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Abstract
Imitation development was studied in a cross-sectional 
design involving 174 primary-school children (aged 6–10), 
focusing on the effect of  actions' complexity and error anal-
ysis to infer the underlying cognitive processes. Participants 
had to imitate the model's actions as if  they were in front 
of  a mirror (‘specularly’). Complexity varied across three 
levels: movements of  a single limb; arm and leg of  the same 
body side; or arm and leg of  opposite body sides. While the 
overall error rate decreased with age, this was not true of  all 
error categories. The rate of  ‘side’ errors (using a limb of  
the wrong body side) paradoxically increased with age (from 
9 years). However, with increasing age, the error rate also 
became less sensitive to the complexity of  the action. This 
pattern is consistent with the hypothesis that older children 
have the working memory (WM) resources and the body 
knowledge necessary to imitate ‘anatomically’, which leads to 
additional side errors. Younger children might be paradox-
ically free from such interference because their WM and/
or body knowledge are insufficient for anatomical imitation. 
Yet, their limited WM resources would prevent them from 
successfully managing the conflict between spatial codes 
involved in complex actions (e.g. moving the left arm and 
the right leg). We also found evidence that action side and 
content might be stored in separate short-term memory 
(STM) systems: increasing the number of  sides to be encoded 
only affected side retrieval, but not content retrieval; symmet-
rically, increasing the content (number of  movements) of  the 
action only affected content retrieval, but not side retrieval. 
In conclusion, results suggest that anatomical imitation might 
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BACKGROUND

Imitating others' actions is crucial in acquiring new knowledge through social learning in infants and chil-
dren. Human beings imitate their fellow humans to acquire several new abilities by following their exam-
ple, and such ability seems to originate early in life (Carpenter et al., 1998; Heyes, 2001; Meltzoff, 1996). 
Imitation is a key learning mechanism in humans, which allows for rapid transfer of  knowledge among 
individuals (Tomasello,  2003): observing someone's actions allows humans to learn faster and more 
easily to relate with objects and the environment over time, especially during early childhood (Meltzoff  
et al., 2009).

Importantly, the term ‘imitation’ refers to the ability to learn to perform an action and the ways 
to achieve it by reproducing both observed goals and gestures (Longo et al., 2008; Lyons et al., 2011; 
Want & Harris, 2002; Zentall, 2012). Thus, for proper imitation to occur, both the goals and the means 
to achieve them must be reproduced. This contrasts with ‘emulation’, where only the goals are repro-
duced, and individuals learn about characteristics of  objects and the environment without necessarily 
learning  actions themselves. Importantly, these two processes seem to follow different developmental 
trajectories (Jones, 2009; McGuigan & Whiten, 2009; Want & Harris, 2002).

Imitation is recognized to rely on complex cognitive mechanisms involving observation, planning 
and action control. For instance, the goal-directed theory (GOADI; Bekkering et  al.,  2000; Wohlschläger 
et  al.,  2003) assumes that individuals first decompose the observed action into its constituent motor 
patterns and then recombine them to reconstruct the original action. This decomposition/reconstruction 
process is guided by an internal representation of  the action in terms of  goals rather than motor segments. 
More precisely, a hierarchy of  goals, ordered by relevance, is obtained, and the individual will reproduce 
as many goals (starting from the top of  the hierarchy) as their working memory (WM; Baddeley, 2010) 
capacity can handle. Therefore, if  an action is very complex or new, only the main goals (higher in 
the hierarchy) will be reproduced due to WM limits. GOADI assumes that the processes involved in 
imitation are exactly the same in both children and adults, with the only difference concerning WM 
resources (Wohlschläger et al., 2003). GOADI also states that a goal directly elicits the motor program 
most strongly associated with the seen action, highlighting the role of  (procedural) long-term memory. 
The dual-route model (Cubelli et al., 2000; Rothi et al., 1991; Rumiati & Tessari, 2002) elaborates on two 
independent processes of  imitation: a direct route, used for imitating new, meaningless actions, which, 
however, can also reproduce known, meaningful ones when necessary, and a ‘lexical-semantic’ (indirect) 
route, which capitalizes on a long-term memory storage of  known actions (the ‘lexicon’) and can only be 
used to imitate this kind of  material (Rothi et al., 1991). Some authors also focused on the role of  WM 
in the processing of  the direct route, as the action's subunits need to be stored until they are reassem-
bled in the motor output (Buxbaum & Randerath, 2018; Cubelli et al., 2000; Rumiati & Tessari, 2002; 
Tessari & Cubelli, 2014; Toraldo et al., 2001). In this view, the role of  WM is very similar to the one 
proposed by GOADI, as WM limits can bound imitative performance (the poorer the WM capacity, the 
worse the imitation performance; see, for example, results from double-task WM interference: Rumiati 
& Tessari, 2002; Tessari & Rumiati, 2002). Moreover, WM allows the two routes to interact in a shared 
working space to learn new actions (Tessari et al., 2006). Even though both routes are activated simultane-
ously (much like in other famous dual-route models, e.g. Coltheart et al., 2001), the specific demands of  an 
imitation task can modulate the emphasis on the information coming from one route or the other (Cubelli 

interfere with specular imitation at age 9 and that STM stor-
ages for side and content of  actions are separate.
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PARADOXICAL IMITATION IN CHILDREN 3

et al., 2006; Ottoboni et al., 2018; Tessari & Cubelli, 2014; Tessari & Rumiati, 2004; Tessari et al., 2021, 
for a critical discussion) and the available cognitive resources play an essential role (Tessari et al., 2006).

Error analysis

Both the GOADI and the dual-route model relied not only on quantitative measures as accuracy rates 
but also on finer, qualitative analysis of  the specific error types. This ‘error analysis’ approach has proved 
very fruitful in (neuro)psychology in general (e.g. McCloskey, 2003; Newcombe & Marshall, 1973; Toraldo 
& Shallice, 2004) and provided critical insight also in the field of  action imitation. Based on studies of  
the dual-route theory, Tessari and Rumiati (2004) assumed that a homogeneous list of  meaningful actions 
would have led to the use of  the lexical-semantic route, which is specialized for that type of  stimulus. By 
contrast, a mixed list of  meaningful and meaningless actions would have activated the direct, non-semantic 
route, because this can process both stimulus types. Beyond accuracy measures, a convincing proof  that 
the semantic route had indeed been used in the former condition was that the frequency of  semantic 
errors (prototypicalization, body part as a tool, visuosemantic) was higher among the meaningful items of  
the homogeneous lists than among the same items of  the mixed lists. Similar results were recorded when 
the effect of  list composition was investigated in brain-damaged patients (Tessari et al., 2007): the two 
patients with an impaired semantic route showed a higher frequency of  semantic errors when imitating 
meaningful actions in a homogeneous list than in a mixed list. Hence, the authors capitalized on evidence 
obtained from error analysis.

The GOADI theory itself  arose from the analysis of  imitation errors in a simple hand-to-ear task 
(Bekkering et al., 2000). In this task, a model touches one or (simultaneously) both of  their own ears with 
their hand(s), and the subject has to imitate the action(s). The reaching movements can be ipsilateral or 
contralateral (e.g. right hand to, respectively, the right or the left ear). Preschool children (3–5 years) often 
(40%) imitated a contralateral movement with an ipsilateral one to the correct target. Thus, for instance, 
they touched their left (correct) ear with their left (wrong) hand instead of  their right (correct) hand. By 
analysing the quality of  the error types, the authors inferred that the primary goal—the ‘correct’ ear to be 
reached—dominated over the secondary goals, like the hand to be used to perform the movement, and 
assumed that such goal selection was necessary because of  the WM limits characterizing that young popu-
lation. Indeed, when the target ear was kept constant in a second experiment and thus did not need to be 
maintained in WM, the children could focus on the movement, and wrong ipsilateral reaching movements 
almost disappeared. Once again, error-type analysis was critical and allowed the authors to develop their 
theory on the hierarchy of  goals.

Imitation in children

The study of  imitation in children has long been of  interest in the psychological literature (e.g. Hurley 
& Chater, 2005; Meltzoff, 1988; Want & Harris, 2002; Wohlschläger et al., 2003). Developmental stud-
ies on imitation have generally focused on infants and preschool children, to assess the presence of  
imitative mechanisms suggestive of  the acquisition of  specific cognitive abilities (Dickerson et al., 2012; 
Huang & Charman, 2005; Nielsen, 2006). The question of  when children and infants begin to imitate is 
still a matter of  debate. Some authors propose that imitation is innate (Meltzoff  & Moore, 1997; Nagy 
et al., 2005; Simpson et al., 2014), whereas others propose that it develops during the first years of  life 
(Jones,  2007; Ray & Heyes,  2011). Some studies suggest a later development for imitation: children 
would become good imitators by age 3 (Horner and Whiten, 2005; McGuigan et al., 2007; Piaget, 1962). 
However, up to age 3, imitation is effortful, and its automatization would occur later, between ages 3 
and 7 (O'Sullivan et al., 2018).

Imitation in children seems to depend critically on social context factors. This is clearly evident in 
research on motor synchronization. Interpersonal rhythmic coordination can occur both intentionally and 
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OTTOBONI et al.4

unintentionally (relying on visual information: e.g. Richardson et al., 2007; Schmidt & Richardson, 2008; 
Temprado & Laurent,  2004) and has been shown to depend on social variables (e.g. Tunçgenç & 
Cohen, 2016). Howard et al. (2021) demonstrated that the social context influences synchrony between 
participants in both adults and children. The effect is particularly strong in the latter group when an 
explicit request is made by the experimenter.

