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Responsibility attribution about mechanical devices by children and adults



Abstract

We investigated the causal responsibility attributions of adults and children to
mechanical devices in the framework of the criticality-pivotality model. It establishes
that, to assign responsibility, people consider how important a target is to reaching a
positive outcome (criticality) and how much the target contributed to the actual outcome
(pivotality). We also tested theoretical predictions about relations between the
development of counterfactual thinking and assessments of pivotality. In Experiment 1,
we replicated previous findings in adults using our task. In Experiment 2, we administered
this task and a brief counterfactual reasoning questionnaire to children aged between 8
and 13 years. Results showed that children also considered both criticality and pivotality
when they attributed responsibility. However, older children were more sensitive than
younger ones to pivotality. Also, we found a positive correlation between children’s
pivotality judgements and a measure of counterfactual thinking. Results are discussed

regarding the model’s relation to counterfactual thinking.

Keywords: Responsibility attribution, pivotality, criticality, development of causation,

counterfactual thinking



Introduction

Imagine the following situation: 11 members of a committee must vote for either
candidate A or B. The members vote and candidate B loses 6-5. Now imagine a
different situation where candidate B also loses but in this case 11-0. Sarah is a member
of the committee who voted for candidate A in both situations. Is Sarah responsible for
B’s defeat in both cases? And if so, is Sarah equally responsible in both? Although most
of us would agree that Sarah is responsible for the defeat in both cases, we intuitively
attribute more responsibility to Sarah in the situation where candidate B loses 6-5 than
in the one where B loses 11-0. This might be because only in the former situation would
B have won if Sarah had voted for her/him. This example, offered by Chockler and
Halpern (2004), illustrates the close relation between responsibility judgments, causality
and the ability to think how things could have turned out differently (counterfactual
thinking).

In the present work, we will test children’s and adults’ causal attribution to the
components of a battery for its failure. We are particularly interested in testing
developmental changes in children’s causal attribution. We will explore them in the
framework of a novel model of causal responsibility attribution: the criticality-pivotality
model (henceforth, CP model) proposed by Lagnado and colleagues (2014, Lagnado &
Gerstenber, 2015, 2017). We will start by reviewing some important models of causal
attribution and the role of counterfactual thinking in them. We will then review previous
results regarding the development of counterfactual thinking.

Theories of causation

Many traditional theories of causation have tried to explain causality based on

counterfactual models. The standard counterfactual model of causation (Lewis, 1973,

1986), for example, defines actual causality in terms of counterfactual dependence.



Thus, to establish that a cause “X” causes an outcome “Y”, there must be a
counterfactual dependence between “X” and “Y”. That is, if “X’” had not occurred, then
“Y” would not have happened. In the voting example, only the situation where B loses
6-5 passes this counterfactual test: only here, if Sarah had voted for B, would the
outcome have been different (B would have won). Conversely, in the 11-0 situation,
even if Sarah had voted for B, the outcome would have been the same. Thus, in this
case it is not possible to establish a causal relation between Sarah’s vote and B’s defeat,
given that there is no counterfactual dependence between them. However, although
Lewis’s (1973, 1986) model does not predict it, adults also intuitively established a
causal relation in this situation. The voting example illustrates one of the main
limitations of the standard counterfactual model of causation (Lewis, 1973, 1986): the
over-determination problem. The model fails to explain causality in overdetermination
cases, that is, in situations where multiple agents contribute to the same outcome.

The structural account of causation (e.g., Pearl, 2009; Halpern & Pearl, 2005;
Woodward, 2003) has tried to overcome this and other problems of the standard account
(see Collins et al., 2004; Moore, 2009 for a review of the standard counterfactual
model’s limitations) by offering a broader and dynamic view of causality. In this
account, causality is represented in terms of the functional relations between variables.
Thus, it is evaluated in the framework of a specific causal event which specifies how the
contributing causes relate with each other and, in turn, with the final outcome (for
further details, see Halpern & Pearl, 2005). Like the standard account (Lewis, 1973,
1986), the structural account assumes that it is possible to attribute causality only when
there is a counterfactual dependence between “X” and “Y”. However, the way in which
this account conceives causality allows it to establish degrees of causality on the basis

of how close the outcome was to counterfactually depending on a specific cause, thus



solving the overdetermination problem of the standard account of causation (Lewis,
1973, 1986).
A structural model of responsibility

One way to study attribution of responsibility is to use a distributed system with
multiple agents or components that interact to achieve a goal. Systems can be built in a
very simple way, for example, so that the number of operations needed to achieve it is
relevant, but not the intensity or quality of them. You can also define different operating
rules in the system or the mode of interaction between agents. That is what Chockler
and Halpern (2004) did. Taking the structural account as a framework, they provided an
operational definition of responsibility that allows different degrees of responsibility to
be established. Specifically, they proposed that the degree to which the agent X is
responsible for the outcome Y depends on the distance between the actual world and the
(hypothetical) causal world where X was pivotal for Y. That is, the hypothetical world
where Y counterfactually depends on X. In particular, Chockler and Halpern (2004)
define responsibility as:

i)

Resp. (Xi, Y)=1/(N+1)

where, N represents the minimal number of changes that would have to be made in the
actual world to make Xi pivotal for Y. Returning to the voting example, Sarah’s
responsibility for B’s defeat depends on the distance between the actual situation and
the imagined world in which Sarah’s vote is a determinant in changing the result. That
is, the world where B’s defeat counterfactually depends on Sarah’s vote. Thus, in the
situation where candidate A wins 11-0, five changes would be necessary in the actual

world (five members would have had to vote for B) to make Sarah pivotal to B’s defeat.



In this case then, Sarah would be assigned a Responsibility of 1/6 (= 1/ (5 + 1)).
Conversely, in a situation where candidate A wins 7 - 4, Sarah’s responsibility would be
higher. Here, only one change is required in the actual situation to make Sarah pivotal to
B’s defeat: the vote of only one of the members who voted for A would have to change.
In this case then, Sarah would be assigned a Responsibility of %2 (= 1/ (1 + 1)). Thus, the
fewer changes required to make Sarah’s vote pivotal for the defeat, the greater the
degree of responsibility Sarah bears for B’s defeat.

Several studies have tested Chockler and Halpern’s (2004) definition of
responsibility in a game context where the outcome depended on several players’
performance (e.g., Gerstenberg & Lagnado, 2010; Zultan et al., 2012). Zultan et al.
(2012), for example, developed the “dot-clicking game”, a task where adult participants
were asked to attribute blame to one player in a team of four. Players had to click on
dots that appeared in different locations on a computer screen. There were two game
rules (challenges) that differed in the number of players who had to succeed for the
team to win. Both rules included conjunctive and disjunctive causal structures (causal
functions; for details, see Steiner, 1972). In the conjunctive structure, all the players had
to succeed for the team to win. Conversely, in disjunctive structures, just one of the
players had to succeed for the team to win. So, for example, in one game rule, the team
won if players P1, P2 and at least one out of P3 and P4 succeeded in their task
(Structure: Pland P2, and [P3 or P4]). Thus, the performance of some players was
related in a conjunctive way (e.g., P1-P2) and of others in a disjunctive one (e.g., P3-
P4). The players’ degree of responsibility was manipulated by varying the number of
players who succeeded in their task, also including a baseline where all players failed.
As Chockler and Halpern’s (2004) definition predicted, responsibility attributions

decreased with the number of changes required to make a specific player pivotal for the



outcome. Thus, for example, participants held Player 1 more responsible when only she
failed than when all the members failed (Zultan et al., 2012). However, the most
interesting and unexpected result was that participants’ attributions varied as a function
of the causal structure in which a player was embedded. So on the baseline where all
players failed, they blamed a player in a conjunctive structure (e.g., P1) more than a
player in a disjunctive one (e.g., P3). The authors explained these results by arguing that
they reflected the different ways in which a player could be made pivotal for an
outcome. Note that although there was only one way to make P3 pivotal (changing P1
and P2 performance), there were multiple ways to make P1 pivotal (changing P2 and P3
or P2 and P4). So the more ways of being pivotal, the more blame attributed to the
player.
The criticality-pivotality model

Based on the structural account of causation (e.g., Halpern & Pearl, 2005), its
extension to responsibility judgements (Chockler & Halpern, 2004) and the results of
previous empirical works (e.g., Gerstenberg & Lagnado, 2010, 2012; Zultan et al.,
2012), Lagnado and colleagues (2014, Lagnado & Gerstenberg, 2015, 2017) proposed a
formal model to account for individuals’ causal responsibility judgements in contexts
where several agents are contributing to the same outcome (overdetermination cases):
the CP model. The core idea in the model is that responsibility judgements are the
product of both prospective and retrospective factors. In particular, it assumes that when
individuals attribute responsibility to an agent, they take into account two key
considerations: 1) how important an agent’s contribution is expected to be for reaching
a joint positive outcome, and 2) how close the agent’s action was to being pivotal for
the outcome, that is, how close the outcome was to counterfactually depending on the

agent’s action. The former factor is evaluated before knowing the outcome and is called



“criticality” in the model. The latter, however, is evaluated once the outcome is known
and is termed pivotality. As the reader may have noticed, pivotality in the model
constitutes the formal definition of responsibility offered by Chockler and Halpern
(2004), and is therefore computed in the same way.

