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 13 
Abstract: Effective curiosity-driven learning requires recognizing that the value of evidence for 14 
testing hypotheses depends on what other hypotheses are under consideration.   Do we intuitively 15 
represent the discriminability of hypotheses? Here we showed children alternative hypotheses for 16 
the contents of a box and then shook the box so children could hear the sound of the contents. 17 
Children were able to compare the evidence they heard with imagined evidence they did not hear 18 
but might have heard under alternative hypotheses. Across seven experiments, children (N = 19 
160; mean: 5;4) preferred easier discriminations (Experiments 1-3) and explored longer given 20 
harder ones (Experiments 4-7). Children’s exploration time, across 16 contrasts, quantitatively 21 
tracked the discriminability of heard evidence form an unheard alternative. The results are 22 
consistent with the idea that children have an intuitive psychophysics: children represent their 23 
own perceptual abilities and explore longer when hypotheses are harder to distinguish. 24 
 25 
 26 
 27 
  28 



Introduction 29 
Young children are remarkable learners, constructing intuitive theories that support prediction, 30 
explanation, intervention, and discovery. These early-emerging abilities arguably lay the 31 
foundation for scientific inquiry (1, 2). However, both scientific inquiry and everyday learning 32 
are difficult in part because we can often get only indirect evidence to test our hypotheses: We 33 
want to know the composition of stars but can only measure the light they emit and absorb; we 34 
want to understand the neural basis of cognition but can only observe changes in blood flow. In 35 
science, we bridge the gap between ordinary perception and the otherwise unobservable and 36 
unknown through extensive causal chains. In everyday life, we do not use fancy telescopes or 37 
imaging equipment but must bridge an analogous gap: We hear a crash in another room and infer 38 
that something heavy was dropped; we see a curtain move and infer the cat behind it. These are 39 
ordinary, common-sense inferences -- ones even a child might make -- but they depend on an 40 
extraordinary capacity: the ability to use our understanding of the physical world to reason back 41 
from what we perceive to its probable unobserved causes.   42 

 We focus on a paradigmatic case of everyday exploration: trying to figure out what’s 43 
inside a box by shaking it. Most of us have shaken a wrapped present at some point to try to 44 
guess its contents, suggesting that we think we can imagine how different items would sound 45 
given the motion of the box. Consistent with this intuition, studies suggest that adults, and even 46 
infants (3-5), can mentally simulate the physical interactions of moving objects on short time 47 
scales. Such simulations might help us guess what’s in a box, but they might also let us estimate 48 
the relative discriminability of different hypotheses and thereby make critical decisions about 49 
how to explore (e.g., how long to shake the box, how hard to shake it, or which of multiple boxes 50 
might be most worth shaking). As in science, a rational learner should be able to estimate the 51 
sensitivity of her measurement apparatus (in this case, her perceptual system) to decide what 52 
would count as an informative experiment and amount of data given the alternative hypotheses 53 
she is trying to discriminate among (40-43).  Here we ask whether such an “intuitive 54 
psychophysics” guides children’s exploration. Can children use their intuitive understanding of 55 
both the physical world and their own ability to make perceptual discriminations to engage in 56 
effective exploration? Do they compare the perceptual evidence they observe with the evidence 57 
they think they would have observed under different competing hypotheses? 58 
 Our proposal builds on three more basic capacities that we already know children 59 
possess: aspects of intuitive physics (i.e., the ability to represent the physical interactions among 60 
objects) and intuitive psychology (i.e., the ability to represent the relationship between seeing 61 
and knowing), and an ability to make psychophysical discriminations themselves (i.e., to hear the 62 
difference between two quite different sounds more easily than the difference between two 63 
similar ones). In asking whether children have an “intuitive psychophysics”, we are asking  64 
whether children can use these abilities to judge whether they themselves will be able to 65 
distinguish evidence for different physical interactions. Can children simulate the interactions 66 
among physical events and the perceptual consequences of these interactions with sufficient 67 
granularity to represent their own ability to discriminate among events? Note that having an 68 



intuitive psychophysics need not imply that children can explicitly explain or justify their own 69 
judgments (any more than having an intuitive physics requires that children be able to explain 70 
their own reasoning about objects and forces). However, to the degree that children have an 71 
intuitive psychophysics, they should be able to represent the relative difficulty of discriminating 72 
perceptual evidence and these representations should guide their judgment and exploration. 73 