In most experimental paradigms dealing with imitation, the social context is essentially driven by the 
model—the actor whose action is to be imitated. Three main factors seem to contribute to the role of  the 
model: perceived authoritativeness, familiarity with the action, and motivation. Previous work suggested 
that an adult model acquires a role of  behavioural guidance on children's imitation because adults are 
perceived as figures of  authority. When new (unfamiliar) actions are shown, children tend to rely more on 
adults than on peers, as they tend to acquire information from adults for unfamiliar domains but equally 
often from peers and adults for familiar domains (e.g. Taylor et al., 1991). Children infer the expertise and 
the reliability of  the model based on the inferred expertise on specific domains (Chow et al., 2008; Jaswal 
& Malone, 2007; Jaswal & Neely, 2006; Ottoboni et al., 2013), and adults are considered, in general, more 
reliable in light of  their role for social learning (Laland, 2004). This notion was confirmed by Zmyj and 
Seehagen (2013), who reviewed a large corpus of  literature and concluded that children prefer to imitate 
peers on familiar actions and adults on new ones (see, e.g. McGuigan et  al., 2011; Wood et al., 2012; 
Rakoczy et al., 2010; these authors reported a bias in favour of  adult models by children who imitated 
novel, unusual, irrational or irrelevant actions). As to motivational factors, the most important one in chil-
dren's imitation is likely to be ‘the need to belong’ (e.g. Baumeister & Leary, 1995; Fiske, 2010; Over, 2016). 
Imitation is also a means of  forming and maintaining relationships with others and is sometimes called 
‘social’ imitation (i.e. Over & Carpenter, 2013). In particular, children imitate accurately when they want to 
join someone or a group (Over & Carpenter, 2009), they tend to help others more often after an adult has 
mimicked them (Carpenter et al., 2013), and they infer important information on relationships between 
third parties by observing their imitative behaviour (Powell & Spelke, 2018). The model a child decides 
to imitate plays a crucial role in social pressure (e.g. Haun & Tomasello, 2011) or in achieving social goals 
such as making friends. In imitative behaviour, therefore, social motivation is critical (Hoehl et al., 2019) 
and can be considered a form of  ‘social glue’ (Lakin et al., 2003).

Despite this rich line of  research, several aspects of  children's imitation have been relatively neglected; 
the purpose of  the present work was to fill these gaps.

Aims of  the study

The relatively overlooked aspects we wished to investigate were: (i) the error profiles, over and above 
simple accuracy scores; (ii) the role of  action complexity; (iii) the comparison between human and 
non-human models and (iv) the development of  imitation performance through school age (6–10 years). 
As the reader will see, this approach proved fruitful and led to unexpected results, which in turn, should 
constrain theories about the cognitive processes involved in children's imitation.

Error analysis and action complexity

Imitation in children has been typically investigated with an eye on overall accuracy (with a few notable 
exceptions, including the above-mentioned Bekkering et al.'s, 2000 GOADI study, and some earlier work, 
e.g. Benton, 1959; Gordon, 1923; Schofield, 1976; Wapner & Cirillo, 1968). Children are known to be 
able to appropriately parse complex visual stimuli (e.g. Bauer, 1992) and to imitate complex, sequentially 
structured actions (e.g. Whiten et al., 2009). However, relatively little is known about the error profiles 
with complex actions. We aimed at exploiting the heuristic potential of  error analysis to gain new insight 
into the cognitive processes involved in this stimulus type.

In the present study, the level of  complexity of  the action was explicitly manipulated in order to 
vary the cognitive load in participants. We included single-limb movements (the simplest ones), two-limb 
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PARADOXICAL IMITATION IN CHILDREN 5

‘homolateral’ movements (involving the arm and the leg of  the same body side) and two-limb ‘hetero-
lateral’ movements (the most complex ones, involving the arm of  one side and the leg of  the opposite 
side). Only new, meaningless actions were included to prevent children from relying on previously acquired 
knowledge. Indeed, a semantic strategy of  imitation would have likely swamped the effects of  differences 
in action complexity.

Human versus non-human models

The lack of  meaning in the actions also allowed our participants to focus more on the model, hence 
possibly enhancing the effects of  this social variable. Beyond the well-studied adult and child models, we 
also introduced a humanoid child robot (iCub). Robots have proved effective in promoting autistic chil-
dren's imitation (e.g. Conti et al., 2015; Duquette et al., 2008; Zheng et al., 2014), but data from typically 
developing children are scarce (e.g. Srinivasan et al., 2013).

Age

Through a cross-sectional approach, this study investigated how imitation develops in first-grade school 
children (6–10 years). We focused on this age range because most studies (e.g. Horner & Whiten, 2005; 
McGuigan et al., 2007) have concentrated on early childhood (with the general agreement that humans 
are good imitators by age 3). Late childhood (first school years) has been relatively neglected; however, 
in this developmental phase, WM, an essential component in imitation according to both GOADI and 
dual-routes theories, is not fully developed yet, as it mainly develops during adolescence (Burnett Heyes 
et al., 2004; Gathercole et al., 2004; Heyes et al., 2016; Isbell et al., 2015; Ullman et al., 2014). Some studies 
did investigate the primary-school age group (e.g. O'Sullivan et al., 2018), but they did not study the roles 
of  action complexity and model.

Predictions

While this study was exploratory in essence, we did have some predictions. As to the model variable, we 
predicted a higher performance with an adult model than a child or robot model, given that meaningless 
actions should make children rely more on the authoritative adult figure (Taylor et al., 1991). Also, moti-
vational factors, like the need for affiliation (Over & Carpenter, 2012, 2013) justified the same prediction: 
given that the only person present in the lab during the experiment would have been an adult (the experi-
menter), the children might have implicitly tried to please this person by better imitating the adult model. 
Moreover, we expected imitation performance to improve with age as a general effect of  the maturation 
of  the children's cognitive system and, particularly, as an effect of  the increase in WM (Gathercole, 1999; 
Isaacs & Vargha-Khadem, 1989; Wilson et al., 1987), which has been assumed to be a critical factor in 
imitation (Wohlschläger et al., 2003).

METHOD

Participants

One hundred and seventy-four children (88 females; mean age = 8.25 years, SD = 1.34, range 6–10, with 
only two 11 year olds) participated in the experiment. They were enrolled in primary schools in the city 
of  Bologna, after the project had been presented to school Principals and families. All parents gave their 
consent to participation. All children reported normal or corrected-to-normal vision, were naïve to the 
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OTTOBONI et al.6

purpose of  the experiment and were typically developing individuals (i.e. no cognitive delays, specific 
cognitive impairments, ADHD or specific learning disabilities). Each child was randomly assigned to one 
of  the three model conditions (Table 1).

Ethics statement

Ethical approval was granted by the Bioethics Committee of  the University of  Bologna on May 7th, 2013, 
following the Declaration of  Helsinki, and parents/tutors provided written informed consent for the 
children to participate in the study.

Stimuli

We used 12 meaningless actions (see Appendix C for description). Four actions involved only one limb 
(arm or leg; ‘Single’-effector condition), four actions involved one arm and one leg belonging to the same 
side of  the body (‘Homolateral’ condition), and four actions involved one arm and one leg belonging 
to two different sides of  the body (‘Heterolateral’ condition; the movements were matched to those of  
the Homolateral condition, see Appendix C). Homolateral and Heterolateral actions will sometimes be 
collectively referred to as the ‘Double’-effector conditions. Each action was performed by three differ-
ent models: a 10-year-old male child, a 22-year-old man and an iCub robot (Figure 1), and videos were 
recorded of  these performances (the iCub videos were created using the humanoid platform simulator 
iCubSim, Tikhanoff  et al., 2008). The 36 videos were flipped along the horizontal axis to generate the 
left–right mirror image of  each action, thus leading to 72 videos overall.

Procedure

Each child was shown only the 24 actions performed by one model. A laptop (Pentium III, 512 Mb), 
running E-Prime 1.1 software, SP3 (Schneider et  al.,  2012), controlled stimulus presentation and was 
connected to a keyboard and a DELL 2300 projector. The latter projected the action videos on a white 
wall 3 m from the children. Each child stood in front of  a small table, on top of  which lay the keyboard. 
Each trial began with the child keeping the keyboard's spacebar pressed while observing the video 
projected on the wall, which lasted for 5 s. At the end of  the video, a go-signal (a red circle) was projected 
and informed the participants that they could release the spacebar and imitate the action. Children were 
explicitly required to imitate the actions specularly (i.e. as if  they were in front of  a mirror) and to pay 
attention to all of  the action's features (e.g. the involved body parts, the exact movements and trajectories). 
We chose specular imitation as it is more natural in children (Brass et al., 2000). When the participants 

T A B L E  1   Distribution of  participants across experimental conditions (Model), Gender and Age (years).

Model Participants' gender

Age

6 7 8 9 10–11

Adult F 4 5 11 5 2

M 4 4 6 6 10

Child F 6 4 6 8 8

M 4 1 9 11 5

Robot F 2 6 9 5 7

M 5 4 6 6 5

Note: Only two 11-year-olds participated in the study (both F, one with Adult, one with Robot model).
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PARADOXICAL IMITATION IN CHILDREN 7

were satisfied that they had completed the required action, they pressed the spacebar again, and the next 
trial began. Keeping the spacebar pressed during the observation of  the action video forced the children 
to reproduce the action after the video had ended, thus avoiding concurrent imitation. Children were 
encouraged and supported after each trial, irrespective of  the quality of  their imitative performance, to 
keep their attention constant and to prevent their motivation from dropping in case of  mistakes. Imitation 
was video-recorded and later scored by two independent raters (Cohen's Kappa = .86). These reported 
and extracted all the error types found in the videos, and later discussed such categories with authors GO 
and Ate. Based on this work, and on error classifications that had already been reported in the literature, 
10 different error types emerged, which are listed below.

•	 Distal: the hand (and/or the foot) is (are) moved incorrectly or not moved at all, while the involved limb(s) 
is (are) moved correctly (e.g. Carmo & Rumiati, 2009; Tessari et al., 2007; Tessari & Rumiati, 2004).

•	 Proximal: the movement(s) of  the limb(s) is (are) correct or recognizable, but the angle(s) of  the 
movement(s) with respect to the trunk is (are) wrong (e.g. Carmo & Rumiati, 2009; Tessari et al., 2007; 
Tessari & Rumiati, 2004).

•	 Final Position: wrong final position(s) of  the involved limb(s) (Carmo & Rumiati, 2009).
•	 Perseveration: the performed action is completely different from the target one, but is similar to another 

previously observed action (global perseveration), or the performed action is partially correct and 
partially ascribable to another, previously observed action (partial perseveration). See (e.g. Carmo & 
Rumiati, 2009; Tessari & Rumiati, 2004; Tessari et al., 2007).

•	 Omission: one or more necessary steps of  the target action are not carried out (e.g. Carmo & 
Rumiati, 2009; Tessari et al., 2007; Tessari & Rumiati, 2004).

