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Abstract

Children learn causal relationships quickly and make far-reaching causal inferences using what they observe. Acquiring abstract causal principles that support generalization across different causal relationships could support these abilities. We examine children’s ability to acquire abstract knowledge about the forms of causal relationships and show that in some cases they learn better than adults. Adults and 4-year-old children saw events suggesting that a causal relationship took one of two different forms, and their generalization to a new set of objects was then tested. One form was a more typical OR relationship; the other was a more unusual AND relationship. Our results show that children can learn the abstract properties of causal relationships using only a handful of events. Moreover, children were more likely than adults to generalize the unusual causal form, suggesting that they are less biased by prior assumptions and pay more attention to current evidence. These results are consistent with the predictions of a hierarchical Bayesian model. 
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Introduction

In everyday life we know about abstract and general causal principles as well as more concrete and specific causal relationships. For example, I not only know that turning on my microwave and my blender makes the kitchen circuit breaker flip, I know more generally that circuit breakers have a characteristic causal structure – it takes several appliances to make a circuit breaker flip even if each individual appliance has no effect. This sort of abstract principle has been referred to as an overhypothesis (Goodman, 1955, Kemp et al., 2007), that is, a hypothesis about the kinds of hypotheses that are likely to be true. Overhypotheses can shape subsequent inferences. If I see the living room circuit breaker flip for the first time, I know I should try disconnecting some combination of appliances, rather than a single appliance. These abstract principles thus constrain our hypotheses about specific causal relationships and help us learn more effectively (Kemp, Perfors & Tenenbaum, 2007). They play a particularly important role in intuitive theories of biology, physics and psychology as “framework principles” (Wellman and Gelman, 1992). So, where do they come from? 

Recent work demonstrates that children are skilled at learning specific causal relationships (Gopnik et al., 2004, Sobel, Tenenbaum, & Gopnik, 2004). For example, they can infer which blocks will activate a machine based on the contingencies between the blocks and the machine’s activation. But can children also learn more abstract causal principles, and use those principles to shape their subsequent inferences? There is one experiment showing that 4-year-olds can learn abstract causal categories of objects (Schulz et al., 2008) and new evidence that even infants can learn overhypotheses about properties of sets of objects (Dewar & Xu, in press). But there have been no studies showing whether children can learn abstract causal principles or comparing children and adults.  In this paper, we show that 4-year-old children can learn abstract causal principles about the form of causal relationships, and in some circumstances do so more quickly than adults.
We contrast two abstract causal principles (overhypotheses) about the forms relationships take in a causal system. One is that relationships have an OR form, in which each cause has an independent probability of bringing about an effect. This form is pervasive in the literature on adult causal inference (e.g., Cheng, 1997, Griffiths & Tenenbaum, 2005). For example, the microwave turns on when we push the “popcorn” or the “rolls” button, and a fever may result from a virus or a bacterium. The other overhypothesis is that causal relationships have an AND form in which individual causes are unable to produce an effect, but multiple causes in conjunction can do so. For example, the circuit breaker flips when we turn on the microwave and the blender at once but does not flip if either appliance is turned on alone; a heart attack may only result if a person has both high ​​blood cholesterol and a particular genetic susceptibility.  Knowing that a circuit breaker or a disease has an AND form -- rather than an OR form -- helps us make the right inferences when we want to restore power or cure patients. 

Lucas and Griffiths (2009) showed that adults can learn overhypotheses about the forms of causal relationships, and explained this process in terms of a hierarchical Bayesian model. In a hierarchical Bayesian model the prior probability of an abstract causal principle is combined with observed data via Bayes’ rule. This determines the posterior probability of the principle. The process is hierarchical in that the probabilities of lower-level hypotheses are integrated to determine the probability of the overhypothesis. If young children also learn and exploit causal overhypotheses, this might help explain the swiftness and generality of early causal learning. 
We can also ask whether there are developmental differences between children and adults. Adults appear to be strongly biased towards OR relationships and learn these relationships more easily than AND relationships, a pattern that is consistent with the prevalence of OR relationships in the literature in general (Lucas & Griffiths, 2009; Lu et al., 2008; Griffiths & Tenenbaum, 2005; Cheng, 1997). Intuitively, we might expect that children would find it more difficult to learn overhypotheses than adults, particularly unusual overhypotheses, given the common assumption that children go from more concrete to more general knowledge, and given greater adult knowledge and information-processing capacities
A Bayesian approach, however, suggests an alternative and somewhat counterintuitive developmental hypothesis. On the Bayesian view, learning a new hypothesis involves integrating the prior probability of that hypothesis with observed data. Since children have less experience than adults, they will be less biased towards hypotheses that are consistent with that experience and more likely to accept hypotheses -- including overhypotheses -- that are consistent with new evidence.  So children might actually be better at learning an unusual abstract causal principle than adults. In particular, they may find it easier to learn that causal relationships take an AND form.