Lagnado and colleagues (2014) used the “dot-clicking game” task (Zultan et al.,
2012) to investigate the role of criticality in causal responsibility judgements. In
particular, they tested two different models to account for criticality: the “expected
pivotality model” and the “heuristic model”. The expected pivotality model was based
on Rapoport’s (1987) definition of criticality. Here, a player’s criticality would be equal
to the probability that a player’s contribution will make a difference to the outcome.
That is, the probability that a player’s action will be pivotal for the outcome. So, this
definition posits that a player’s perceived criticality will be the same in a conjunctive as
in a disjunctive structure, given that in both cases it is uncertain how the other players
will perform. Note that this prediction cannot explain why participants in Zultan et al.’s
(2012) study blamed more players in conjunctive structures than in disjunctive ones.
Nevertheless, it correctly predicts that an agent’s criticality will be reduced in a
disjunctive structure as the size of the group increases. The heuristic model, however,
assumes that a player is fully critical when her contribution is necessary for the team to
win. So a player’s criticality in a conjunctive structure will be maximum, equal to 1.
Conversely, in a disjunctive structure, a player’s criticality will be divided among all the
players related in a disjunctive way. So in a disjunctive structure composed of four
players, each player’s criticality would be equal to 4. On the other hand, if only two
players are related in a disjunctive way, as happened in Zultan et al.’s (2012) study,

each player’s criticality would be equal to 2. Criticality in this model could then be
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represented as “the relative decrease in the probability of the team winning when the
player fails” (Lagnado et al., 2014, p. 1056).

In order to explore which model best predicts people’s prospective judgements,
Lagnado and colleagues (2014) presented participants with different challenges that
differed in team size and causal structure (conjunctive, disjunctive and mixed — some
players were related with other members of their team in a disjunctive fashion and with
the other team’s players in a conjunctive way). The participants’ task was to rate how
critical a player A was for winning. They provided their answers on a separate sliding
scale whose endpoints were “not at all” and “very much”. Results showed that
participants rated player A’s contribution as more critical when A formed part of a
conjunctive structure than when she was embedded in a disjunctive structure. In this
latter case, participants’ criticality ratings were determined by the number of players
related in a disjunctive way. Thus, the more players in the disjunction, the lower the
player’s perceived criticality. Therefore, the heuristic model not only accurately
predicted participants’ criticality judgements but also did so better than the expected
pivotality one. These results led Lagnado and Gerstenberg (2015, p. 222) to define
criticality of an agent A;’s contribution in a situation S “as the probability that their
contribution (X;) is necessary for the positive group outcome (y)”:

i)

plx;) —p(yl—x;)
p(ylx;)

Criticality(A,S) =

where A4 represents the target player and S is the causal structure of the situation. Note
that the minimal criticality (0) happens with 0 as numerator: when the probability of the
result (y) given the intervention of an agent p(y|x;) is the same as when the agent does

not intervene p(y|—x;). The maximum criticality (1) happens when the probability of
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the result without the intervention of the agent is null p(y|—x;), given that in this case,
the numerator and denominator are the same.

In the second part of this experiment, Lagnado and colleagues (2014) presented
participants with the results of four different group challenges, which varied in Player
A’s perceived criticality and her pivotality for the outcome. That is, they varied in how
important the player’s contribution was to reaching a positive outcome (criticality) and
the degree to which the outcome counterfactually depends on the target player’s
performance (pivotality). Thus, there were challenges where the player was fully critical
and pivotal to the outcome (C = 1, P = 1). Thus, for example, Player A’s success was
necessary to reach a positive outcome, and only she failed in their task. Also, there were
challenges where she was fully critical but not pivotal to the outcome (C = 1, P = 2).
For example, Player A’s success was necessary for a positive outcome, but she and
another fully critical player (e.g., Player B) failed in their task. In another challenge
used by the authors, the player was pivotal to the outcome but not fully critical (C = %,
P =1). For example, Player A’s contribution was not necessary to the team's success
(e.g., if player B had succeeded), but it would have been sufficient if Player B had
failed. The participants’ task was to estimate how responsible Player A was for the
team’s outcome in each challenge. Participants provided their answers on a sliding scale
like the one used for assessing criticality. Results showed that participants attribute
more responsibility for the team’s outcome to A in the challenges where the player’s
action was pivotal to the outcome than in those where changes were required in the
actual situation to make Player A pivotal. In particular, the more changes that were
required to make Player A pivotal, the less responsibility was attributed to her.
Furthermore, they found that in the challenges where Player A was pivotal to the

outcome, participants attributed more responsibility to A when her success was
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necessary for the team to win (conjunctive structure) than when her success was
sufficient but not necessary for winning (disjunctive structure). Lagnado et al. (2014,
2015) defined causal responsibility as:

iii)

Responsibility (A, O, S) = a + W x Criticality (A,S) + (1- W) x pivotality (A, O, S)

Where responsibility (A, O, S) is agent A’s causal responsibility for the outcome O in a
causal structure S; a “is the global intercept and w is a weighting parameter whose range
is constrained from 0 to 1”” (Lagnado et al., 2014, p. 1061). Thus, according to the CP
model, individuals’ causal responsibility judgements are the result of an agent’s
perceived criticality to bringing about a positive outcome and the degree of the agent’s
pivotality for the actual outcome. Previous research with adults found that people’s
blame attributions differed depending on whether the target of judgments was a human
agent or a robot (Leo & Huh, 2020). Then, in order to reduce the effect of additional
potential intervening factors (such as players’ intentions, beliefs, and motivation), we
decided to use mechanical devices rather than agents to study causal responsibility
attribution in children.

Lagnado and Gerstenberg (2015) mentioned an unpublished study in which
participants were presented with the same causal structures and the same outcome
patterns as described above. However, instead of agents, they asked participants about
several components of a machine. The participants’ task was to estimate the extent to
which a component of a machine caused the machine to pass or fail a trial. Results
showed that adults also considered both the target’s criticality and its pivotality for the

outcome when they assign causal responsibility to mechanical devices. It is not clear,
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however, whether children make these two considerations when they assign causal
responsibility. This is the goal of the present research: to explore whether children take
into account both a target’s criticality and its pivotality for an outcome when they
attribute responsibility to mechanical devices. To shed light on this question, we created
a task with a similar structure to those mentioned above. In the “Battery task”,
participants were asked to rate how critical a wire’s contribution was for the battery to
work (prospective judgements) and how responsible the target wire was for the outcome
(retrospective judgements). In Experiment 1, we applied it to adults in order to check
whether our task would replicate Lagnado and colleagues’ (2014) previous findings. In
Experiment 2, we applied the same task to children aged between 8 and 13 years. We
also asked children to complete a brief counterfactual reasoning questionnaire in order
to check whether, as the CP model posits (e.g., Lagnado et al., 2014), there was a
relationship between children’s counterfactual reasoning abilities and their ability to
distinguish the cases where the target is pivotal for the outcome from those where it was
not (sensitivity to pivotality).
The development of counterfactual thinking

As we have already mentioned, the CP model claims that the assessment of
pivotality involves counterfactual thinking (Lagnado et al., 2014; Lagnado &
Gerstenberg, 2015). That is, it requires envisaging how things could have turned out
differently (Byrne, 2016). As Byrne (2016) pointed out, counterfactual thinking serves
several purposes, such as explaining the past or preparing for the future. Thus, when
people read a counterfactual conditional, for example, “if the wire had been plugged in,
the light would have been on”, they think of two different possibilities: the conjecture
(“the wire was plugged in, and the light was on”) and the real fact (“the wire was not

plugged in, and the light was off”). In contrast, hypothetical conditionals such as “if the
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wire was plugged in, the light was on” are easier, because they only require people to
consider the conjectured possibility (see a review of the evidence of this dual
representation using inference tasks and comprehension tasks with priming and eye
movement procedures in Byrne, 2016 and Espino & Byrne, 2021).