Our study connects to a growing literature in cognitive science, cognitive neuroscience, 74 
and AI investigating rational curiosity: learners’ tendency to explore more when the probability 75 
of information gain is higher (6-13).  Classic (44) and contemporary (45-46) work has examined 76 
the extent to which adult learning and exploration can be considered to be rational, and 77 
developmental studies suggest that even young children explore more when evidence is 78 
surprising (14-20) or confounded (21-23). However, such studies have provided children with 79 
perceptually unambiguous evidence and, with the exception of work showing a U-shaped 80 
relationship between infant looking-time and the predictability of events (24, 25; see also 5), 81 
looked only at qualitative relationships between children’s uncertainty and exploration.  In 82 
particular, previous studies looking at children’s sensitivity to their own uncertainty have 83 
considered cases where evidence is surprising (e.g., 47-48), uninformative with respect to 84 
competing hypotheses (e.g., 49), or cases where children simply do not know answer to a query 85 
(e.g., 50-52).  In contrast, here we look at cases where evidence to distinguish hypotheses is 86 
available and, in principle, informative, and we ask whether children represent their own ability 87 
to make distinctions among the available evidence. Specifically, rather than asking whether 88 
children can distinguish two different observations (as one might in a psychophysics 89 
experiment), we allow children to observe only one kind of event and we ask whether they 90 
recognize that that observation is more discriminable from some hypotheses than others. That is, 91 
we are interested in whether children can simulate the evidence they might get under alternative 92 
hypotheses and compare the discriminability of observed evidence with unobserved alternatives.  93 
Finally, we ask whether there is a precise quantitative relationship between the discriminability 94 
of competing hypotheses and children’s active exploration.  95 

We report two series of experiments probing children’s intuitive psychophysics, 96 
considering first children’s reasoning about exploration, and second, their decisions about how 97 
long to explore. In Experiments 1-3, an experimenter shook two boxes, generating identical 98 
sounds. Children were asked to decide which box they wanted to open to find a target. The only 99 
difference between the boxes was the alternative item that might have been in the box and the 100 
degree to which it would have been distinguishable from the target based on the sounds. In 101 
Experiments 4-7, children got to shake the box themselves to guess which of two alternatives 102 
were inside. The alternatives differed only in numerical quantity (e.g., three marbles or six 103 
marbles) which we varied across trials, systematically manipulating the discriminability of the 104 
hypotheses. Children were allowed to shake the box for as long as they wanted, allowing us to 105 
investigate the extent to which children’s free exploration tracked the quantitative 106 
discriminability of the alternative hypotheses. In Experiments 1-3, we focused on four- and five-107 
year-olds, consistent with previous work on children’s active exploration (14-17, 21, 23, 26). In 108 



Experiments 4-7, where we looked at children’s response to graded numerosity contrasts, we 109 
expanded the range to four- to eight-year-olds given the possibility that developmental changes 110 
in children’s number representations across this age range (27, 28) might impact their 111 
exploration.  Throughout, we adopt the convention in developmental psychology of reporting 112 
children’s ages as years;months (e.g., a mean age of four years and four months is written 4;4). 113 

 114 
Experiments 1-3 115 

Preliminary studies (see SI) established that children could guess which of two boxes 116 
contained a target when the boxes generated two very different sounds when shaken: 100% of 117 
children distinguished a soft bean bag from a hard ball, and 100% distinguished eight marbles 118 
from two marbles. To establish that children engage in a relatively rich mental simulation of the 119 
physics of the event rather than relying only on simple heuristics (e.g., the loudness of the sound 120 
or the number of collisions) we also showed that children were able to distinguish two from eight 121 
marbles even when the eight marble box contained a cloth, muffling the sound (N = 15; mean 122 
age: 4;4; 86.7% correct; 95% CI [0.67-1]) and even when the experimenter shook the two-marble 123 
box but tilted the eight-marble box back and forth, rather than shaking it (N = 15; mean age: 124 
4;11; 86.7% correct; 95% CI [0.67-1]).    125 

Having established that children’s intuitive physics can support inferences about the 126 
hidden causes of auditory stimuli, we turned to the question of whether children could determine 127 
the extent to which perceptual cues are and are not informative given different competing 128 
hypotheses about their latent causes. In Experiments 1 and 2, we looked at participants’ 129 
inferences when the content of the boxes differed in kind; in Experiment 3 we looked at 130 
children’s inferences when the contents differed in quantity.  131 

In Experiment 1 (see Fig. 1 and SI for details), children were introduced to two boxes. A 132 
pair of objects was placed in front of each box. Each pair consisted of an exciting target object (a 133 
pencil with a shiny holographic coating) and a boring distractor. The target was identical in both 134 
pairs. In the less discriminable pair, the distractor was an object that would make a very similar 135 
sound when shaken inside the box (a standard No. 2 pencil).  In the more discriminable pair the 136 
distractor was an object that would make a very different sound when shaken inside the box (a 137 
small pillow). The experimenter pointed to the shiny pencil and the boring pencil and told the 138 
child, “I’m going to take just one object -- either the shiny pencil or the plain pencil -- and put it 139 
in this box here.” Then she pointed to the other pair and the other box and said, “And then I’m 140 
going to take just one object -- either the shiny pencil or the cotton pillow -- and put it in this box 141 
here.” She put up an opaque screen and removed all the objects from the child’s line of sight.  142 
She silently put a shiny pencil in each box and then returned the boxes to the table. She told the 143 
child, “Remember, inside this box, there could be either a cool shiny pencil or the plain yellow 144 
pencil”; “Remember, inside this box, there could be either a cool shiny pencil or the pillow”; 145 
(order and L/R position counterbalanced). The experimenter shook each box generating identical 146 
sounds. Children were asked which box they wanted to open to find the target.  The experimenter 147 
was not blind to the contents of the box so to avoid her influencing the child’s choice, the 148 



left/right positions of the box were fixed and the experimenter looked directly at the child during 149 
the prompt. Children (N = 16, mean age: 4;7) successfully chose the box where the unheard 150 
alternative, the pillow, would have been easier to discriminate from the target (81.2%; 95% CI 151 
[0.63-1]). 152 