•	 Sequence: movements of  arm and leg that are synchronous in the target action are performed asyn-
chronically, or temporally distinct components of  a limb's movement are performed synchronically.

•	 Side: imitation is anatomical and not mirror-reversed for the arm, leg or both (Bekkering et al., 2000; 
Schofield, 1976; Wohlschläger et al., 2003).

•	 Conduite d'approche: the participant attempts to correct their mistakes through spontaneous corrections, 
with actions getting closer and closer to the target (Carmo & Rumiati, 2009; Della Sala et al., 2006; 
Howard et al., 2019).

F I G U R E  1   Three examples of  stimulus actions are shown. (a) The adult model performs a Single action. (b) The child 
model performs a Homolateral action. (c) The iCub robot model performs a Heterolateral action.
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OTTOBONI et al.8

•	 Arm/Leg: an observed arm movement is carried out with the leg or vice versa.
•	 Unclassifiable: the child produces an action that is completely different from the target one and also 

from any previously observed action (e.g. Carmo & Rumiati,  2009; Tessari et  al.,  2007; Tessari & 
Rumiati, 2004).

On Double-effector trials, an error of  the Distal, Proximal, Final Position or Side type was diagnosed if  
it regarded at least one of  the two limbs involved. By their very nature, Arm/Leg errors only applied to 
the Double-effector conditions. Imitation of  an action (trial) was scored ‘inaccurate’ if  at least one of  the 
listed error categories applied.

Measures

The basic index we analysed was the plain error rate (referred to as ‘raw ER’ or ‘per-trial ER’ or simply 
‘ER’, without specification), which indicates the relative frequency of  trials with a given error type. 
A second index was introduced that helped us interpreting the frequently observed disadvantage of  
Double-effector with respect to Single-effector actions. Indeed, such a disadvantage is per se ambigu-
ous: there are two main explanations for it, the ‘mutual perturbation’ and the ‘independent processing’ 
hypotheses. The ‘mutual perturbation’ hypothesis assumes that in Double-effector trials, the processing 
concerning a limb perturbs the processing concerning the other limb, and vice versa, with the effect of  
increasing the error rates of  both; by contrast, the ‘independent processing’ hypothesis assumes that the 
two processes do not influence each other. Counterintuitively, also the latter predicts a higher ER for 
Double-effector trials. Indeed, albeit processed independently, two limbs are two ‘opportunities’ to make 
an error and since one error is enough to classify a Double-effector trial as incorrect, the mere fact that 
two limbs need processing will increase the ER (see Appendix B). For example, suppose that a child is 
required to copy either a single digit, 6, or two digits, 7–9. Even though the processing of  7 has no influ-
ence whatsoever on the (subsequent) processing of  9, the probability of  making at least one mistake in 
the 7–9 pair is higher than the probability of  making a mistake on the isolated 6.

So, both the ‘mutual perturbation’ and the ‘independent processing’ hypotheses are compatible with 
a disadvantage of  Double-effector trials in terms of  raw ER. However, another index can disentangle 
between those interpretations: the per-limb error rate (‘per-limb ER’). If  the processes regarding the two 
limbs were independent, the per-limb ER would come out identical for both Double- and Single-effector 
trials, while if  there were mutual perturbations, Double-effector trials would still show a disadvantage. 
Thus, whenever the raw ER showed a disadvantage for Double- with respect to Single-effector conditions, 
we also analysed per-limb ERs. Mathematically, the per-limb ER corresponds to the relative frequency of  
limbs that were moved in an erroneous way, out of  the overall number of  limbs that had to be moved 
(Appendix  B reports all details on how the index was empirically estimated). Since the difference in 
per-limb ER between the Double- and the Single-effector conditions informs us about the perturbation 
that the processing concerning a limb undergoes when another limb is ‘added’ to the action, we called this 
difference the ‘mutual perturbation effect’.

Statistical analyses

Generalized Mixed Linear Models (GMLM) with Binomial distribution and logit link were used to analyse 
error rates (ERs). The models included the full factorial design Condition (Single effector vs. two Homo-
lateral effectors vs. two Heterolateral effectors) × Model (Adult vs. Child vs. Robot) × Age (as a categorical 
variable). Given that Condition was the only within-subjects factor, the random design contained the 
by-subject random intercept and the Condition random slope. When Age effects were significant and 
theoretically interesting, we tried to understand at what age the ER ‘flattens’ or stabilizes. Indeed, the 
expected pattern is that ER decreases with age, till it reaches some minimum value and stops decreasing. 
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PARADOXICAL IMITATION IN CHILDREN 9

We could estimate the age at which such a minimum is (essentially) achieved using non-linear regression. 
However, surprisingly, ER increases with age in some cases, so here we estimated the age at which the ER 
curve begins to rise from a minimum, using the same form of  non-linear regression. All mathematical 
details are reported in Appendix A.

Given that we analysed the overall ER, as well as nine specific ERs (those related to the ten error 
categories, minus one: ‘unclassifiable’ errors were not analysed), a Bonferroni correction was applied in 
the latter set: effects whose p < .05/9 = .0055 were considered to be significant.

Per-limb ERs could not be analysed by means of  GMLM, because each estimate (see Appendix B) 
required aggregating data from more than one trial. Thus we applied General Equation Estimation 
(GEE), which allowed us to properly model the effect of  a repeated-measure variable (Condition) on a 
variable characterized by very irregular (Tweedie) shapes.

Data and codes are provided on https://tinyurl.com/alessiotoraldo or https://osf.io/
daewb/?view_only=bb85db7595a54082bf6900d1aef5064e.

RESULTS

Table 2 reports the absolute and relative frequencies of  the various error categories. Table 3 reports the 
results from the GMLM analyses.

Overall error rate

The GMLM analysis detected a significant effect of  Age (F(4, 4131) = 2.609, p = .034): ER showed some 
moderate drop with Age (Figure 2a). An exponential decay model estimated the stabilization age to be 
8.97 ± 3.24 years (Appendix A). Thus, performance flattened at about age 9, but this parameter had a very 
unstable estimate (a standard error over 3 years). Looking at Figure 2a, such instability is likely related to 
an unexpected ‘inversion’ of  the improving trend between ages 8 and 9, which will become clear from 
later error-specific analyses.

Condition yielded a significant effect (F(2, 4131)  =  32.241, p < .001), but with a strong Condi-
tion × Model interaction (F(4, 4131) = 7.631, p < .001) shown in Figure 3a. Indeed, Single-effector actions 

T A B L E  2   Classification of  errors.

Raw error count % out of  all errors (N = 2024) % out of  all trials (N = 4176)

Distal 220 10.87 5.27

Proximal 486 24.01 11.64

Final position 218 10.77 5.22

Perseveration 158 7.81 3.78

Omission 50 2.47 1.20

Sequence 217 10.72 5.20

Side 604 29.84 14.46

Conduite d'approche 118 5.83 2.83

Arm/Leg 186 9.19 4.45

Unclassifiable 50 2.47 1.20

Double classifications a 271 13.39 6.49

Triple classifications a 6 0.30 0.14

Overall 2024 100.00 48.47

 aGiven the presence of  double and triple classifications, single categories' error counts do not sum up at 2024, which is the real overall number of  
errors. To obtain 2024, one must subtract the number of  double classifications and twice the number of  triple classifications.
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PARADOXICAL IMITATION IN CHILDREN 11

were the easiest, Heterolateral actions were the most difficult, and Homolateral had intermediate diffi-
culty. However, this only happened when the model was either a Child (F(2, 1473) = 22.808, p < .001) 
or a Robot (F(2, 1305) = 21.838, p < .001): when the model was an Adult, such effects disappeared (F(2, 
1353) = 1.331, p =  .264). Model had a significant effect in the most difficult, Heterolateral condition, 
where the Adult model showed a large advantage (mean 13.1%, CI = [4.8, 21.3]) over Robot and Child 
models (F(2, 1377) = 4.762, p = .009); Model did not reach significance in the Homolateral condition (F(2, 
1377) = 1.316, p = .269) and in the Single-effector condition (F(2, 1377) = 2.53, p = .08), albeit in the 
latter the pattern seemed to be exactly the opposite to that found in the Heterolateral condition (children 
performed worst with the Adult model, Figure 3a).

A straightforward interpretation of  the overall ER is arduous: it is a composite measure reflecting 
several separate error categories, which in turn show different, even opposite and clashing effects (see 
Figure 4a). Analyses of  specific ERs are thus essential.

Error profiles

To provide an overview, Figure 4 shows ERs for specific error categories as a function of  Condition 
(Figure 4a) or Model (Figure 4b). We could not perform statistical comparisons across error categories as 
these are not mutually independent (they are subsets of  a constant overall set of  trials, so their frequency 

F I G U R E  2   Overall error rate (a) and Proximal error rate (b) as a function of  Age (Mean ± Standard Error).
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OTTOBONI et al.12

values constrain each other). Only qualitative comparisons are allowed in this case. As to within-error-cat-
egory comparisons, statistical tests are reported later. Figure 4 shows that, in general, Proximal and Side 
errors were the most common ones. Interesting within-category differences, according to either Condi-
tion (Figure 4a) or Model (Figure 4b) emerged, which are analysed below.

Statistical analyses within specific error categories

Perseveration, Omission, Conduite d'Approche, Arm/Leg (fusion or inversion) ERs failed to show 
(Bonferroni-corrected) significant effects (Table 2), so we focused on other error categories.

Side errors

The triple interaction had to be removed from GMLM due to convergence failure. The analysis yielded 
significant effects of  Condition (F(2, 4147) = 58.28, p < .001) and Age (F(4, 4147) = 9.864, p < .001). The 
rate of  Side errors clearly increased with Age (Figure 5). According to non-linear regression (Appendix A), 
the ER began to rise at Age = 7.72 ± 0.89, about 8 years (this paradoxical, error-specific result explains the 
inversion, at the same Age, of  the decreasing trend of  the overall ER, Figure 2a).

Concerning the effect of  Condition (visible in Figure 4a), as expected, Side errors were most frequent 
when spatial and body-related encoding demands were highest, that is in the Heterolateral condition. In 
the Homolateral and Single-effector conditions, ERs were much lower, without any differences between 
them. Thus, when a single side of  the body was involved, subjects encoded its laterality relatively easily, no 
matter whether the action recruited one or two effectors. By contrast, laterality encoding was much less 
accurate when both body sides were involved (in a crossed pattern).