Depending on the complexity of the tasks, some research found basic abilities of
counterfactual thinking in preschoolers (Beck et al., 2006; Guajardo et al., 2009; Roldan-
Tapia et al., 2017; Nyhout & Ganea, 2019) while other studies did not find this ability
until 6-8 years (Burns et al., 2012; O’Connor et al., 2012; Weisberg & Beck, 2012; Beck
& Guthrie, 2011; Kominsky et al., 2021; McCormack et al., 2018; Nyhout et al., 2019;
Rafetseder & Perner, 2018). Other researchers had found that competence increases
throughout the school years until around the age of 12 to 14, when it reaches a mature
state of counterfactual thinking. (Goémez-Sanchez et al., 2020; Rafetseder et al., 2013,
2021). These developmental differences have been attributed to different factors. For
example, Rafetseder and colleagues (Rafetseder et al., 2010, 2013) noticed that children’s
correct responses to counterfactual expressions (““if the wire had been plugged in, the light
would have been on”) did not necessarily mean that they were thinking counterfactually
in the same way as adults. Rather they might have just interpreted it as a basic conditional
expression: “if the wire was plugged in, the light was on”. Children could have concluded
that “if the wire was not plugged in, the light had to be off”. To distinguish the basic rule
(when plugged in, the light is on, and when not plugged in, the light is off) from
understanding the counterfactual fact about “what really happened”, it was necessary to
introduce an “overdetermined” condition to test a mature comprehension of
counterfactuals: for example, informing them that the switch was off. In these cases, a
basic rule does not allow someone to predict what happened, given that “even if the wire

was plugged in, the light was still off”. Nonetheless, while the inclusion of an
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"overdetermined " condition is required to demonstrate the development of counterfactual
abilities in schoolchildren, with some simpler tasks, even preschoolers can make correct
inferences (McCormack et al. 2018; Nyhout and Ganea, 2019; see in discussion).

Summarising, although it is not clear what aspect of counterfactual ability changes
during the last years of school age, we could expect that the causal attribution of
responsibility could be influenced by this change. More specifically, if pivotality
assessment implies counterfactual evaluation, then we could expect some developmental
changes in causal responsibility attribution as well as in children’s sensitivity to
pivotality. That is, changes in children’s ability to distinguish between the cases where
the target’s action was and was not pivotal for the outcome.

Experiment 1
In Experiment 1 the aim was to analyse adults’ attribution with the Battery task

to test whether it was sensitive and accurate enough to detect the effects found in
previous studies (Lagnado et al., 2014; Zultan et al., 2012). Thus, it was applied
following the same procedure as we intended to follow in Experiment 2 with children.
In this task, participants had to think about how a plug-in battery works. Participants
were asked about the responsibility of a particular wire in the functioning of a battery
with four coloured wires. The wires were connected in such a way that it was possible
to manipulate its criticality and pivotality for the outcome. The battery worked if the
brown, blue and at least one of the two special wires, either yellow or orange, worked
correctly (see Figure 1). Therefore, the brown and the blue wires are in a conjunctive
structure: their functioning is necessary for the battery to work. Conversely, the yellow
and orange wires are in a disjunctive structure, given that with only one of them
functioning the battery could work. As can be seen, according to ii), the brown wire’s

criticality is maximum, given that if it does not work, the probability for the battery to

16



run is null p(y|—x;). In contrast, the criticality of the yellow wire is ¥ because, even if
it does not work, the orange wire can work p(y|—x;)= 4, and therefore, assuming
whatever probability for p(y|x;) in the numerator and denominator, criticality is V5.

Similarly, when the outcome is known, participants can compute the pivotality
of a wire. Thus, if the battery does not work and all the wires except the brown one
work, it can be concluded that the brown wire was pivotal to the outcome (See Figure
2A). Thinking counterfactually, we realise that no change is necessary to make the
brown wire pivotal. So its responsibility according to 1) is maximum 1 (= 1/(0+1)).
However, when not only the brown wire but also the blue one fails to work correctly
(See Figure 2C), we have to mentally simulate and change the blue wire’s functioning
in order to make the brown wire pivotal for the outcome. In this case, N is equal to 1
and, therefore, the brown wire’s pivotality is Y2 (= 1/ (1 + 1)).

Participants were asked to make two sorts of judgement: 1) prospective
judgements, where they were asked to estimate how critical a wire’s contribution was
for the battery to work; and 2) after the outcome was known, retrospective judgements,
where they were asked to rate how responsible a target wire was for the outcome. In
prospective judgement trials, criticality was manipulated by asking participants about
either a wire embedded in a conjunctive structure whose contribution was, therefore,
necessary for the battery to work (the brown wire, C = 1), or asking them about a wire
embedded in a disjunctive structure whose contribution was sufficient but not necessary
(the yellow wire, C = %) (see Figure 1).

In the retrospective judgement trials, we manipulated the target wire’s criticality
and its pivotality for the outcome. Criticality was manipulated in the same way as in the
prospective trials. Pivotality, however, was manipulated by varying the number of wires

that worked correctly in each trial. In all trials, we told participants that the battery had
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not worked, the reason being that negative outcomes trigger causal reasoning as well as
counterfactual thinking in adults (Enzle & Schopflocher, 1978; Hilton, 1990) and
children (e.g., German, 1999).

As did Lagnado and colleagues (2014), we expected that the heuristic model
would predict participants’ prospective judgments better than the pivotality model. So
we expected participants to rate the wire whose contribution was necessary for a
positive outcome (C = 1) as more critical than the wire whose contribution was
sufficient but not necessary, C = '2 (Lagnado et al., 2014; Zultan et al., 2012). With
regard to retrospective judgements, we expected that participants would hold the target
wire more responsible in the constant condition trials (C= 1, P = 1) than in pivotality
reduced (C = 1, P = ') ones (Gerstenberg & Lagnado, 2010; Lagnado et al., 2014;
Zultan et al., 2012). That is, we expected them to rate the fully critical wire (the brown
wire, C = 1) as more responsible when its functioning was pivotal for the outcome (P =
1) than when it was not (P = /2). Similarly, we expected that in the cases where the
target was pivotal for the outcome (P = 1), participants’ responsibility attributions
would vary in function of the target’s criticality for the outcome. In particular, we
expected participants to rate the fully critical wire (the brown wire, C = 1) as more
responsible than the non-fully critical one (the yellow wire, C = ') in the trials where
both were pivotal for the outcome (Lagnado et al., 2014).

Method

In these studies, we report all measures, manipulations and exclusions. Both of
our studies (Experiments 1 and 2) were approved by the university’s ethical review
board (Comité de Etica en Investigacion Humana de la Universidad de Granada:

1068/CEIH/2020). Sample size was determined before any data analysis.
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Participants

A total of thirty-eight students (6 males and 32 females) from the University of
Granada (age: M = 21.20; SD = 3.71) took part in Experiment 1. They participated in
exchange for course credits. Twenty participants completed prospective judgments trials
first, while the remaining eighteen participants started by completing retrospective
judgements trials. For this study, participants read and filled out consent forms
complying with the University Research Ethics Committee guidelines.
Materials

In the Battery task, a battery had four wires identified by different colours: brown,

blue, yellow, and orange (see Figure 1). The battery worked only if the brown and blue
wires worked along with one of the special wires (either yellow or orange). The yellow
and orange wires were labelled as “special wires” because, unlike the first two wires, the
battery can work even if one of them fails, as long as the other works. So, the causal
structure of the battery’s operation is mixed: It includes conjunctive (brown + blue +
[vellow or orange]) and disjunctive (yellow or orange) conditions. Participants were
asked to make prospective judgements and retrospective judgements about the battery’s
operation. Eight slideshow presentations were prepared. They can be found at DOI:
10.6084/m9.figshare.23503548. Each presentation included six prospective judgements
trials and six retrospective judgements trials. The order of presentation of judgements was

counterbalanced across presentations.

