the ani-
mate or inanimate UMO more often (GLMM with
Poisson distribution, LRT: species × animacy, χ2

1 =
2.005, p= 0.157; animacy,χ2

1 = 0.654, p= 0.419). But
overall, dogs approached the UMOs more frequently
than cats (species, χ2

1 = 21.744, p < 0.001; cat vs dog,
β ± SE = −1.410 ± 0.289, p < 0.001).

We found that subjects touched the animate UMO
more often than the inanimate UMO (GLMM with
Poisson distribution, LRT: animacy, χ2

1 = 5.002,
p = 0.025; animate vs inanimate UMO, β ± SE =

0.481 ± 0.218, p = 0.028) (figure 5(d)), and that
overall dogs touched the UMOs more frequently than
cats (species, χ2

1 = 24.841, p < 0.001; cat vs dog,
β ± SE = −2.690 ± 0.571, p < 0.001) (figure 5(c)).

3.3. Specific motion phase
3.3.1. Latency of first approach and first touch of
the UMO
We found that dogs approached the UMO sooner
than cats (Cox regression, LRT: species, χ2

1 = 13.367,
p < 0.001; cat vs dog, β ± SE = −1.510 ± 0.434,
p < 0.001) (figure 6(a)), but the latency of approach
was not influenced by whether the UMO pushed a

9
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Figure 6. Latency of first approach of the UMOs (a) by cats and dogs, and (b) based on the type of the UMO’s motion. Latency
of first touch of the UMOs (a) by cats and dogs, and (b) based on the type of the UMO’s motion.

ball toward the subject, displayed a luring motion or
moved directly toward the subject (species × type,
χ2

2 = 0.517, p = 0.772; type, χ2
2 = 2.404, p = 0.301)

(figure 6(b)).
Regarding the latency of first touch of the UMO,

we did not find a difference between species or
depending on the type of action the UMO displayed
(Cox regression, LRT: species × type, χ2

2 = 3.602,
p = 0.165; species, χ2

1 = 0.960, p = 0.327; type,
χ2

2 = 1.713, p = 0.425) (figures 6(c) and (d)).

3.3.2. Frequency of looking at, approaching and
touching the UMO
Regarding the frequency of looking at the UMO, we
did not find a difference between species or the type of
action the UMO displayed (LM, LRT: species × type,
χ2

2 = 2.556, p = 0.279; species, χ2
1 = 2.075, p = 0.150;

type, χ2
2 = 0.084, p = 0.959).

We found that dogs approached the UMO more
frequently than cats (GLMM with Poisson distribu-
tion, LRT: species, χ2

1 = 15.646, p < 0.001; cat vs dog,
β ± SE = −1.410 ± 0.398, p < 0.001). The type of
action the UMO displayed before did not influence
the frequency of approaching the UMO (species ×
type, χ2

2 = 1.367, p = 0.505; type, χ2
2 = 0.563, p =

0.755).
Analyses also showed that dogs touched the UMO

more frequently than cats (GLMM with negative
binomial distribution, LRT: species, χ2

1 = 4.684, p =

0.030; cat vs dog, β ± SE = −1.370 ± 0.657, p =

0.037). The type of action the UMO displayed before
did not influence the frequency of touching the UMO
(species × type, χ2

2 = 3.010, p = 0.222; type, χ2
2 =

4.767, p = 0.092).

3.4. Freestyle phase
Regarding the proportion of time spent looking at the
UMO, we did not find a difference between species,
nor was it based on the type of action the UMO had
carried out before (LM, LRT: species × type, χ2

2 =

1.707, p = 0.426; species, χ2
1 = 0.213, p = 0.645; type,

χ2
2 = 2.515, p = 0.284). However, we found that dogs

approached and touched the UMO more often than
cats (LM, LRT, approach: species, χ2

1 = 16.144, p <

0.001; cat vs dog,β± SE=−0.127± 0.031, p< 0.001;
LM, LRT, touch: species, χ2

1 = 11.406, p < 0.001; cat
vs dog, β ± SE = −0.159 ± 0.045, p = 0.001). The
frequency of approach, nor touch, was influenced by
whether the UMO pushed a ball toward the subject,
displayed a luring motion or moved directly toward
the subject (approach: species × type, χ2

2 = 0.987,
p = 0.611; type, χ2

2 = 5.938, p = 0.051; touch: species
× type, χ2

2 = 3.271, p = 0.195; type, χ2
2 = 1.433, p =

0.489).

4. Discussion

In general, dogs approached and touched the UMO(s)
more readily and more frequently than cats, indicat-
ing that dogs are more keen to explore and interact
with the artificial agent, independent of the context.
When relying solely on the looking behaviour of
subjects (before they could approach them), we did
not find a visual preference towards the animate
(or inanimate) UMO in cats or in dogs. However,
when they were free to move around the room for
a longer time, dogs looked at the passive animate
UMO more frequently than at the passive inanimate
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UMO, and importantly, both species touched the
animate UMO more often than the inanimate one.
Thus, although looking behaviour before the subject
was allowed to move in the room would indicate no
discrimination between the UMOs based on their
animacy, differentiation between the animate and
inanimate UMOs could be detected in the frequency
of looking at the UMOs when dogs were free to move,
and in the frequency of physical contact in the case
of both species. Thus, we suggest that experimental
approaches assessing a wider range of behaviours may
be important in the study of the phenomenon in
nonhuman species.