Albeit marginal after Bonferroni correction (F(2, 4147) = 4.928, p = .007 > .0055), the effect of  Model 
on Side errors is worth mentioning, insofar as it involves very large (two-fold) differences in relative 
frequency (Figure 4b): with the child model, average Side ER was 19% (CI = [14.2, 23.8]), which dropped 
to 9.4% with the robot model (CI = [4.9, 13.8]); the adult model led to a 14.4% rate (CI = [8.8, 20]). This 
pattern was confirmed and investigated more deeply in the following analysis of  per-limb ERs.

Per-limb rates of  Side errors: GEE

The significant disadvantage of  Heterolateral with respect to the other two conditions (Figure 5) might be 
due either to the fact that the processing of  the side of  one limb is somehow perturbed by the processing 

F I G U R E  4   Error rate for specific error categories as a function of  (a) Condition and (b) Model. Final P., Final Position; 
Persev., Perseveration; Omiss., Omission; Seq., Sequence; Con. App., Conduite d'Approche. Arm/Leg confusion errors were 
impossible in Single-effector actions (plot (a)), because these stimuli involved a single limb.
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PARADOXICAL IMITATION IN CHILDREN 13

of  the side of  the other (‘mutual perturbation’ hypothesis, see the ‘Measures’ Section above), or to the 
trivial mathematical fact that with two limbs to process, the probability of  at least one Side error is higher 
(‘independent processing’ hypothesis). The two hypotheses could be disentangled by comparing the 
per-limb rate of  Side errors1 from the Heterolateral condition with the ER from the other two conditions 
(Single and Homolateral trials were merged, given that their ERs proved virtually identical, see previous 
GMLM and Figure 5). The comparison was carried out by a GEE analysis (previously validated in a dedi-
cated Monte-Carlo study) with Age (five classes) and Model (three types) as between-subjects factors, and 
Condition as within-subjects factor (Adjusted Heterolateral vs. Single/Homolateral Side ERs). Distribu-
tions of  Side ERs were modelled as Tweedie with log-link.

The results were very interesting. Condition had a significant effect (Table 4): clearly, performance 
on a limb was strongly affected by the fact that another limb had to be processed on the opposite side, 
supporting the mutual perturbation hypothesis. The mutual perturbation effect is clearly evident as the 
gap between the blue (Heterolateral) and the red (Homolateral/Single) plots in Figure 6a. However, the 
significant Condition × Age interaction showed that such a disadvantage characterized younger children 
(6–8 years: Wald χ 2 = 35.081, p < .001; mutual perturbation effect = 0.064, CI =  [0.042, 0.087]) much 
more so than older children (9–10 years: Wald χ 2 = 3.281, p = .07; mutual perturbation effect = 0.028, 
CI = [−0.01, 0.067]). Indeed, the gap between the blue and the red plot tends to disappear with increas-
ing age (Figure 6a; note that the raw ER, shown in Figure 5, could not detect such a relevant difference 
and would have wrongly suggested that younger and older children are equally sensitive to the pres-
ence of  one extra limb to process on the opposite side). Another interesting feature emerged from the 

1 It could not be answered by using raw ERs: see Appendix B.

F I G U R E  5   Side error rate (Mean ± SE) as a function of  Age and Condition.

T A B L E  4   Results of  GEE on Side error rates.

Wald Chi-square df p

Age 50.564 4 <.001

Model 7.539 2 .023

Condition 38.299 1 <.001

Age × Model 8.417 8 .394

Age × Condition 25.332 4 <.001

Model × Condition 7.713 2 .021

Age × Model × Condition 19.056 8 .015
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OTTOBONI et al.14

interactions involving Model, especially from the triple interaction (Table 4). This was due to the fact that 
the Model × Condition interaction was undetectable among older (9–10 years) children (Wald χ 2 = 0.665, 
p = .717), but significant among younger (6–8 years) ones (Wald χ 2 = 9.112, p = .011); in turn, the latter 
interaction arose because the Condition effect was very strong with a Child model (Wald χ 2 = 36.962, 
p < .001), weaker but still significant with an Adult model (Wald χ 2 = 9.29, p = .002) and not significant 
with a Robot model (Wald χ 2 = 2.677, p = .102). Figure 6b clarifies the pattern of  the triple interaction 
by showing the Condition effect on the Y axis. Hence, the axis directly illustrates the mutual perturbation 
effect. This was generally very small and close to zero, except for younger children watching a Child model 
(mean effect = 0.149, CI = [0.101, 0.197]).

To summarize, younger children (6–8 years) made very few per-limb Side errors, but these increased 
in frequency when another limb had to be moved on the opposite side (and the model was a Child; 
Figure 6a,b); by contrast, older children (9–10 years) made many per-limb Side errors, but these did not 
increase in frequency when another limb had to be moved on the opposite side (Figure 6a). Thus, the 
counterintuitive rise of  Side errors in older children might be ascribed to factors that affected the two 
limbs separately.

Distal errors

On the GMLM, Condition had a strong effect (F(2, 1431) = 76.627, p < .001). As shown in Figure 4a, 
the percentage of  Distal errors was virtually null with Double-effector actions (both Heterolateral and 
Homolateral) and much higher (15.4%) with Single-effector actions. This apparently paradoxical result is 
actually trivial: Single-effector actions contained distal components (rotations of  the hand/foot) that were 
not included in Double-effector actions (see Appendix C).

Proximal errors

The full GMLM model did not converge on reliable solutions (yielding very high standard errors of  
parameter estimates), so we excluded the triple interaction from the model. Results are shown in Figure 4a. 

F I G U R E  6   (a) Per-limb rate of  Side errors (mean ± SE) as a function of  Age (years). Red: average between Single and 
Homolateral error rates (which proved similar in GMLM analyses); blue: Heterolateral error rates. (b) The ‘mutual perturbation 
effect’ is the increase in the probability of  a Side error on a limb, when another limb on the opposite side is involved in the action. 
This is shown on the Y axis as a function of  Age (X axis: younger vs. older children) and Model (blue, Adult; red, Child; green, 
Robot). Table 4 reports GEE analyses' significance levels.
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PARADOXICAL IMITATION IN CHILDREN 15

Single-effector actions produced fewer Proximal errors than double-effector ones (Condition: F(2, 
4147) = 40.543, p < .001). Moreover, a strong effect of  Age emerged (F(4, 4147) = 11.566, p < .001), with 
the ER being lower in older participants. Non-linear regression (logistic model) estimated the stabilization 
Age to be 9.75 ± 1.02, which essentially corresponds to the oldest age class tested (those participants had 
very close-to-zero ERs, Figure 2b).

Like Side errors, Proximal errors also showed a strong disadvantage for Heterolateral with respect to 
Single-effector actions, raising the question of  whether this disadvantage reflected mutual perturbation 
effects, or independent processing of  the two limbs. Hence we computed per-limb ERs, this time for 
both the Heterolateral and the Homolateral conditions, as they both showed a raw-ER disadvantage with 
respect to Single-effector actions (Figure 4a). GEE on the per-limb rate of  Proximal errors yielded a 
significant effect of  Condition (Wald χ 2 = 27.679, p < .001), with both the Heterolateral (Wald χ 2 = 28.768, 
p < .001) and Homolateral (Wald χ 2 = 21.914, p < .001) conditions showing a disadvantage with respect to 
Single (i.e. a mutual perturbation effect; the two estimates were, respectively, 0.046, CI = [0.03, 0.062] and 
0.041 CI = [0.025, 0.058]) and without any significant difference between Heterolateral and Homolateral 
themselves (Wald χ 2 = 0.443, p = .506). Thus, having to process another limb, no matter whether on the 
same or the opposite side (Homolateral or Heterolateral) yielded a reliable cognitive cost (Figure 7, blue 
plot). This held both for 6/7 year olds (Condition effect: Wald χ 2 = 18.878, p < .001) and for 8/9/10 year 
olds (Wald χ 2 = 13.953, p < .001). While Condition × Age did not reach significance (Wald χ 2 = 15.361, 
p = .053), the absolute sizes of  the Hetero/Homo versus Single gaps in performance were quite different 
(0.09 for younger, 0.026 for older children), an expected pattern given that the performance of  older 
children was much closer to the floor.

Final Position errors

On the GMLM analysis, Condition (F(2, 4131) = 14.321, p < .001) yielded a significant effect due to 
the usual advantage of  Single-effector (0.7% ER) over the other conditions (both at about 7.5% ER), 
visible in Figure 4a. Such a pattern called for another investigation of  the per-limb ER by means of  
GEE. Like with Proximal errors, the per-limb rate of  Final Position errors showed a strong Condi-
tion effect (Wald χ 2 = 23.531, p < .001), due to an advantage of  Single over both Heterolateral (Wald 
χ 2 = 25.879, p < .001; mean = 0.032, CI = [0.023, 0.041]) and Homolateral (Wald χ 2 = 24.722, p < .001; 
mean  =  0.033, CI  =  [0.024, 0.043]) actions and without differences between the latter two (Wald 
χ 2 = 0.427, p =  .513). Again, this suggests that Double-effector actions entail mutual perturbation 
effects (Figure  7, red plot). This held for both 6/7 year olds (Condition effect: Wald χ 2  =  7.458, 

F I G U R E  7   Per-limb error rate as a function of  Condition; blue, Proximal errors; red, Final Position errors.
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OTTOBONI et al.16

p = .024) and for 8/9/10 year olds (Wald χ 2 = 19.097, p < .001), with virtually identical absolute sizes 
(mutual perturbation effects were 0.036 and 0.031, respectively2).

Sequence errors

GMLM showed a highly significant Condition × Model interaction (F(4, 4131) = 6.448, p < .001), which 
was clearly due to Adult model, Single-effector actions inducing more Sequence errors than all other combi-
nations (Figure 3b). Indeed, Model had a marked effect in the Single condition (F(2, 1377) = 16.902, 
p < .001) while it fell short of  significance in the Homolateral (F(2, 1377) = 0.137, p = .872) and Hetero-
lateral (F(2, 1377) = 0.98, p = .376) conditions.