[FIGURE 1 ABOUT HERE]

In prospective judgements trials, we manipulated the wires’ criticality value by
asking participants about either a wire whose contribution was necessary for the battery

to work (brown wire in conjunctive condition trials, C = 1) or a wire whose contribution

19



was not necessary for running the battery (yellow wire in disjunctive condition trials, C
=14 ). More specifically, in four out of the six prospective judgements trials, we asked
participants to rate the brown wire’s criticality (C = 1) and in the remaining two trials to
rate the yellow wire’s criticality (C = ’2). The participants’ task was to estimate how
decisive the target wire (either the brown or the yellow) was to running the battery.
Although we kept the term “critical” throughout the instructions, we used the Spanish
word “decisivo” (“decisive” in English) because this word is more familiar to children
than critical and the two words are synonyms in Spanish. We then decided to retain the
same term in the study with adults.

In the retrospective judgements trials, we manipulated both the target wire’s
criticality and pivotality values. Pivotality was manipulated by varying the number of
wires that worked correctly, while criticality was manipulated in the same way as in the
prospective judgements trials. In all trials, the outcome was negative: the battery did not
work (see Figure 2). Participants completed trials for three different conditions (two
trials per experimental condition). In the constant condition trials, the target wire was
fully critical and pivotal to the outcome (C = 1, P = 1): all wires worked correctly with
the exception of the target wire (brown wire) — see Figure 2A. In the reduced criticality
condition trials, the target wire (yellow wire) was pivotal to the outcome but not fully
critical (C = 2, P = 1): all wires worked correctly except for the special wires (yellow
and orange). See Figure 2B. Finally, in the reduced pivotality condition trials, the target
wire (brown wire) was fully critical but not pivotal to the battery’s malfunctioning (C =
1, P ="%): only the special wires worked correctly. Neither the brown nor the blue wire
worked (see Figure 2C). The order of presentation of the three different retrospective

judgements was randomised in each slideshow presentation.
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[FIGURE 2 ABOUT HERE]

In all the presentations, we included a “Balls task” before the experimental trials.
The purpose of this task was to familiarise participants (especially children, in the next
experiment) with the meaning of the scale. The Balls task included three trials. In each
trial, participants viewed a transparent box that included balls of two different colours,
with different proportions of each. For each trial, they were asked to estimate how
possible it was that a blindfolded child would pull out of the box a ball with a specific
colour. After this task, the experimental trials (either prospective or retrospective)
appeared.

For both tasks, participants provided their answers in a booklet containing 15 non-
numbered scales (ranging from 0 to 10) whose endpoints were labelled “not at all” and
“very much”. Each scale was preceded by the trial number (e.g., Balls 1 for the Balls
task trials, Question 1A for prospective judgements trials and Question 1B for
retrospective ones). This number as well as the trial question (either Balls task,
prospective judgement or retrospective judgement) also appeared on the screen. For
both tasks, participants provided their answers by circling one of the lines of the non-
numbered scale.

Procedure

Participants were tested in a quiet room, in groups of three to five people. They were
seated at a table in front of a laptop where the slideshow presentations were displayed.
We started each experimental session by explaining the meaning of the scale. After that,
and to ensure that participants understood the use of the scale (specially children in the
next experiment), they completed the Balls task. In each trial, the experimenter
displayed a slide with a box containing several balls of different colours. After

displaying this, she also informed them verbally about how many balls of each colour
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were inside. Participants’ task was to rate in their booklet how possible it was that a
blindfolded child would pull out of the box a ball with a specific colour. Following this,
the experimental task started.

At the beginning of the Battery task, all participants received general instructions
that included the following scenario: “Chinese researchers have developed a special
plug-in battery. It is special because it operates for 72 hours per charge and it takes just
20 minutes to load. However, researchers continue testing because they do not get the
battery to run. This battery has four wires: a brown wire, a blue wire and two special
wires, one yellow and the other orange. The battery runs if the brown and blue wires
work and at least one of the special wires, either the yellow or the orange. For that
reason, the yellow and the orange wires are special: only one of them needs to work to
run the battery as long as the brown and blue wires also work”. During this
explanation, a slide representing the causal structure of the battery’s functioning was
displayed (see Figure 1). This slide did not include either the trial question or the trial
number. We tested children's understanding of the battery's operation rules by asking
them orally what would happen if, for example, only the blue and brown wires worked
properly. Once the experimenter was sure that participants had understood the
instructions (how many wires had to work to get the battery to run), they completed the
experimental trials, writing their answers in the booklets.

Before completing the prospective judgements trials, we explained to participants
what “critical” (“decisive” in Spanish) meant. This explanation was included to ensure
that children (in the next experiment) understood the meaning of “critical”. We also
provided this explanation to adults. We used a well-known Spanish cookery show to
illustrate what “critical” means. In this show, three judges decide who is the best cook

among several candidates. We told participants that “critical” refers to “the power that

22



someone has to make that thing happen or not.” After that, we asked them to envisage
that in this TV show, there was only one judge and we asked them how critical this
judge’s vote was to decide the winner. Participants provided verbal answers and we told
them: “in this case, the vote of Chicote (the judge) was fully critical because he had the
power to decide who would be the winner”. Next, we asked participants whether
Chicote’s vote would be more or less critical in the actual situation (in which there were
three judges) than in the hypothetical situation mentioned previously. If any of the
participants claimed that Chicote’s vote would be more critical in the actual situation
than the hypothetical one, they received a further explanation. Subsequently, they
completed the prospective judgments trials.

In the prospective judgements trials, the experimenter showed participants the
same image of the four wires, but headed now by the trial question (referring to either
the brown or the yellow wire) and its number (see Figure 1). Once the image was
displayed, the experimenter asked participants to estimate and mark using the scales in
their booklet how critical the target wire was to getting the battery to run.

In the retrospective judgements trials, participants were presented with the same
image as in the prospective ones, but in addition, they included information about each
wire’s functioning: the wires that worked correctly and those that did not. Specifically,
when a wire worked correctly, a green tick appeared above it. When a wire did not
work, a red cross appeared above it (see Figure 2). In these trials, we told participants:
“Now I will show you the results of some operating tests carried out by the Chinese
researchers. Specifically, I will tell you which wires worked in the operation of each
test. Your task is to estimate how responsible one wire is for either the battery’s
functioning or its malfunctioning.” We did not tell participants beforehand that in the

trials, the battery would not work. The reason for this was to keep participants in
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anticipation so that they would focus on the task. In each trial, a different slide was
displayed on the screen. The experimenter informed participants, one by one, about
which wires worked in each trial (this information also appeared on the slide, see as
example, Figure 2). Once participants knew each wire’s functioning (whether it worked
or not), they were asked to rate how responsible the target wire was for the battery’s
malfunctioning. As in the prospective trials, each slide included the trial’s question and
its number (e.g., Question 1B). For both trials, participants provided their answers by
circling one of the lines on the non-numbered scale.
Results

Data for the experiments are available at DOI: 10.6084/m9.figshare.23503548
Prospective judgements

A paired t-test was conducted to compare participants’ ratings in conjunctive (C
= 1) and disjunctive condition (C = ') trials. Results are shown in Table 1. There were
statistically significant differences in participants’ ratings among trials, #38) = 12.73, p
<.001. In particular, participants rated as more critical the wire whose contribution was
necessary for the battery to work (C = 1, the brown wire) than the wire whose

contribution was sufficient but not necessary (C = %, the yellow wire).

[TABLE 1 ABOUT HERE]

Retrospective judgements

Again, a paired t-test was conducted to compare participants’ ratings in the
constant condition (C = 1, P = 1) and the pivotality reduced condition (C =1, P = 1%).
The mean ratings are shown in Table 1. The analysis revealed statistically significant

differences among trials, #(38) = 8.90, p < .001: participants held the fully critical wire
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(the brown wire) as more responsible in the trials where its functioning was pivotal to
the outcome (P = 1) than in those where a change was required in the actual situation to
make it pivotal (P = 1%2).

In addition, in order to test the effect of criticality in participants’ retrospective
judgements, we conducted an additional analysis comparing participants’ ratings to
constant condition (C =1, P = 1) and criticality reduced condition trials (C =2, P =1).
Data are shown in Table 1. Again, a paired t-test was conducted. There were statistically
significant differences, #(38) = 11.70, p <.001. Although in both conditions the target
wire was pivotal to the outcome, participants attributed more responsibility for the
outcome to the fully critical wire (the brown wire) than to the non-fully critical wire (the
yellow wire).