Our results also showed that dogs looked at the
black UMO more frequently than at the white UMO.
Based on the present study, especially because the
preference was not detected in any other behaviours
measured, it is not clear what caused their rela-
tive preference to this UMO. Future studies should
explore the role of colour of the moving agents in
similar studies.

In the case of the specific actions carried out by
the previously animate UMO, we expected subjects
to show interest in the playing and luring UMO,
and to avoid the assertive one. However, we did not
find a difference in the behaviour of either species
towards the UMOs. This may suggest that subjects
did not recognize the specific action of the UMO, but
several alternative explanations may account for our
result. First, here we had a between-subject design
and thus the subject number was low in the different
groups. Second, the specific action presented by the
UMO could be too short or the motion did not
accurately represent the planned behaviour (e.g. the
assertive motion was not assertive). Third, although
the UMO displayed an interactive behaviour, when
the subject was released, the UMO was stationary
which could reduce the interest in interacting with
it. Fourth, although we measured several different
behaviours, it is possible that including the assess-
ment of other behaviours could provide further
information (e.g. body posture while approaching
the UMO).

We found a difference between cats and dogs
across contexts, regarding their readiness to interact
with the UMO(s). Considering that several cat sub-
jects did not even approach or touch the UMO(s), it
is possible that they were afraid of the novel moving
agent. Cats tend to display stress-related behaviours
in novel environments including, for example, a lack
of exploration, freezing or crawling (see e.g. [60–62]).
Thus, prior to the experiment, on a separate occasion,
we habituated them to the test room. All cats tested
in the present study had engaged in interaction with
a stranger in the test room, accepting food from her
or playing with her (Uccheddu et al under review).
These behaviours have been reported to occur in
nonhuman species only when the level of fear is low
[63]. However, we cannot exclude that the novelty

of the environment (although habituated) and the
novel agent together elicited stress in cats. Regarding
habituation, it should be noted that almost 60% of
cats could not be habituated to the novel environment
on the first occasion, and even overall during the max-
imum of three occasions, only 60% of cats accepted
food from and played with both the owner and the
experimenter (Uccheddu et al under review). In the
same study, all invited dogs were habituated to the test
room during their first time in the test room. Thus, to
provide a more natural context to cats, we suggest to
test their behaviour towards artificial agents in their
home environment.

We suggest that in the study of motion perception,
testing both subjects’ looking behaviour when the
stimulus is displayed on a screen and using artificial
agents in live demonstrations can provide important
insights about the phenomenon. The use of video
projection can facilitate the identification of impor-
tant elements in a well-controlled context, especially
when combined with eye-tracking and pupillometry
[26–28]. The application of artificial agents as moving
objects further allows us to test the effect of these in
real situations and to test the influence of the percep-
tion on the behaviour that provides more information
about its real-life function (see also [37]).

In previous studies applying video projection,
chasing motion was used to test the animacy/chasing
perception of dogs and cats. However, consider-
ing that they showed relatively short visual interest
even towards the more complex, ecologically rele-
vant motion pattern (chasing) when displayed on a
screen [16, 21–23], studying the influence of more
simple cues would be difficult. It is important to
note that, although in the present study both species
looked less at the UMO during the second demon-
stration, still they followed the motion about 80%
of the time. Further, our results show that prefer-
ence towards the UMO based on its animacy could
not be detected in all behaviours, including when
the subjects could only passively look at the UMOs.
Thus, we argue that live presentations are more likely
to evoke interest and differential behaviour towards
the agent.

5. Conclusions

We propose that the methodological approach
applied here offers several advantages in the research
of perception in nonhuman species, including the
high control over the displayed stimuli, the ability
to measure multiple interactive behaviours, and
the possibility of designing functionally similar
procedures to test different species (see also [37]).
The use of this experimental framework facilitates the
development of further experiments that can test the
implicit interactive behaviour of nonhuman species.
The wider application of this novel approach in
perception research may shed light on the underlying
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mental process and facilitate a greater understanding
of whether and how the social and ecological
background of the different species influence social
perception.
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Methodological challenges of the use of robots in
ethological research Animal Behav. Cogn. 5 326–40

[39] Ladu F, Bartolini T, Panitz S G, Chiarotti F, Butail S, Macrı̀
S and Porfiri M 2015 Live predators, robots, and
computer-animated images elicit differential avoidance
responses in zebrafish Zebrafish 12 205–14

[40] Nunes A R, Carreira L, Anbalagan S, Blechman J, Levkowitz
G and Oliveira R F 2020 Perceptual mechanisms of social
affiliation in zebrafish Sci. Rep. 10 3642
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