GENERAL DISCUSSION

This study investigated the developmental trajectory of  imitation in first-grade school children (aged 
6–10 years). We manipulated the complexity of  meaningless actions (from movements of  a single limb to 
'Homolateral' movements involving the arm and the leg of  the same body side to 'Heterolateral' move-
ments involving arm and leg of  opposite sides), and used three models (a human child, a human adult and 
a child robot, the iCub). We found several interesting patterns of  results, which are discussed in separate 
Sections below.

Importantly, such patterns would have been impossible to detect by means of  traditional analy-
ses of  accuracy rates: we could observe them thanks to error analysis. This technique also provided us 
with two specific indices, the per-limb error rate and the ‘mutual perturbation effect’, which allowed us 
to understand in what conditions, and to what extent, the processes regarding a limb ‘perturbed’ the 
processes concerning the other limb involved in the action. This information was critical, because not 
all cognitive models are compatible with such mutual perturbation hypothesis. For instance, the use of  
limited-capacity storage systems (like short-term memory, STM) predicts mutual perturbation between 
the stored elements, while the involvement of  systems that process information in parallel (as, e.g. visual 
analysis) does not. Therefore, the above indices offered useful theoretical cues towards plausible cognitive 
explanations of  the present findings. These are discussed below.

Role of  model

We will start with the least clear set of  results. Relying on the previous literature (see ‘Predictions’ Section 
in the Introduction), we expected that an adult model should yield a better imitation performance than 
a peer or a robot, given that we used new, meaningless actions as stimuli. Indeed, this material typically 
induces reliance on adult models by children (Taylor et al., 1991). When analysing the overall error rate 
(overall ER), this prediction was only partially confirmed, as such a pattern characterized only the most 
difficult, Heterolateral actions, and to a lesser extent, Homolateral ones. The simplest actions, involving 
a single limb, showed, if  anything, a paradoxical disadvantage if  they were imitated from an adult model 
(Figure 3a), mostly due to Sequence errors (Figure 3b). We have no straightforward explanation for the 
latter result. While most error categories failed to show obvious differences across models, we found 
another puzzling pattern in the context of  Side errors (the most frequent ones). In these, a specific 
advantage was found for both the adult and the robot model over the child model, in younger (6–8 years 
old) children and for Heterolateral actions (Figure 6b). One possibility is that both the adult and the robot 
model increased young children's attention, albeit for different reasons: the adult model might have done 
so as an effect of  perceived authoritativeness and/or through motivational factors (Ottoboni et al., 2013; 

2 We could not test the Condition × Age term directly, as this yielded a singular Hessian matrix.
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PARADOXICAL IMITATION IN CHILDREN 17

Over & Carpenter, 2012; Taylor et al., 1991) and the robot model by involving children in a game-like 
interaction (as shown in a wide range of  studies on autistic children, e.g. Michaud et al., 2003, Michaud & 
Théberge-Turmel, 2002, or in healthy participants in a physiotherapy session; Brooks & Howard, 2012). 
However, we do not have an explanation as to why this pattern was found only for Side errors in Heter-
olateral actions.

Role of  age

Common sense, as well as two of  the main theories of  action imitation (Bekkering et al., 2000; Tessari & 
Rumiati, 2004), predicted an improvement of  performance with age, assuming that the general matura-
tion of  the cognitive system, and particularly, the expansion of  working memory (WM) capacity, would 
drive such an effect. Overall performance improved with age but showed an uncertain pattern, with a 
sudden inversion of  this trend between ages 8 and 9 and again an improvement between ages 9 and 10 
(Figure 2a). Some error categories showed a coherent improvement (e.g. Proximal, Figure 2b). However, 
exactly the opposite held true for the most frequent error category, Side errors. These were stable in 
frequency (and virtually absent in two sub-categories) at ages 6 to 8; their frequency then suddenly rose 
at age 9, and increased even further in 10 year olds (Figure 5). This unexpected increase accounts for the 
presence of  the strange ‘bump’ in the overall ER between ages 8 and 9 (Figure 2a), but is by itself  very 
puzzling: none of  the theories of  imitation we are aware of  can explain why Side ER increased with age. 
We believe the most plausible explanation for this finding is that older children might experience some 
form of  interference by an ‘anatomical’ imitation strategy, which would be absent from the cognitive 
repertoire of  younger children (see later), thus leading to the paradoxical advantage of  the latter group. By 
‘anatomical strategy’ we mean that older children might sometimes have assumed the model's point of  
view and, for example, if  the model moved his right hand, they also moved their right hand. This strategy 
clashes with the instructions, which explicitly required participants to imitate ‘as if  they were in front of  
a mirror’: thus, they should have moved their left hand.

More on Side errors

The above explanation should be extended to account for other evidence. Side errors were most frequent 
in the Heterolateral condition, which is hardly surprising given that Heterolateral actions are supposed to 
be the most difficult items. However, such a disadvantage was not due to the trivial fact that two limbs had 
to be moved rather than one, but rather, to the fact that those two limbs were in a crossed pattern—left 
arm plus right leg or vice versa. Indeed, Homolateral actions also involved two limbs, but these were on 
the same side of  the body, and Side ER for them was as low as in the baseline condition, the one that 
involved a single limb. We believe such a pattern of  results can be interpreted by reasoning on the number 
of  spatial representations (codes) that children internally produce to specify the laterality of  the action. 
Clearly, the more codes are produced, the more likely it is that at least one of  them is wrong (i.e. the higher 
the probability of  a Side error to occur). We started from the hypothesis that children produced separate 
laterality codes for arm and leg. If  this had been the case, Double-effector movements would have shown 
more Side errors than Single-effector movements. Thus, for instance, a Homolateral trial involving the 
left arm and the left leg would generate two separate codes, ‘arm = left’ and ‘leg = left’, and errors would 
be more frequent than in the baseline condition involving a single code, (e.g.) ‘arm = left’. Results contra-
dicted this prediction: the Homolateral and the Single-effector conditions yielded virtually identical Side 
ERs (Figures 4a and 5)—it was only the Heterolateral condition that yielded a higher Side ER.

We believe the most plausible explanation is that in both the Single-effector and Homolateral-effectors 
conditions, children produced only one laterality code, attached either to the single limb involved (Single 
condition) or to the arm-leg pair (Homolateral condition), e.g. ‘arm+leg =  left’, thus having the same 
probability of  making a Side error in both cases. By contrast, in the Heterolateral condition they could 
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OTTOBONI et al.18

not avoid generating two separate codes, one for the side of  the arm and another for the side of  the leg 
(e.g. ‘arm = left’ and ‘leg = right’); by using two separate codes, error probability unavoidably increased.

Another intriguing piece of  evidence was the following. When processing the side of  a limb, the 
presence of  another limb to be moved on the opposite side of  the body increased the probability of  a Side 
error—what we called a ‘mutual perturbation effect’. Critically, this effect characterized the performance 
of  younger children (6–8 years) and tended to disappear in older ones (9–10 years)—see Figure 6a. Why 
did the mutual perturbation disappear with increasing age? We have two possible explanations. On the 
first, the mutual perturbation occurs because two laterality codes (e.g. ‘left’ for the arm and ‘right’ for the 
leg) compete for the same limited cognitive resources, like the capacity of  a STM storage. With increas-
ing age, STM capacity would also increase, and with more storage space, less competition would occur. 
In the second explanation, the mutual perturbation occurs because the two laterality codes specifically 
interfere with each other, given that they specify opposite sides, and younger children might be less able 
to manage such conflicting information. In any case, one of  the components of  WM (Baddeley, 2010) 
would be involved, either storage (STM) or executive functions (once collectively called ‘Central Exec-
utive’, but see Logie,  2016), which are held responsible for managing conflicting representations (e.g. 
Ambrosi et al., 2019). Limited WM in children has indeed been documented (e.g. Burnett Heyes et al., 
2012) and assumed to be crucial in imitation (Wohlschläger et al., 2003; specific work confirmed the limits 
of  the STM component in this population: Gathercole, 1999; Isaacs & Vargha-Khadem, 1989; Wilson 
et al., 1987).

To summarize, Side errors showed a ‘double dissociation’ between younger and older children 
(Shallice, 1988; Figure 8a). Younger children experienced some mutual perturbation (quantifiable as the 
gap between the red and the blue plot, Figure 6a) between the laterality codes of  limbs belonging to 
opposite body sides, possibly due to their WM limits; however, they were not hindered by an anatomical 
imitation strategy, which is likely to be still absent from their cognitive repertoire. Older children showed 
precisely the opposite pattern: they did not show any mutual perturbation when encoding two sides (red 
and blue plots converge), as maturation likely provided them with sufficient WM abilities; however, they 

F I G U R E  8   The two double dissociations found in this study. (a) Red plot: the raw rate of  Side errors in the ‘Baseline’ 
conditions (Single and Homolateral, averaged) increased with Age, an effect attributed to ‘anatomical’ imitation in older children; 
blue plot: the ‘mutual perturbation effect’ (i.e. the surplus of  per-limb Side errors found in the Heterolateral with respect to the 
Baseline conditions) decreased with Age—an effect attributed to higher WM capacity in older children. Only extreme ages from 
our sample (6, 10) are shown: see Figure 6a for other ages. (b) The effects of  two stimulus variables (the number of  body sides, 
and the number of  limbs, involved in the action) on two specific per-limb error rates (‘Side’ errors in red and ‘Content’ errors in 
blue) are shown. N of  sides changed from 1 to 2 between the Homo- and the Heterolateral conditions (with N of  limbs being 
constant, 2, arm and leg); N of  limbs changed from 1 to 2 between the Single and the Homolateral conditions (with N of  sides 
being constant, 1). The Y axis is the mean (±SE) change produced in error rate (zero = no change; positive = increase) by the 
two stimulus variables. Doubling the N of  sides produced an increase in Side error rate, but no change in Content error rate, 
and doubling the N of  limbs produced exactly the opposite pattern. This cross-over schema suggests the use of  separate STM 
systems for encoding the sides and the motor contents of  the actions. All four differences of  the cross-over pattern were highly 
significant (df = 173, p < .001; Content vs. Side errors: t = −8.08 for the effect of  N of  sides, t = 7.38 for the effect of  N of  limbs; 
contrast between the two effects, N sides vs. N limbs: t = −6.99 for Content errors, t = 6.61 for Side errors).
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PARADOXICAL IMITATION IN CHILDREN 19

sometimes applied an anatomical imitation strategy, which worsened their side-encoding performance 
(both curves, red and blue, increase with age).3 Note that the difficulty experienced by younger children 
in the Heterolateral condition almost only affected trials in which the model was a child (Figure 6b). We 
already discussed the possibility that the adult and the robot models elicit more attention/interest in this 
population. In this view, a greater attentional involvement might have masked the limits in STM capacity 
and/or conflict-managing abilities, which would have emerged with a less engaging child model.