Discussion of Experiment 1

Lagnado and Gerstenberg (2015) reported an unpublished study in which they found
that adults attribute responsibility to components of a device in the same way as they do
with players in a game. In Experiment 1, we replicated their main findings with a new
task based on the functioning of a battery designed to test children’s attributions of
responsibility. Like these authors, we found that participants rated as more critical the
wire whose functioning was necessary for the battery to work (the brown wire) than the
wire whose functioning was sufficient but not necessary (the yellow wire). These
results could not be explained by the “expected pivotality model” (Rapoport, 1987),
given that it predicts that a wire embedded in a conjunctive structure would be
perceived as equally critical to a wire embedded in a disjunctive one. Also, in our study,
the heuristic model seems to predict better than the expected pivotality model
participants’ prospective judgements. Furthermore, we found that participants’

retrospective judgements varied in function of the target’s criticality and pivotality for
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the outcome. In particular, the fully critical wire (the brown one) was rated as more
responsible when its functioning was pivotal to the outcome than when it was not.
Conversely, in the cases where the target wire was pivotal to the outcome, participants
rated as more responsible the fully critical wire (the brown one) than the non-fully
critical wire (the yellow one). The present results show that the new task is sensitive
enough to detect changes in the responsibility judgments of adults. Also, the results
support the CP model, replicating previous results obtained with different tasks, and
show that the model accounts for the attribution of responsibility to components of
mechanical devices.
Experiment 2

In Experiment 2, we applied the Battery task to schoolchildren aged between 8
and 13 in order to test the CP model. We aimed to discover 1) whether children are able
to discriminate the causal role, necessary or sufficient, of one component in a
mechanism’s operation, 2) whether they take into account this role as well as the
component’s pivotality for the outcome in their causal responsibility judgements, and
also 3) to test an additional prediction of the CP model: the relation between assessment
of pivotality and counterfactual thinking (Lagnado et al., 2014). To this end, we asked
children to complete a brief counterfactual reasoning questionnaire and related their
performance in it to their sensitivity to pivotality and criticality in both prospective and
retrospective judgements. We expected that only retrospective judgments and not
prospective ones would relate to counterfactual thinking. Counterfactual thinking
requires people to mentally undo a known outcome, and outcomes are not given in
prospective judgments. A particularly interesting kind of counterfactual is the
semifactual, in which people also search for contrary antecedents, but they keep the

same outcome. We computed three indices to correlate with counterfactual thinking
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measures. For prospective judgments, we computed the Sensitivity to prospective
criticality (see Figure 1). This was defined as the difference in children’s ratings
between the conditions where the wire’s contribution was necessary for the battery to
work (conjunctive condition, C = 1) and those where it was not (disjunctive condition,
C ='%). The smaller the difference between the ratings among conditions, the lower the
child’s sensitivity. We did not expect any association with the counterfactual measures.
For retrospective judgements, we computed the Sensitivity to Pivotality and Sensitivity
to Retrospective Criticality indices (see Figure 2). Sensitivity to pivotality was defined
as the difference between the constant condition trials (C = 1, P = 1) and the pivotality
reduced condition trials (C = 1, P = }4) in children’s ratings. Thus, for example, a child’s
sensitivity to pivotality was “5” when she gave a rating of 10 (labelled as “very
responsible”) in the trials where the target wire was pivotal to the outcome (P = 1) and a
rating of 5 (labelled as “partly responsible”) in the trials where the wire was not pivotal
(P ='%). Finally, the Sensitivity to Retrospective Criticality index reflects children’s
sensitivity to criticality after knowing the outcome, in retrospective judgements trials. It
was defined as the difference between children’s ratings in the constant (C=1,P =1)
and the criticality reduced (C = 2, P = 1) conditions. The interest of this last index was
to check whether the two indices behave in a similar way to the causal structure in
prospective and retrospective judgments. No differences were initially predicted.

As we mentioned in the introduction, there is mixed evidence about when children
think counterfactually in the same way as adults. However, some previous studies have
found that when children are tested with tasks that include overdetermined conditions,
their performance with the counterfactual questions, more specifically, with the
semifactual ones (in the overdetermined conditions), improves during mid-childhood

(Goémez-Sanchez et al., 2020; Moreno-Rios & Garcia-Madruga, 2002; Rafetseder et al.,
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2013, 2021). Our questionnaire included questions similar to those used in the studies
that show developmental differences in schoolchildren (e.g., Gémez-Sanchez et al.,
2020, 2021; Rafetseder & Perner, 2013). The items in the questionnaire consisted of
stories with conditionals that require children to think not only how a different outcome
could have occurred (counterfactual thinking) but also how the same outcome could
have resulted from different situations (semifactual thinking). Semifactual conditionals
are a kind of counterfactual conditional with a different initial representation in which
the conclusion is fixed (Byrne, 2016; Moreno-Rios, et al., 2008; Ruiz-Ballesteros &
Moreno-Rios, 2016; Santamaria et al., 2005). In the case of the Battery task,
counterfactual thinking leads children to realise that if the wire had functioned, the
battery would have worked (for example in pivotality = 1 conditions). Conversely,
semifactual thinking would lead them to detect that “even if the wire had functioned, the
battery would not have worked” (for example, in pivotality =1/2 condition). It would
allow them to distinguish the cases where the target was pivotal to the battery’s
malfunctioning from those where it was not (sensitivity to pivotality). Based on this,
we hypothesised that if retrospective judgements and, more specifically, the assessment
of pivotality, rely on counterfactual thinking, then children with better counterfactual
(and semifactual) reasoning abilities should be more sensitive in their judgments to the
target’s pivotality for the outcome. Thus, we predicted that older children would be
more sensitive to pivotality than younger ones, given they have more competence in
counterfactual reasoning (e.g., Gdmez-Sanchez et al., 2020, 2021; Rafetseder et al.,
2013). It does not mean, however, that we expected younger children to be insensitive
to pivotality. As we have seen, even pre-schoolers make correct inferences from
counterfactual conditionals with some particular tasks (Beck et al., 2006; Guajardo et

al., 2009; Nyhout & Ganea, 2019; Roldan-Tapia et al., 2017). However, some results
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suggest that this kind of thinking improves during childhood, becoming as they develop,
more similar to adults’ counterfactual thinking (e.g., Gomez-Sanchez et al., 2020, 2021;
Rafetseder et al., 2013). Thus, we expected that younger children would be sensitive to
pivotality but to a lesser extent than older ones, given that only older ones use mature
counterfactual reasoning strategies.

Regarding prospective judgments, a recent study has found that children’s
attributions are sensitive to causal structure. In this study, Koskuba et al. (2018) asked
children of 4 to 7 years and adults to allocate rewards/penalties to the members of a
team. They manipulated the players’ performance and the causal structure of the game,
which determined how the players’ performance combined to win or lose (conjunctive
or disjunctive). Interestingly, there were no developmental differences between 4 and 7
year-old children, but there were between children’s and adults’ allocations (Koskuba et
al., 2018; Experiment 2). So despite the lack of specific research with middle-grade
schoolchildren, we expected children’s prospective judgments to be sensitive to a wire’s
(necessary or sufficient) causal role in the battery’s functioning, with no developmental
differences. Nevertheless, it is important to note that there are many differences between
Koskuba et al.’s (2018) study and the present one. For example, in their study, children
had to think about people’s behaviour rather than a component of a mechanism. In
addition, the participants’ task was different: they were asked to allocate
rewards/penalties to players while here, children were asked to attribute responsibility to
a component of a mechanical device. As Koskuba et al. (2018, p. 241) pointed out,
although responsibility and reward attributions are closely linked, each kind of
attribution may involve specific factors. Also, the effect of the causal structure was
tested between subjects while here it was tested within subjects. Thus, in the light of the

large differences among studies and the lack of specific research, we kept an open mind.
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Method
Participants
One hundred and sixty-nine schoolchildren (83 girls and 86 boys) aged between

8 and 13 years (M =9.85; SD = 1.25, range = 8.08 to 13.17) completed the Battery task:
seventy-nine children from the second level of Spanish primary school (2nd PS-Level,
M =8.81; SD = 0.70; range = 8.08 to 10.67) and ninety children from the third level of
Spanish primary School (3rd PS-level; M = 10.76; SD = 0.87, range = 10.08 to 13.17).
One hundred and sixty-one of them (M = 10.42; SD = 1.23; range = 8.08 to 13.17) also
completed the counterfactual reasoning questionnaire: seventy-three from second PS-
level (M = 8.85; SD = 0.70; range = 8.08 to 10.67) and eighty-eight from third PS-level
(M =10.76; SD = 0.87; range = 10.08 to 13.17). All of them were native speakers of
Spanish and were enrolled in two different state schools in Granada, Spain. They
participated only if their parents had given written consent for this study, complying
with the ethical protocol of the University Ethics Committee.
Materials

The materials used for the Battery task were the same as those described in
Experiment 1. In addition, we asked participants to complete a brief counterfactual
reasoning questionnaire. The questionnaire included two short stories and four questions
labelled as: an inferential question, an epistemic status question, a comprehension
question and a semifactual question. There were two different versions of the
counterfactual reasoning questionnaire. The two versions differed only in the contextual
information (the short stories). In both, the questions appeared in the same order as
below.