There is some reason to believe that children show this sort of superior flexibility in other domains. For example, young children are able to learn a wider variety of language sounds more easily than adults (Kuhl, 2004). However, we do not know whether an analogous effect applies to children’s causal learning and their development of intuitive theories. We can examine this developmental hypothesis through head-to-head comparison of children and adults in a causal learning task that requires making an abstract generalization about the nature of causal relationships – specifically, whether such relationships follow an AND or an OR form. By comparing how children and adults respond to data that support these different overhypotheses, we can examine whether children are capable of forming appropriate abstract generalizations, whether they use these abstract principles to shape more specific causal hypotheses and, finally, whether they are more willing to make these generalizations than adults.
Young children tend not to offer interpretable causal hypotheses when asked directly, so we designed an experiment which allowed children to reveal their hypotheses using only yes-no judgments. The experiment had two phases, each with a distinct set of objects. First, in the training phase, children saw a set of events involving prospective causes (“blickets”) and an effect (activation of a “blicketness machine”) designed to be likely under one of two abstract overhypotheses about the forms of causal relationships. Next, in the test phase, they saw a new set of ambiguous events. In these test events, different overhypotheses about the form of the causal relationship entail different judgments about which objects are causes. 

Children’s expectations about the form of the relationship between blickets and the blicketness machine might be shaped by the events they observe. For instance, seeing two objects A and B fail to activate the machine separately but succeed together suggests that, in general,  two blickets are necessary to activate the machine. The training events provided just this sort of information – participants saw one of two different sets of training events, each designed to lead them to believe that a particular abstract relationship held between the blickets’ presence and the machine’s activation. 
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Figure 1. Evidence presented to participants in the two training phases, as well as the subsequent test phase which all participants saw. Events are given as a set of prospective causes and the presence or absence of an effect. The bright-paneled machines represent events in which the effect occurs and the dark-paneled machines represent events in which the effect does not occur.

In the subsequent test phase, the events were designed so that different expectations about the form of the relationship would lead to different judgments about which of the new objects (D, E, and F in Figure 2) were blickets. If children expect that a single blicket suffices to activate the machine, they should believe that F is likely to be a blicket, while D and E are not. If, in contrast, children in the AND condition exploit the information provided by the training phase and conclude that two blickets are necessary to activate the machine, then they should think that D and F are blickets, and be uncertain about E.

If children are more likely than adults to call objects D and E blickets in the AND condition, we can conclude that the strong OR bias adults show is due largely to learning – the adults’ experience has led them to assign a higher prior probability to the OR overhypothesis. If children’s judgments are indistinguishable from adults’, we have evidence that the OR bias is in place relatively early in developments. Finally, if there is no effect of training evidence on children’s test-phase judgments, we might infer that the ability to form causal overhypotheses is itself a consequence of late-childhood learning or development. 
Participants
Children. Thirty-two children were recruited from university-affiliated preschools, divided evenly between the AND and OR conditions. Children in the AND and OR conditions had mean ages of 4.46 (SD=0.27) and 4.61 (SD=0.31) years, respectively.
Adults. UC Berkeley undergraduates received course credit for participating during lectures of an introductory psychology course. There were 88 participants in the AND condition and 55 in the OR condition. Five participants in the AND condition were excluded for declining to answer questions.
Methods

Children. Each child sat at a table facing the experimenter, who brought out three gray ceramic objects, each with a different shape, as well as a green box with a translucent panel on top, describing the box as “my blicketness machine”. 
At the beginning of the experiment, children were prompted to help the experimenter name the objects using their shapes, e.g., “triangle”. They were then told that the goal of the game was to figure out which of the objects were blickets, that blickets have blicketness inside them, and that blickets cannot be distinguished from non-blickets by their appearance. No other information was provided about the blickets or the machine.
The children then observed a set of training events in which the experimenter placed objects alone or in pairs on the machine, which activated in some cases by lighting up and playing music. These events corresponded to either the OR condition or AND condition training given in Figure 2. After the children saw these events, they were asked whether each object was a blicket or not. Next, the experimenter brought out three objects that the children had not seen before. After the children named the new objects, the experimenter demonstrated the test events listed in Figure 2 and asked whether each of these new objects was a blicket or not. 

The experiment was repeated a second time for each child, using the same patterns of evidence, but with a distinct set of objects that varied in a different way. The identities of the individual objects and the order of the sets were counterbalanced.
Adults. The adults were tested in groups using a procedure that was identical except that the adults were not asked to name the objects, and they recorded their judgments on sheets of paper rather than responding verbally. 
Results