While intriguing and based on reliable statistical results, the above reconstruction is certainly post-hoc 
and deserves further investigation. As a first step in that direction, we checked whether the predictions 
of  our proposed accounts actually correspond to the empirical data, by means of  extensive Monte-Carlo 
simulations. The results of  this study are still preliminary, so we reported them in Appendix B; however, 
given their insight, they are worth briefly mentioning here. This study confirmed that the pattern of  
Side errors in younger children is compatible with the predictions of  a marked STM limit (blue curve 
in Figure B1) or a significant incapacity to manage the conflict between side labels (red curve). It also 
confirmed that older children's performance instead is compatible with the predictions of  an anatomical 
imitation strategy and not at all with STM/conflict-managing limits. However, interestingly, the perfor-
mance of  older children showed the maximum compatibility not with the hypothesis that they were apply-
ing an anatomical imitation strategy to the whole body (green line), but rather with the hypothesis that 
such a strategy was applied independently to the arm and the leg (violet line). This speculative possibility 
needs further theoretical and empirical work.

‘Content’ (Proximal and Final Position) errors

We will discuss Proximal and Final Position errors together, as they both led to a similar pattern of  results 
(Figure 7), which in turn was different from that found with Side errors. Proximal and Final Position 
errors concern the motor features of  the action—what we will henceforth refer to as its ‘content’ (for 
instance, the content of  the action depicted in Figure 1c is that (i) the arm must be lifted forwards and (ii) 
stopped at shoulder level, while the leg must be (iii) lifted laterally and (iv) stopped at 45°). So we will refer to 
the union between those categories as ‘Content’ errors. Like Side errors, also Content errors were much 
more frequent in the Heterolateral than in the baseline, Single-limb condition (Figure 4a). However, as 
expected, this time, just the number of  limbs counted and not their side. Indeed, the Homolateral and the 
Heterolateral conditions yielded virtually identical ERs. While the side of, for example, the left arm and 
the left leg could well be ‘merged’ into a single laterality code (e.g. ‘left limbs’), thus making the Side ER 
drop for the Homolateral condition, this was, of  course, impossible when the content of  the movement 
had to be encoded, because the content (including all of  its parameters, angles, targets, etc.) was always 
different between arm and leg.

With Content errors, both younger and older children showed significant perturbation of  the 
processing concerning one limb by the presence of  another limb in the action. Indeed, in both condi-
tions with two effectors (Heterolateral and Homolateral), younger as well as older children had a higher 
per-limb ER than that recorded in the Single-effector condition (Figure 7). Again, STM limitation and/or 
conflict-managing difficulties may be plausible explanations for such a pattern.

Separate STM systems for action content and side?

Much work has demonstrated a specific STM system dedicated to storing actions (Ottoboni et al., 2021; 
Rumiati & Tessari, 2002; Tessari & Rumiati, 2002). Another statistically reliable (albeit unexpected) finding 

3 A proof  that older children's Side errors were not caused by WM limits, but rather by a wrong imitation strategy, is that those errors were equally 
frequent in the Single-effector condition, where WM demands are minimal, and in the Heterolateral one, where WM demands are maximal (by 
‘equally frequent’ we refer to the per-limb ER, Figure 6a: this index partials out the between-conditions difference in the number of  limbs moved).
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OTTOBONI et al.20

of  the present work suggests the existence of  an even subtler distinction. The idea is that different STM 
systems might be involved in storing the side(s) and the content of  the action. By playing the devil's advo-
cate, suppose that a single STM system were used to store both information on the side(s) and the content 
of  the action. In this scenario, the only critical variable would be the overall load, so whether one increases 
the load by increasing the number of  sides, or by increasing the content of  the action, the effect would be 
the same: the frequency of  errors would rise—errors of  any nature, so both Side ER and Content (Prox-
imal/Final Position) ER would increase. Effects would all be non-specific. By contrast, the effects would 
be specific if  separate STM for side(s) and content were used: increasing the number of  sides would cause 
an increase in Side errors, but not in Content errors; increasing the content of  the action would cause 
an increase in Content errors, but not in Side errors. In other words, the predicted pattern would be a 
cross-over or double dissociation. Luckily, our experimental design allowed for a test of  such a prediction, 
because it varied the number of  sides and the content (number of  limbs) independently: Homolateral and 
Heterolateral actions differed for the number of  sides involved (1 vs. 2), but not for the content (both 
conditions included simultaneous movements of  one arm and one leg, and the movements were perfectly 
matched across conditions); Homolateral and Single-effector actions differed for the content (1 vs. 2 
moved limbs) but not for the number of  sides involved (1 in both cases: Homolateral actions involved 
both limbs of  the same side). Results were consistent with the cross-over prediction (Figure 8b): increas-
ing the number of  sides exclusively increased the rate of  Side errors (left half  of  Figure 8b), and increasing 
the number of  limbs exclusively increased the rate of  Content (Proximal/Final Position) errors (right half  
of  Figure 8b). Therefore, the hypothesis of  separate STM systems for the side(s) and the motor contents 
of  the action was confirmed.

CONCLUSION

The most intriguing hypotheses of  the present study arose from unexpected but reliable results provided 
by the analysis of  error types. Traditional analyses of  simple accuracy scores would have been completely 
blind to those features. These hypotheses concern (i) the possibility that separate STM subsystems are 
used in action imitation, one for encoding the side(s) of  the limb(s) involved in the action and another 
for encoding the motor features (the ‘content’) of  the action, and (ii) the putative roles of  ‘mirror’ versus 
‘anatomical’ imitation strategies as a function of  children's age.

As to the putatively separate STM systems, given that the present experiment had not been explicitly 
planned to tackle this issue, further research is necessary to clarify their exact nature, and particularly, 
whether or not they correspond to Baddeley (2010) visuospatial sketchpad, for storing the limbs' sides, 
and to the ‘motor STM’ (Ottoboni et al., 2021; Rumiati & Tessari, 2002; Tessari & Rumiati, 2002), for stor-
ing the other motor content of  the action. These speculative proposals will be the subject of  future work.

As to imitation strategies, these were brought into play in order to explain the surprising increase in the 
frequency of  Side errors with age. We hypothesized a shift from purely ‘mirror’ (or ‘specular’) imitation 
in younger (6–8 years old) children, to the presence of  some ‘anatomical’ imitation in older (9–10 years 
old) children. Specular imitation—a type of  allocentric imitation (Bianchi et al., 2014)—is more natural 
than anatomical (egocentric) imitation until age 10 (Bergès & Lézine, 1963; Brass et al., 2000; Gleissner 
et al., 2000; Schofield, 1976; Wapner & Cirillo, 1968). Even adults show the tendency to imitate specularly 
in many circumstances because anatomical imitation is a more demanding mental operation: it requires 
inhibiting the automatic tendency to mirror the model's movements, as well as an additional spatial 
transformation of  the perceived movements, from the model's body to the imitator's body (see data 
from patients with frontal lesions: Chiavarino et al., 2007, or from healthy adults: Avikainen et al., 2003; 
Mengotti et al., 2012, 2013). Hence, anatomical imitation is likely to require both WM resources and accu-
rate knowledge of  one's own body.

Regarding WM, previous work supports the view that WM plays a crucial role in imitation 
(Cubelli et al., 2000; Ottoboni et al., 2021; Rumiati & Tessari, 2002; Tessari & Rumiati, 2002; Wohlschläger 
et  al.,  2003) and has a capacity, which strongly depends on age. Several authors reported a sizable 
increase of  WM resources between ages 4 and 14 (Gathercole, 1999; Isaacs & Vargha-Khadem, 1989; 
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Wilson et al., 1987), with a steep gradient between 4 and 8, and a shallower gradient between 8 and 12 
(Nelson, 1995). While we did not explicitly measure WM in the present study, indirect evidence that WM 
resources increased through age is nonetheless available: we refer to the improvement of  overall imitation 
performance through age classes (Figure 2), and especially to the fact that with increasing age, perfor-
mance became less and less sensitive to the number of  sides to be processed (Figure 6a). Some preliminary 
work in which WM functioning was explicitly simulated (in two components, STM and conflict-managing 
ability, see Appendix B, Figure B1) confirmed that the change in performance between younger and older 
children is compatible with an increase in WM capacity.

Regarding body knowledge, the development of  the multisensory processing that underlies body percep-
tion seems to follow a long-time course (Begum Ali et al., 2014; Bremner et al., 2013; Cowie et al., 2013; 
Nardini et  al.,  2013; Pagel et  al.,  2009). As demonstrated with the rubber hand illusion paradigm, 4- to 
9-year-old children rely more on visual than on proprioceptive information when localizing their own hands; 
the balance between visual and proprioceptive inputs, which is typical of  adults, is reached at age 10–11 
(Cowie et al., 2016). Another study showed how the representation of  one own's body develops progressively 
until age 8, and beliefs concerning the body of  others mature later, from age 8 to 10 (Assaiante et al., 2014). 
Moreover, 8 is when children develop proper semantic knowledge of  both the upper and lower body parts 
(Auclair & Jambaqué, 2015). Future work might be crucial to investigate the role of  different body representa-
tions: body schema (see Corradi Dell'Acqua & Rumiati, 2007, for a review), body image (Sirigu et al., 1991) 
and structural description of  the body (Ottoboni et al., 2005; Schwoebel & Coslett, 2005; Tessari et al., 2010) 
that are known to dissociate (Tessari & Ottoboni, 2022) and have different developmental trajectories.