In one of them, the first story said: “Maria is on the phone with her husband Juan.

Maria is in a shop because she wants to buy a new TV. She goes up to a shelf and sees a
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TV for sale. She notes that the TV is unplugged. She says to Juan: “If somebody had
pressed the remote control...” Just at that moment, the phone goes dead.” After that,
the inferential and the epistemic status questions appeared.

1) In the inferential question, participants were asked: How do you think the
conversation would have continued if the phone line had not gone dead? If
somebody had pressed the remote control, then the TV...

Then they had to choose between three answers: a) would have come on, b)
would not have come on, and c) It’s impossible to know.

2) In the Epistemic status question, they were asked: When Maria said “If
somebody had pressed the remote control...”, what do you think was really
going on?

The three options for response were: a) Somebody pressed the remote control, b)
Nobody pressed the remote control, and c¢) There was no remote control.

The purpose of these first two questions was to evaluate whether children could
identify what would have happened in a different situation (inferential question) and
whether they were able to distinguish what really happened from what was
hypothetically proposed (epistemic status question).

After that, a control comprehension question tested whether children understood the
first story by asking them: Where was Maria when she was talking on the phone? And
the three answer options were: a) In her home, b) In a shop, and ¢) On the beach.

The second short story was designed to assess children’s semifactual reasoning
abilities. That is, to test whether children realise that an outcome would have been the
same even with a different antecedent(s). This second story said: Imagine that you are

in a park and you hear somebody say: “I know what really happened and, even if Ana
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had trained hard, she would not have won the competition.” After that, the semifactual
question appeared:

3) What really happened? a) Ana won the competition, b) Ana did not win the

competition, ¢) It’s impossible to know.

Procedure

The procedure for the Battery task was the same as that described in Experiment 1.
The counterfactual reasoning questionnaire was applied in groups of twenty to twenty-
five children in their classroom. The experimenter asked the children to read the stories
carefully and answer the questions that appeared below. The children were encouraged
to ask any questions they might have while completing the questionnaire. When a child
asked a question related to the content (the text in either the story or the question),
he/she was asked to read it again and to ask any question relating to the wording. These
doubts were clarified, taking care not to give any clues about the answer.

Results
Prospective causal judgements
Children’s responses to prospective causal judgements trials were submitted to a

2 (criticality’s value: /2, 1) x 2 (PS-level: second, third) mixed ANOVA, with the first
variable manipulated within participants and the second between groups!. Results are
shown in Table 1. The analysis revealed a main effect for criticality value, F(1, 167) =
183.07, p <.001,n2 = .52, and for PS-level, F(1, 167) =4.70, p = .032,12 = .03).
Children rated as more critical the wire whose contribution was necessary for the
battery to work (the brown wire, C = 1) than the wire whose contribution was sufficient

but not necessary (the yellow wire, C = }2). Furthermore, younger children’s mean

! The “order” factor was used as a control in our experiment. Although we had no initial predictions, we
analysed the effect of this factor in participants’ prospective and retrospective judgments. A more detailed
description of the “order” factor effect can be found at DOI: 10.6084/m9.figshare.23503548
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ratings were higher than those of older ones. The interaction between criticality value
and PS-level was not significant, F(1, 167) = 0.59, p = .442, 12 = .01.
Retrospective causal judgements

In order to explore whether children were sensitive to pivotality, we performed
an analysis including the children’s responses to the constant (C = 1, P = 1) and the
reduced pivotality (C = 1, P = /%) condition trials. Their responses were submitted to a 2
(pivotality value: Y5, 1) x 2 (PS-level: second, third) mixed ANOVA, with the first
variable manipulated within participants and the second between groups. The results are
displayed in Table 1. Results showed a main effect for pivotality value, F(1, 167) =
50.42, p <.001, n2 = .23: children held the fully critical wire (the brown wire) as more
responsible in the trials where it was pivotal to the negative outcome (P = 1) than in
those where a change was required in the actual situation to make it pivotal (P = '%).
Also, although there were no global differences in children’s mean ratings per PS-level,
F(1,67)=2.32, p=.573,m2 = .01, the interaction between pivotality value and PS-level
was significant, F(1, 167) = 7.66, p = .006, 2 = .04. Further analyses showed that
although children of both second and third PS-levels were sensitive to pivotality, the
effect was greater at the third PS-level (F(1, 89) = 56.94, p <.001, n2 = .39) than at the
second one (F(1, 78) = 8.03, p =.006, n2 = .09).

In addition, in order to explore whether children’s retrospective judgments were
sensitive to the target’s criticality value, we performed an analysis including their
ratings in the constant condition (C = 1, P = 1) and the reduced criticality condition (C =
%, P =1) trials. These ratings were submitted to a 2 (criticality value: 2 or 1) x 2 (PS-
level: second, third) mixed ANOVA. Results are displayed in Table 1. The analysis
revealed a strong main effect for the criticality value factor, (1, 167) = 128.09, p <

.001, n2 = .43. Although in both conditions the target wire was pivotal to the outcome
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(P =1), children held the fully critical wire (the brown wire, C = 1) to be more
responsible than the non-fully critical wire (the yellow wire, C = 2). There were no
differences in children’s mean ratings between the two PS-levels, F(1,167) =0.58, p =
446,12 = .01. Nevertheless, the interaction between criticality value and PS-level was
significant, F(1, 167) = 5.23, p =.023, n2 = .03. Further analyses showed that although
at both levels children’s responsibility judgements were influenced by the target’s
criticality value, the effect was greater at the third PS-level than at the second one, F(1,

89)=109.31, p <.001, n2= .55 and F(1,78) = 34.56, p < .001, n2= .30, respectively.

Counterfactual reasoning questionnaire and pivotality judgements.

Children’s responses to the counterfactual reasoning questionnaire were coded with
scores of 1 for each correct response and 0 for incorrect ones. We excluded from the
sample fifty-five participants for either not answering all the questions or for answering
the control comprehension question incorrectly. Thus, the sample for this analysis
consisted of one hundred and six children (51 from the second PS-level and 55 from the
third PS-level). Firstly, we tested to check that the comprehension question was not
answered correctly by chance in either of the two groups. The binomial test showed that
both older and younger children answered the comprehension question above chance
level (binomial test given a probability = .5 for second PS-level: 70%, p = .001; for third
PS-level: 63%, p =.025). Subsequently, we analysed the counterfactual questions. In a
similar previous study, the youngest children responded correctly by chance or even
below to the counterfactual questions in some conditions (meaning that they confused
the conjecture possibilities with the real fact; see in Gomez-Sanchez et al. 2020 Table
3). In that study, only older children distinguished clearly above chance level the real
and the hypothetical possibilities in all the conditions. Even so, children’s ability seems

to be lower than that of adults. Our results showed the same developmental trend. In the
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three experimental questions (inferential, epistemic status and semifactual), only older
children gave responses above chance (binomial test given a probability = .5 for
inferential question: 76%, p < .001; for epistemic status question: 75%, p <.001; and for
semifactual question: 71%, p = .003). Conversely, younger children performed at
chance level (binomial test given a probability = .5 for inferential question: 59%, p =
.262; for epistemic status question: 53%, p = .780; and for semifactual question: 57%, p
=.401). Next, we computed a global index of counterfactual reasoning (CF index)
based on the average of the correct responses to each question, with higher scores
indicating a better counterfactual reasoning performance. An independent sample T-test
was conducted using the CF index and grouped by the children’s PS-level. Results
showed that older children gave more correct responses than younger ones, #104) =
2.87, p=.005,d=0.54 (M= 0.56, SD = 0.33 for second PS-level and M = 0.74, SD =

0.31 for third PS-level).