Children. The critical prediction was that children would be more likely to judge object D to be a blicket in the AND condition than in the OR condition, indicating that they were (1) learning about the form of the relationship between blickets and the machine’s activation, and (2) transferring that abstract knowledge to make better inferences about novel ambiguous events. Children were more likely to judge object D to be a blicket in the AND condition than in the OR condition (p<0.005, two-tailed permutation test). There was also a change in the predicted direction for object E, albeit non-significant.
Adults. Adults were also more likely to judge object D to be a blicket in the AND condition than in the OR condition (p<0.005, two-tailed permutation test), consistent with the results in Lucas and Griffiths (2009). See Figure 2, bottom row, for a summary of their judgments for the test objects. 
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Figure 2. Proportions of objects that were judged to be blickets for children (top row) and adults (bottom row) for the AND (left column) and OR (right column) conditions. Error bars represent standard error of the mean.
Differences. In the AND condition, the adults judged object D to be a blicket less frequently than children (p<0.005, Fisher’s exact test). See Figure 2 for a summary of ratings in the three conditions. Children’s ratings were also higher for object E (p<0.001, two-sided permutation test), which is consistent with their being quicker to learn that an AND relationship applies: under an AND relationship, the event where E fails to activate the machine is uninformative, so judgments of E being a blicket should reflect the base rate of blickets occurring. The high frequency of other objects being blickets under an AND relationship (4 of 5), plus a belief that blickets are not rare, should lead a learner to expect that a novel object is somewhat likely to be a blicket.

Other aspects of the data exclude alternative explanations for these results. One alternative explanation is that children might be more likely than adults to judge any object to be a blicket. In fact, however, adults were more likely than children to call object F a blicket in the OR condition, and nearly as likely in the AND condition (75 percent of the objects versus 81 percent). Children only showed an increase for the D and E blocks. A second alternative is that the children were confused by the training data in the AND condition, and responded to the novel objects by guessing randomly. This explanation can be ruled out by noting that children judged objects D and F  to be blickets more often than chance would predict (t(15)=3.529, p<0.005). 
We also applied the hierarchical Bayesian model developed in Lucas and Griffiths (2009) to predict the children’s judgments. Estimating the priors of children and adults confirmed that these results can be explained in terms of children having weaker assumptions about the form of causal relationships. Details are provided in the Appendix.
General Discussion

Our experiment was designed to explore two questions: whether children could make high-level generalizations about the form of causal relationships, and whether they were more willing to do so than adults. Our results show that children are capable of making such inferences, and that their judgments were more strongly influenced by the available evidence than those of adults, whose inferences reflected a bias toward OR relationships. Our results thus support the view that when learning about cause and effect, children are flexible learners. In fact, their inexperience may sometimes let them learn better from sparse evidence, especially in novel situations. These results are also consistent with treating the acquisition and application of causal knowledge as a matter of hierarchical Bayesian inference, where a learner has beliefs expressed at multiple levels of abstraction, with abstract theories driving specific hypotheses which, in turn, enable prediction and categorization. 

The results of our experiment have implications for understanding causal learning, and for understanding cognitive development more generally. In terms of causal learning, these results suggest that abstract constraints that guide future inferences may themselves be learned (see also Kuhl, 2004 and Dewar & Xu, in press). We believe that trying to understand the origins of these constraints is fertile ground for future research. For cognitive development, the idea that children are more flexible in their commitments about the way that causal systems tend to work may provide an important insight for understanding how it is that children see the world differently from adults. The very fact that children know less to begin with may, paradoxically, make them better or at least more open-minded learners. The plasticity of early beliefs may help to explain the bold exploration and breathtaking innovation that characterizes children’s interactions with the world. Finally, our results suggest that a hierarchical Bayesian approach may help explain both how we reason as adults and how we learn as children. 
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Appendix: Model details

Following Lucas and Griffiths (2009), we use a sigmoid family of likelihood functions to represent a continuous space of overhypotheses, where the probability of the machine’s activation given that n blickets are present is 
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The overhypotheses determine the probability of different values of the gain g and the bias b. The gain specifies how many blickets are necessary to activate the machine, and the bias reflects how noisy the relationship is. Lucas and Griffiths found that exponential priors predicting a high mean gain (3.34) and a low mean bias (0.23) – or reliable OR relationship – lead to model predictions that closely match adults’ judgments. If children are happier believing that a relationship could be conjunctive or noisy, the priors that best capture their inferences should lead to a priori gains and biases closer to 1. This space of likelihood functions is intended to cover a range of relationships that are appropriate to the cover story and participants’ prior knowledge, and we do not claim it includes all relationships that people could conceivably learn.
Model fits. We treated is-a-blicket judgments as assertions that objects were definitely blickets, and not-a-blicket judgments as assertions that objects were definitely not blickets. A similar prior to that found in Lucas and Griffiths (2009) accounted for adults’ judgments, with a mean gain of 5.30 and bias of 0.11, and mean squared error (MSE) of 0.80 from the proportions computed from the adult judgments.
These same priors were inconsistent with children’s inferences, giving a MSE of 6.12. A mean a priori gain and bias of 1 – favoring neither AND nor OR relationships – was much more accurate, (MSE=0.58). The prior that best fit the children’s judgments gave a mean gain and bias of 1.45 and 0.85 respectively, with an MSE of 0.15.