In summary, 9/10-year-old children seem to possess both of  the putative prerequisites for performing 
anatomical imitation: they have the required WM resources and sufficient knowledge of  the human body. 
This would explain why, in our experiment, only 9/10 year olds showed the increase in Side errors which we 
attributed to anatomical imitation. Anyway, even taking for granted that 9/10 year olds can imitate anatom-
ically, why did they do so in our experiment, given that anatomical imitation is a more difficult cognitive 
operation (and was not required by the instructions)? Are 9/10 year olds beginning to ‘experience’ and ‘test’ 
their new body knowledge? We leave this as an open and critical question deserving of  further research.
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APPENDIX A

FINDING THE AGE AT WHICH SCORES STABILIZE (OR BEGIN TO RISE)
Identifying the age at which error rate (ER) reaches a minimum or stabilization level is not a trivial 
task. Pairwise statistical comparisons between consecutive age groups, searching for a non-significant 
difference that would correspond to the stabilization point, is little reliable (as dedicated Monte-Carlo 
simulations showed). Indeed, even if  there is no flattening at all in the studied age range, but a weak, 

F I G U R E  A 1   The modified logistic law (black solid curve) used to estimate the Age (w) at which error rate stabilizes. The 
logistic law is obtained by non-linear regression on empirical data. Dashed black lines: upper asymptote (floor, parameter fl) and 
lower asymptote (ceiling, sum of  parameters fl and vr). Parameter vr (vertical range) is the distance between the asymptotes. The 
grey solid line (Threshold) is the error rate that is 5% of  the way between the lower and the upper asymptote, and which identifies 
the Age were the curve (conventionally) flattens (parameter w, dashed grey segment). If  the curve increases, the same geometry 
leads to the estimation of  the conventional point where the curve begins to rise.
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progressive decrease of  ER, the probability of  finding a false negative (a non-significant contrast between 
two consecutive age groups) is very high, and this would occur anywhere along the Age scale. Thus, we 
reasoned that a reliable technique should not be based on pairwise comparisons but rather on accurately 
estimating the whole curve linking Age to ER. Given that ERs are on a bounded 0–1 scale, effects by Age 
cannot generally be linear. A standard way to model such effects is to fit a sigmoidal curve. The obvious 
candidate would be a logistic function, with an inflexion point at ER = 0.5, a lower asymptote at ER = 0 
and an upper asymptote at ER = 1. However, ER certainly has a physiological above-zero lower limit. The 
upper limit cannot be safely assumed to be 1 either, because there might be actions for which errors are 
virtually impossible, especially in some categories. Thus the 0 lower asymptote was replaced by a parame-
ter fl (‘floor’), and the 1 upper asymptote was replaced, for mathematical convenience, with fl + vr, where 
vr is the vertical range (the vertical distance between the upper and the lower asymptotes). Hence, the 
classical logistic model, ER = 1/(1 + exp(−(s Age + i))), with s = slope and i = intercept, became:

ER = 𝑓𝑓𝑓𝑓 + 𝑣𝑣𝑣𝑣∕(1 + exp(−(𝑠𝑠Age + 𝑖𝑖)))�

However, we are not really interested in slope ad intercept per se: the purpose of  the present analyses 
is to understand at what age ER flattens after an initial drop (note that ER can also rise, and in this case, 
we are interested in the Age at which ERs begins to rise; the geometry is perfectly left–right symmetrical 
with respect to the ER-drop case, so we focused on Age-related drops in the following explanation). 
Clearly, the drop reaches the lower asymptote only at infinity, so one must set an ER level that is very 
close to the lower asymptote and consider the remaining part of  the curve as flat. How close is ‘very 
close?’ We conventionally set the threshold at 5% of  the overall distance (vr) from the lower to the upper 
asymptote. Thus, the threshold-ER was T = fl + 0.05vr. For instance (Figure A1), if  the lower asymptote 
was estimated to be fl = 0.1 and the upper asymptote to be 0.7 (vr = 0.7 − 0.1 = 0.6), stabilization was 
considered to have been reached at the Age w where ER equals the threshold T = 0.1 + 0.05 x0.6 = 0.13.

So, we had to reparametrize the Equation so as to have w—the Age value where the curve inter-
sects threshold T—as a parameter. Reparameterization led to the replacement of  intercept i with −
ln((1 − 0.05)/0.05) − ws; hence the final regression equation became:

ER = 𝑓𝑓𝑓𝑓 + 𝑣𝑣𝑣𝑣∕(1 + exp(−(𝑠𝑠Age − ln((1 − 0.05)∕0.05) − 𝑤𝑤𝑤𝑤)))�

Figure A1 shows the curve with parameters fl = 0.1, vr = 0.6, s = −2 and w = 10.

F I G U R E  A 2   The modified exponential decay law. See Figure A1 for conventions.
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Sometimes this modified logistic model (which was fitted with non-linear regression in R, nls function) 
failed to converge. In those cases, we replaced it with a modified exponential decay model (only useful 
for ER dropping with Age). Here the general formula was ER = exp(−s Age). Since the top score (ER = 1) 
can only be reached at Age = 0, we replaced Age with Age − 6 (the youngest participants were 6-year-old 
children), so that the equation could fit the full range of  ERs. Again we implemented a lower physiological 
limit that can be higher than zero, fl, and a vertical range vr, as free parameters:

ER = 𝑓𝑓𝑓𝑓 + 𝑣𝑣𝑣𝑣 × exp(−𝑠𝑠(Age − 6))�

Reparametrization, with Age − 6 value w at which ER reaches threshold T, led to s = −ln(0.05)/w; 
hence the final equation:

ER = 𝑓𝑓𝑓𝑓 + 𝑣𝑣𝑣𝑣 × exp((Age − 6) ln(0.05)∕𝑤𝑤)�

An example is shown in Figure A2, plotting the curve with parameters fl = 0.1, vr = 0.6 and w = 4 
(corresponding to Age = 10).

Non-linear regressions were run on the per-subject ERs (mean across the three Conditions). Table A1 
reports the parameter estimates that were obtained from all such analyses.

APPENDIX B

ESTIMATION OF PER-LIMB ERROR RATES: THE INVERSE TRANSFORMATION
At the time of  statistical analyses, the data from each single limb on each Double-effector trial were 
not available anymore; however, we could estimate the per-limb ER in Double-effector conditions by 
a mathematical transformation that was derived theoretically and validated by a dedicated Monte-Carlo 
simulation study as well as by empirical evidence.

The inverse transformation
As an example, consider a test in which young children have to copy two digits. If  the probability of  
making a mistake when copying a digit is X, and the performance on one digit does not influence the 
performance on the other, then the overall probability of  failing the two-digit test (i.e. of  miscopying the 
first digit, or the second, or both) is Y = 2X − X 2. Thus if  one has an empirical estimate of  Y, that is, 
the  raw ER on the test, the per-digit error probability X can be estimated by applying the inverse trans-
formation, X = 1 − (1 − Y) 1/2, to the raw ER. Out of  the example, an unbiased estimate of  the per-limb 
error probability X in a Double-effector condition can be obtained by applying the inverse transformation 
to the raw ER of  that condition, that is, by computing 1 − (1 − ER) 1/2. This unbiasedness holds under 
the assumptions that in the Double-effector condition, errors on arm and leg have identical probabilities 

T A B L E  A 1   Parameter estimates from non-linear regression analyses.

Y variable

Parameters

Floor (fl) Vertical range (vr) Slope (s) Stabilization age (w)

Overall ER a 0.453 ± 0.035 0.129 ± 0.051 8.97 ± 3.24

Side ER 0.068 ± 0.027 0.195 ± 0.05 2.83 ± 2.15 7.72 ± 0.89 b

Proximal ER 0.044 ± 0.023 0.158 ± 0.038 −1.81 ± 1.06 9.75 ± 1.02

Note: ER, error rate. Mean ± Standard Error are provided for each parameter estimate. For Side and Proximal ERs, the modified Logistic Regression 
model reached convergence on stable parameter estimates.
 aFor Overall ER, convergence failure of  the Logistic model led to the use of  the Exponential Decay model, from which parameter estimates are 
reported.
 bSide ER increased with age (slope s is positive), so the w parameter expresses the age at which ER began to rise.
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and are statistically independent. By means of  Monte-Carlo simulations, we studied the consequences of  
violations of  either assumption.

Assumption of  equal rates of  arm and leg errors in Double-effector trials
The 1 − (1 − ER) 1/2 transformation is robust with respect to violations of  the assumption of  equal ERs 
for arm and leg. A dedicated Monte-Carlo simulation showed that with a 0.26 (huge) difference in base-
line error probability for arm and leg (0.05 vs. 0.31), the bias in the estimation of  the per-limb (aver-
age) ER was only 0.01. Moreover, arm and leg, when compared with one another in the Single-effector 
condition, had very similar ERs. Indeed, when running GMLM on each of  the three error categories 
that underwent the inverse transformation, the between-limbs differences were never significant: Side 
errors, Wald χ 2 = 2.272, p = .132 (Arm = 0.086, Leg = 0.108); Proximal errors, Wald χ 2 = 0.033, p = .856 
(Arm = 0.045, Leg = 0.039); Final Position errors, Wald χ 2 = 0.373, p = .542 (Arm = 0.013, Leg = 0.001).

Assumption of  independent error probabilities for arm and leg
The inverse transformation is less robust with respect to violations of  the assumption that errors on arm 
and leg in a Double-effector condition are statistically independent. Monte-Carlo simulations showed 
that, if  errors on arms and legs are positively correlated, the per-limb ER will be underestimated by the 
inverse transformation; if  errors on the two limbs are negatively correlated, an overestimation will occur. 
Luckily, these biases are small across the range of  Double-effector ERs that were empirically observed 
across all ages and error categories (the top ER, 0.352, was recorded for Side errors by 10 year olds in 
the Heterolateral condition): for simulated correlations ranging from −0.5 to +0.5, biases ranged from 
−0.061 and +0.018.

Simulations of  plausible cognitive scenarios
We wished to understand whether the above biases in the estimation of  per-limb ERs in Double-effector 
trials contributed to the empirical results described in our work. We proceeded as follows. We selected the 
most frequent error category, Side errors, for which possible biases would be maximal (biases are propor-
tional to ERs); we then simulated the cognitive processes/limits that were hypothesized to be involved in the 
genesis of  Side errors and produced a set of  predicted raw-ER patterns; as a last step, we compared  these 

F I G U R E  B 1   Comparison of  empirical data on the raw rates of  Side errors (grey squares, mean ± SE) with the predictions 
of  four theoretical scenarios (coloured curves). A lower bound for the Single-effector error rate was set at 0.0225 (the lowest 
empirical finding in our experiment). See text for details.
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predicted patterns with those that were observed empirically. If  a strong discrepancy were found, then our 
hypotheses, which were derived on the grounds of  the (biased) per-limb ERs, would be falsified, and this 
would be indirect evidence that the biases were probably rather large and might have misled our search for 
explanations. Else, if  the observed raw-ER patterns showed good agreement with the predicted ones, then 
our cognitive hypotheses would be confirmed, and this would provide indirect evidence that the biases, if  
present, were small enough not to lead us to the formulation of  wrong explanations.