Finally, in order to test whether there was a relation between children’s
counterfactual reasoning abilities and their sensitivity to criticality and pivotality, we
computed three indices: an index of sensitivity to prospective criticality (SPC index), an
index of sensitivity to criticality in the retrospective judgements trials (SRC index), and
an index of sensitivity to pivotality (SP index) (See Figures 1 and 2). These indices
reflected the differences mentioned above between children’s ratings. After that, we
analysed whether there was a relation between the three indices (SPC, SRC and SP) and
the three counterfactual reasoning questions (inferential, epistemic status and
semifactual) controlling for age. A positive correlation was found between the SP index
and the semifactual question (» = 0.18; p = .022) and between the SRC index and the

inferential question (» = 0.15; p = .048). The correlation between SRC and the CF index
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did not reach statistical significance (» = 0.15; p = .057). No other correlations were

significant (see Table 2).

[TABLE 2 ABOUT HERE]

General Discussion

In two experiments, we investigated adults’ and children’s causal responsibility
attributions to mechanical devices in the framework of the CP model (Lagnado et al.,
2014; Lagnado & Gerstenberg, 2015). Although the model was tested in a context of
responsibility attribution to human agents, Lagnado and Gerstenberg (2015, pp 229-
230) reported on an unpublished study in which they found similar results using
components of a device instead of agents as the target of judgments. In Experiment 1,
using a novel task designed to test children, we replicated those reported findings with
adults. In Experiment 2, we applied this task to children aged between 8 and 13 years.
The results obtained in this experiment constitute the first evidence, as far as we know,
of the CP model’s (Lagnado et al., 2014; Lagnado & Gerstenberg, 2015) suitability to
explain children’s causal responsibility attributions. Thus, we found that children were
able to distinguish the causal role of a component (necessary or sufficient) in a
mechanism’s operation. This happened not only when participants were asked to judge
in advance the component’s importance for a positive outcome (prospective
judgements) but also when they were asked to attribute responsibility to a target
component after knowing the outcome (retrospective judgements). Besides the causal

role, children’s responsibility attributions were influenced by the component’s
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pivotality for the outcome. Thus, they held the target as more responsible when the
outcome depended counterfactually on the target functioning than when it did not.
Pivotality and Counterfactual thinking

Another of our goals in this work was to explore whether the assessment of
pivotality relies on counterfactual thinking, as the CP model posits (Lagnado et al., 2014;
Lagnado & Gerstenberg, 2015). To test whether these changes in counterfactual thinking
during school years are reflected in pivotality assessments, in Experiment 2, we asked
children to complete a brief counterfactual reasoning questionnaire based on these
propositional tasks (e.g., Gémez-Sanchez et al, 2020; Rafetseder et al., 2013). In
accordance with previous studies (Gémez-Sanchez et al., 2020, 2021; Moreno-Rios &
Garcia-Madruga, 2002; Rafetseder et al., 2010, 2013, 2021), we found that children’s
performance in the counterfactual task increased during mid-childhood. Older children
obtained higher ratings than younger ones in the counterfactual reasoning questionnaire.
Interestingly, the same developmental changes were found in children’s sensitivity to
pivotality (See Table 1): older children differentiated better than younger ones in the cases
where the wire was pivotal to the outcome from those where it was not. In line with this
result, after controlling the effect of age, we found a positive relationship between
children’s performance in the semifactual question and their sensitivity to pivotality (See
Table 2). These results constitute the first clear evidence of the relation between
counterfactual thinking and pivotality assessment. More specifically, they reveal a
relationship between pivotality assessment and semifactual thinking. It is important to
note that although all the three questions concern counterfactual thinking, they do so in
different ways. The semifactual question, for example, requires an understanding that the
outcome is fixed even if the antecedent is changed mentally. This operation of mentally

undoing actions while the real outcome is fixed is employed in the computation of
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pivotality, as proposed by the CP model (Lagnado et al., 2014). The same operation was
considered nuclear for determining the “mature counterfactual reasoning strategy”,
reached in later childhood. According to Leahy and collaborators (Leahy et al., 2014, see
also Rafetseder et al., 2010), this strategy is shown when the problem requires preserving
as much of the story and the outcome as possible while accommodating the antecedent.
Then, it is not surprising that the semifactual question correlates with sensitivity to
pivotality given that both use the same mental operations. These results strongly support
the idea that pivotality assessment requires counterfactual thinking (e.g., Lagnado et al.,
2014; Lagnado & Gerstenberg, 2015).
Sensitivity to Criticality prospective and retrospective

Although the CP model (e.g., Lagnado et al., 2014) only establishes a relation
between counterfactual thinking and pivotality assessment, we also explored the relation
between this kind of thinking and children’s sensitivity to criticality in both judgements.
We expected that if there is any role of counterfactual thinking in the sensitivity to
criticality, that must be when the outcome is known. This only happens in retrospective
judgments (SRC) but not in the prospective ones (SPC). The results corroborate this.
On the one hand, results showed that the SRC index correlated with the general
inferential question. Answering correctly to this question requires using contextual
information to cancel the automatic modus ponens inference. For example, after
knowing the following, “If she had pressed the remote control, the TV would have
turned on”, and “She pressed the remote control”, we can conclude “the TV turned on”.
However, given the contextual information that the TV set was unplugged, this
automatic inference must be cancelled, and conclude “the TV did not turn on”. In our
task, being sensitive to SRC requires realizing that, although in both conditions the

target wire is pivotal to the outcome (P =1), only in the criticality reduced condition (C
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=) - P =1) is there another wire that could be mentally changed to get a different
outcome. Here, the battery could have worked even if the yellow wire had not worked.
Then, the counterfactual question and the responsibility judgment questions require
considering the contextual information (either the battery functioning rules or the
information about the (un)plugged state of the TV in the story).

On the other hand, as was expected, children’s SPC was not related to either
their PS-level or any of our counterfactual reasoning measures (inferential, epistemic,
semifactual or general CF index). Therefore, the results are consistent with the idea that
the assessment of the retrospective criticality does not require the same mental
operations as the assessment of the prospective one (see Lagnado et al., 2014; Lagnado
& Gerstenberg, 2015). In that sense, when people envisage the initial configuration of a
causal structure, they can think forward with prefactuals. It allows participants to
anticipate that if the brown wire does not work, the battery will not work (conjunctive
causal structure) and also to anticipate that if the yellow wire does not work, the battery
might still work: it is possible that the orange wire works, and then the battery will work
(disjunctive causal structure). In both cases, prefactual (if then) thinking of conjectured
possibilities can be the basis for computation of probabilities. However, retrospective
criticality assessment requires backward thinking by using counterfactual thinking to
compute a target’s pivotality for an outcome.

The findings of developmental differences in attribution of responsibility in the
retrospective judgements (and its components SP and SRC) but not in the prospective
judgments (and its component SPC) are consistent with the differences found in
propositional reasoning studies with differences in retrospective-counterfactual but not
in prospective-prefactual conditionals. There are several reasons for the greater

complexity of counterfactuals. Among them, a) counterfactual thinking involves mental
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simulations to think of the conjectured possibilities but, unlike with prefactuals, people
need to maintain in mind the outcome (presupposed facts) to be evaluated relative to the
events that they replace (Beck, 2016). Also, b) the difficulty in representing two things
instead of just one (Byrne, 2016), and c¢) the need to follow the epistemic status of the
cases (conjectured vs real), has been proposed as the differential feature between
counterfactuals and “if then” conditions (Byrne, 2016; Espino & Byrne, 2021; Moreno-
Rios, et al. 2008).
Development of counterfactual thinking and the overdetermined condition
Although competence in thinking counterfactually improves throughout
childhood, it is not clear which are the main factors that change. Some counterfactual
tasks are solved by young children, but others are not solved until the age of 13 or 14.
Differences found in various studies could be due to multiple factors. Although most of
them employ quite similar stimuli (such as dynamic events and narratives), some results
support explanations based on the ability to distinguish a real from a hypothetical
situation (Goémez-Sanchez, et al., 2020) and the cognitive demands this entails (Carey et
al., 2020; Gomez-Sanchez et al., 2020; Rafetseder et al., 2013, 2021), such as executive
functions (Beck et al., 2009; Beck & Riggs, 2014). Kominsky et al. (2021), using videos
where two balls collide, considered the possibility that the discrepancies found in
previous studies were due to children envisaging different counterfactual possibilities
from adults. The results supported the idea that children can think counterfactually but
do so in a way that differs from adults. Their proposal is consistent with the results
obtained by Gémez-Sanchez et al. (2021) using a propositional task. These authors
compared schoolchildren and adults, and found that children, unlike adults, construct
the counterfactual possibility more readily by recovering concrete rather than abstract

alternatives.
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To be sure that children understand counterfactuals and not “if then” basic
conditionals, Rafetseder et al. (2013) proposed the need for including “overdetermined
conditions” in the tasks (also see, Moreno-Rios & Garcia-Madruga, 2002; Goémez-
Veiga, et al., 2010; Espino et al., 2020, Moreno-Rios et al., 2008). They showed that
inferences with counterfactual conditionals lead to the same conclusion as if-then
conditionals because people tend to interpret basic conditionals as biconditional. Thus,
“if the brown wire worked, then the battery worked” is also usually understood as “if
the brown wire did not work, then the battery did not work”. Nevertheless, the two
interpretations can be discriminated merely by including an “overdetermined
condition”. Rafetseder et al. (2013), unlike previous studies with preschoolers, used
scenarios that fixed the conclusion (e.g., “the battery always works”). Some other
authors (Gomez-Sanchez et al., 2020; Ruiz-Ballesteros & Moreno-Rios, 2017,
Santamaria et al., 2005) used a kind of counterfactual conditional known as a
“semifactual conditional” that generates the same effect: the conclusion is fixed but
using a conditional expression: “Even if the brown wire had worked, the battery would
not have worked”; and the opposite: the battery could have worked even if the yellow
wire had not worked. In both cases the interpretation of the semifactual conditional (the
wire worked but the battery did not work) is different from the basic conditional (the
wire worked and the battery worked or the wire did not work and the battery did not
work either). In these studies, schoolchildren's performance on counterfactual tasks
improved over time, eventually reaching adulthood with mature counterfactual
reasoning strategies at the end of their school years.

It seems that simply solving the overdetermined condition is insufficient to
explain developmental differences in counterfactual reasoning in schoolchildren.

Nyhout and Ganea, (2019) showed that preschoolers could engage in counterfactual
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thinking in simple fiscal-causal tasks with two possibilities. To test it, they used the
blicket detector task (see also McCormack et al. 2018 for comparable results). They
created an overdetermined condition: Two objects could independently make the blicket
detector “turn on a light” when they were sited on it. Four- and five-year-olds could
infer that even if an object was removed and the other remained, the light was still on.
As a result, including the overdetermined condition in a task seems to be necessary but
not sufficient to produce developmental differences in counterfactual abilities in older
schoolchildren. There are many differences between the mentioned task and the tasks
used here. For example, in the battery and propositional tasks, children must mentally
operate in conceptual worlds with many alternatives. The factors and their weights are
not yet known. Future work should address these questions.

Going back to the present study, in the brief counterfactual reasoning
questionnaire, we included 1) counterfactuals with the overdetermined condition due to
contextual information and 2) semifactuals (the “pure” overdetermined condition). The
two measures were related to both sensitivity to pivotality and to sensitivity to
retrospective criticality (SRC and SP), respectively. So it might be that the different
developmental patterns found in children’s prospective and retrospective judgements
were due to the kind of thinking involved in each judgement. Note that only when
children had information about the outcome (retrospective judgements), did their
sensitivity increase with age. These conditions are particularly difficult for children
because they require computing overdetermined conditions with a fixed outcome, even
if a different wire were functioning (Leahy et al. 2014).

Multiple potential factors in development.
Finally, although during childhood individuals increase their abilities to reason

about causes, they show some difficulties in thinking about situations with multiple
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potential causes. In Siegler’s (1978) classic balance problems, as in those described by
Inhelder and Piaget (1958), only older children, and in some cases only adolescents,
were able to solve some problems with devices. This kind of problem requires thinking
about actual outcomes, considering previous evidence and anticipating what the
outcome could have been in other cases. Later studies have shown that even
preschoolers, in adequate conditions, can solve problems that were thought to require
formal operational thinking (e.g., Andrews et al., 2009; Ebersbach, 2009; Koskuba et
al., 2018; Schlottman & Wilkening, 2011). Also, some research has shown that the last
years of school are critical in its development (Peterander]l & Edelsbrunner, 2020).
Children in the present study integrated criticality and pivotality values in their
responsibility judgements. Besides acquiring this ability, during this developmental
stage children also develop the ability to correctly interpret counterfactual questions
about the physical behaviour of basic objects (Nyhout & Ganea, 2019). This is the case
with understanding indeterminacy and confounded comparisons. The finding that young
children show some abilities in simple tasks does not mean that their thinking is the
same as that of adolescents, as was shown in classical tasks (Kuhn, 2012; Muentener &
Bonawitz, 2017). We have used a task adjusted in complexity to find differences
between school years to explore how counterfactual thinking is related to the attribution
of causal responsibility and, more specifically, to retrospective judgements. Results
seem to confirm this relation, supporting the CP model. Unfortunately, there are many
questions that our study cannot answer; for example, which aspect of counterfactual
thinking is related to the causal attribution of responsibility and what is the nature of
that relation. There are many things that change during this developmental period, such
as knowledge, reading comprehension and executive function. Some of these could be

related to the improvement in mature counterfactual reasoning. It is possible that there
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are more sensitive tasks that could explain the differences at earlier ages. Also, we
intentionally chose to study causal attribution in non-human agents to simplify the
study. An interesting test of the model could be developmental testing with human
agents. With the well-known changes in the theory of the mind in childhood, it is
possible that even without intending (Gweon et al. 2012), children's attribution of
causality to human agents could be mediated by their ability to attribute knowledge and
intention to others. As we have seen, the CP model provides a good framework to
analyse the development of children’s thinking about mechanical devices. It makes
specific predictions about the contributing effect of both criticality and pivotality, as
well as the relation between retrospective responsibility judgments and reasoning with
counterfactuals (and particularly with semifactuals). The model could also predict a fact
that we have confirmed: when a judgement is required to assess the target’s pivotality
for an outcome, older children are more sensitive than younger ones, but they are
similarly sensitive when no pivotality assessment is required, as in prospective

judgements.
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Table 1. Mean ratings (SDs) for prospective and retrospective judgements (from 0 to 10)
per condition regarding Criticality (C) and Pivotality (P) values, for Adults (Experiment

1) and Children (Experiment 2).

Adults Children

8to 10 years 10 to 13 years 8 to 13 years

Prospective Judgments
C=1 8.38 (2.14) 8.28(2.28) 871(1.77) 8.48(2.06)
C="% 2.69 (1.91) 4.56 (2.66) 5.39(3.20) 4.95(2.95)

Retrospective Judgments

P=1][C=1] 9.68 (0.73) 8.41(2.04) 7.72(2.46) 8.09 (2.27)
P=1[C=] 5.53(2.09) 5.59(2.33) 5.84(2.43) 5.71(2.38)
P="%[C=1] 6.88 (1.84) 6.52(2.19) 6.89(2.42) 6.69(2.30)
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Table 2. Correlations between the two indices (SC and SP), the three counterfactual

questions and the CF index controlling for age.

Inferential Epistemic Semifactual CF index
Status
SPC index r=.08, r=.07, r=-.01, r=.06,
p=.282 p=.355 p=.339 p=.391
SRC index r=.15%, r=.04, r=.12, r=.15,
p=.048 p=.613 p=.126 p=.057
SP index
r=.09, r=-.07, r=0.18+, r=.09
p=.217 p=.379 p=.022 p=.213

Note: * p<.05. **p<.0l.



Figure 1. Screenshot of the two criticality value conditions in the prospective judgements
by asking participants about the leftmost wire. The criticality in panel A is 1 (brown wire)
and in panel B ' (yellow wire). The sensitivity to criticality is computed as the difference

between the two conditions.
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Figure 2. Screenshot of the three conditions in the retrospective judgments by asking
participants about the leftmost wire. Panels A and B have the same pivotality value (1)
but different Criticality values (1 and '%). The difference between them is the sensitivity
to Criticality after outcome knowledge (Retrospective Criticality). Panels A and C have
the same criticality value (1) but different pivotality values (1 and '2). The difference

between them is the sensitivity to Pivotality.
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