Monte-Carlo simulations (N between 110,000 and 130,000 data points) were run for four cognitive 
processes/limits we proposed as explanations of  the results observed on Single-effector and Heterolateral 
trials. The cognitive processes/limits were: (i) a limit in STM for the side(s) of  the limb(s); (ii) an inability 
to manage the conflict between the side of  one limb and the side of  the other limb; (iii) an anatomical 
imitation strategy based on the whole body; (iv) an anatomical imitation strategy applied independently 
to the two limbs. Note that (i), (ii) and (iii) entail violations in the assumption of  independence of  errors 
between arm and leg in Heterolateral trials, which predict biases in the estimation of  per-limb ERs. (i) 
Because of  STM limitations, forgetting the side of  one limb is much more frequent than forgetting the 
sides of  both limbs; so, if  the side of  one limb is forgotten, the side of  the other is more likely remem-
bered than not. This causes a negative correlation between errors on the two limbs, which in turn yields 
overestimation of  the per-limb ER. (ii) In the ‘conflict-managing limit’ scenario, the side of  one limb is 
mistaken as the side of  the other limb (e.g. left arm and right leg become left arm and left leg) because 
the child is not able to manage the conflict between the spatial labels (‘left’ vs. ‘right’). The extra-errors 
due to this phenomenon would all (or mostly) regard a single limb per trial; thus, the predicted pattern is 
qualitatively similar to that implied by the STM scenario, with a negative correlation between errors on 
the two limbs and final overestimation of  the per-limb ER. (iii) The hypothesis of  an anatomical imita-
tion strategy in which the participant reverses the whole body's laterality codes, predicts that Side errors 
would either regard both limbs simultaneously, or neither of  them. This would cause a strong positive 
correlation between errors on the two limbs, which in turn would yield underestimation of  the per-limb 
ER. (iv) If  the anatomical imitation strategy were not applied to the whole body, but separately and in a 
statistically independent way, to the arm and the leg, Side errors on both limbs would be uncorrelated, so, 
the inverse transformation would yield an unbiased estimation of  the per-limb Heterolateral ER (which 
would, notably, be identical to the ER on Single-effector actions).

The general explanation we proposed for the results of  our experiment specified that younger chil-
dren are characterized by a STM/conflict-managing limit, without anatomical imitation strategy, while 
older children show exactly the opposite profile. If  such an explanation is correct, the empirical data 
should progressively ‘shift’ from the pattern predicted by the STM/conflict-managing-limit model (6 year 
olds) to the pattern predicted by the anatomical imitation-strategy model (10 year olds).

Figure B1 shows the comparison between predictions and empirical data. It plots the raw rate of  Side 
errors in Single/Homolateral actions (X) against that in Heterolateral actions (Y). The coloured curves 
(obtained from the Monte-Carlo simulations) show the predicted patterns on grounds of  different degrees 
of  the four types of  cognitive limitations: (i) STM limits (blue), (ii) conflict-managing difficulties (red), 
(iii) anatomical imitation strategy applied to the whole body (green) and (iv) anatomical imitation strategy 
applied to each limb separately (violet). Different points within each curve represent different degrees in 
the simulated phenomenon; thus, as one ‘moves’ downwards over the blue curve, STM span increases; 
moving upwards along the red line, the inability to manage conflicts worsens; moving upwards along the 
violet or green lines, the probability that an anatomical imitation strategy is applied, increases (note that a 
0.0225 baseline ER was implemented for both limbs, over and above all the simulated processes; it corre-
sponded to the minimum ER recorded across all age groups and conditions).

Empirical data (grey squares) are shown for different ages (6–10). Consistently with our explanation, 
younger children's performance was compatible with the hypotheses of  STM and/or conflict-managing 
difficulties (red and blue curves), and older children's performance was compatible with the hypothesis of  an 
anatomical imitation strategy. Thus, following the previously mentioned reasoning, this is indirect evidence 
that the biases in the estimation of  per-limb ERs were likely small: had they been large, they would have led us 
to hypotheses whose predictions on raw ERs would have failed to fit the observed data. This did not happen.
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PARADOXICAL IMITATION IN CHILDREN 31

Interestingly, the prediction with which the results of  10 year olds were most compatible, was not 
that of  an anatomical imitation strategy applied to the whole body (green curve), but rather, that of  an 
anatomical imitation strategy applied separately to the two limbs (violet curve). Is it at all possible to apply 
an anatomical imitation strategy to the arm and not to the leg (or vice versa) within the same trial? Clearly, 
the notion of  analogical mental rotation clashes with this idea. One possible assumption might be that 
anatomical imitation is not carried out by internal rotation, but rather, by propositionally changing some 
abstract, spatial labels, possibly separate for arm and leg. However, such reasoning is definitely premature. 
We cannot exclude that older children's performance had both relevant STM limits (blue curve) and a 
body-based anatomical imitation strategy (green curve)—their performance would have fallen some-
where in between the two curves, as it in fact happened, and the fact that it fell over the violet curve would 
be just a coincidence. To the best of  our knowledge, there is no way to tell which interpretation is correct, 
the one assuming an anatomical imitation strategy applied separately to the two limbs (iv, violet), or the 
one assuming a combination of  STM limits (i, blue) and body-based anatomical imitation (iii, green), at 
least, not on the grounds of  the present experiment: future research will address this interesting issue.

APPENDIX C

DESCRIPTION OF THE STIMULUS ACTIONS
See Table C1.

T A B L E  C 1   Description of  the 12 actions employed in this study.

Condition Limb(s) ID Description Side(s)

Single Arm 1 The model lifted the arm laterally, keeping it extended, with abduction of  the 
shoulder, until the hand reached the height of  the shoulder. At that point, the 
hand rotated by 90°, bringing the palm to face forwards, then the movement 
was undone. The arm was then brought back to starting position

L or R

Single Arm 2 The model lifted the arm forward, keeping it extended, with flexion of  the 
shoulder, until the hand reached the height of  the shoulder. At the end of  the 
movement, the palm faced down. After that, the hand was rotated by 135°, 
till the palm faced medially/upwards, then the movement was undone. The 
arm was finally brought back to starting position

L or R

Single Leg 3 The model lifted the leg forward (flexing the hip) and flexed the knee to keep 
the calf  at rest. The lifting movement stopped when the hip had a 90° angle 
(i.e. when the thigh was parallel to the ground). At that point, the knee 
was rotated medially (inward), lifting the foot, by 45° (Figure 1a), then the 
movement was undone. The leg then went back to starting position

L or R

Single Leg 4 The model lifted the leg forward (flexing the hip), keeping it extended, until it 
formed a 45° angle with the ground. Then the foot-tip was rotated medially 
by 45°, then laterally by the same amount (foot-tip like an upward pendulum) 
and back to starting position

L or R

Homolateral Arm+Leg 5 Simultaneous movements of  arm and leg of  the same body side
Arm: the model lifted the arm forward, keeping it extended, with flexion of  the 

shoulder, until the hand (palm facing medially) reached the height of  the 
shoulder

Leg: the model lifted the leg forward (flexing the hip) and flexed the knee to keep 
the calf  at rest. The lifting movement stopped when the thigh was parallel to 
the ground

Both limbs were then (simultaneously) brought to starting position

LL or RR

(Continues)
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OTTOBONI et al.32

T A B L E  C 1   (Continued)

Condition Limb(s) ID Description Side(s)

Homolateral Arm+Leg 6 Simultaneous movements of  arm and leg of  the same body side (Figure 1b)
Arm: the model lifted the arm laterally, keeping it extended, with abduction 

of  the shoulder, until the arm pointed upwards, over the head (a full, 180° 
rotation of  the arm). At the end of  the movement, the hand-palm faced 
outwards

Leg: the model lifted the leg forward (flexing the hip) and flexed the knee to keep 
the calf  at rest. The lifting movement stopped when the thigh was parallel to 
the ground

Both limbs were then (simultaneously) brought to starting position

LL or RR

Homolateral Arm+Leg 7 Simultaneous movements of  arm and leg of  the same body side
Arm: the model lifted the arm forward, keeping it extended, with flexion of  the 

shoulder, until the hand (palm facing medially) reached the height of  the 
shoulder

Leg: the model lifted the leg laterally (abducting the hip), keeping it extended, 
until it formed a 45° angle with the other leg

Both limbs were then (simultaneously) brought to starting position

LL or RR

Homolateral Arm+Leg 8 Simultaneous movements of  arm and leg of  the same body side
Arm: the model lifted the arm laterally, keeping it extended, with abduction 

of  the shoulder, until the arm pointed upwards, over the head (a full, 180° 
rotation of  the arm). At the end of  the movement, the hand-palm faced 
outwards

Leg: the model lifted the leg laterally (abducting the hip), keeping it extended, 
until it formed a 45° angle with the other leg

Both limbs were then (simultaneously) brought to starting position

LL or RR

Heterolateral Arm+Leg 9 As in 5, but arm and leg were of  opposite body sides LR or RL

Heterolateral Arm+Leg 10 As in 6, but arm and leg were of  opposite body sides LR or RL

Heterolateral Arm+Leg 11 As in 7, but arm and leg were of  opposite body sides (Figure 1c) LR or RL

Heterolateral Arm+Leg 12 As in 8, but arm and leg were of  opposite body sides LR or RL

Note: In his/it's starting position, the model stood upright, with slightly separate legs and the arms in resting position along with the body, with the 
hand-palms facing the thighs and slightly flexed fingers.
‘Condition’ reports the three levels of  action complexity: Single (actions involving only one arm or one leg), Homolateral (actions involving one arm 
and one leg of  the same body side), Heterolateral (actions involving one arm and one leg of  opposite body sides). ‘Limb(s)’ reports whether the arm, 
the leg, or both were involved in the action; ‘Side(s)’ specifies the side(s) of  the limb(s) involved.
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