 153 
 154 

 155 
 156 
Figure 1. Schematic of Experiments 1-3 showing the more discriminable pair on the left and the 157 
less discriminable pair on the right (actual order counterbalanced). The leftmost item in each pair 158 
was the target. Only one item in each pair (the target) was placed in each box.  Because the 159 
target was always placed in both boxes, the two boxes in each experiment made the same sound 160 
when shaken. 161 
 162 

In Experiment 2, we replicated the design of Experiment 1, and looked at whether 163 
children’s judgments relied on simple heuristics (e.g., preferring objects that were more 164 
dissimilar overall) or whether they simulated the physics of the events and the sounds that would 165 
result. The design was comparable to Experiment 1 except that the more discriminable pair 166 
consisted of a small and large plastic elephant; the less discriminable pair consisted of a small 167 
plastic elephant and a small plastic pig. Children were told that the baby elephants had been 168 
separated from their friends (other plastic elephants housed in a separate container) and were 169 
asked to find them. The small elephant was hidden in both boxes. As in Experiment 1, children 170 
(N = 24; mean age: 4;8) successfully chose the box where the target would be easier to 171 
discriminate from the unheard alternative (the large elephant) (79%; 95% CI [0.63-0.96]). 172 



Importantly, this is not because children thought this pair was more dissimilar overall; a separate 173 
group of children (N = 24; mean age: 4;8) asked only which pair was more similar (without a 174 
box-shaking task) thought the small elephant and small pig were more dissimilar than the small 175 
and large elephant (83%; 95% CI [0.67-0.96]). 176 

In Experiment 3, pre-registered on the Open Science Framework*, we looked at whether 177 
children could infer the more discriminable of two boxes when the contents differed only in 178 
quantity. The less discriminable pair consisted of 8 marbles and 6 marbles; the more 179 
discriminable pair consisted of 8 marbles and 2 marbles. Both boxes in fact contained 8 marbles. 180 
Children (N = 24; mean: 5;0), successfully chose the box associated with the more discriminable 181 
(8 vs. 2) pair (75%; 95% CI [0.58-0.92]).  182 

The results of Experiments 1-3 suggest that four and five-year-old children represent the 183 
relative discriminability of perceptual evidence. Critically, children’s choices were guided, not 184 
by the evidence they observed (which was identical between choices) but by its contrast with the 185 
unheard alternatives, consistent with the idea that children can simulate novel physical 186 
interactions and the perceptual data that will result (see 3). Children’s ability to represent their 187 
own ability to make these perceptual discriminations is consistent with emerging evidence for 188 
metacognitive monitoring in young children (see 29 for review) and also suggests that, at least in 189 
simple, forced choice contexts, children can exercise metacognitive control for effective 190 
decision-making (30-34).  191 
Experiments 4-7  192 

In Experiments 4-7, we looked to see if children’s exploration times quantitatively 193 
tracked the discriminability of hypotheses. Because we wanted to test children on a range of 194 
discriminability contrasts (and because pilot work suggested it was impractical to test children on 195 
more than four contrasts at a time) we ran four separate experiments consisting of four contrasts 196 
each. The experiments differed only in the contrasts presented. The design and quantitative 197 
predictions for the last experiment (Experiment 7) as well as the overall analysis across all 16 198 
contrasts were pre-registered†. See SI for details throughout.  199 

The experimenter introduced two tubes of marbles; each tube contained a different 200 
number of marbles, varying in numerosity between one and nine (Fig. 2). Out of the children’s 201 
sight, the contents of one of the tubes was placed in the box. Children were allowed to shake the 202 
box for as long as they liked to try to guess its contents. After each trial, a new pair of tubes was 203 
introduced. Children were not given any feedback between trials. 204 

                                                
* https://osf.io/ytvse/?view_only=abe4554f3ace483490953768b58efbfc 
† https://osf.io/dxguw/?view_only=ba3ca1c5ff9346c0a39e731291aa5d5f 



 205 
Figure 2. Schematic of Experiments 4-7. Placement of contrasts corresponds to relative 206 
discriminability. Actual trial order was counterbalanced, as was the order in which the tubes of 207 
marbles were introduced and the contents hidden in the box (e.g., whether 1 or 7 marbles were 208 
hidden on the 7 vs. 1 trial) except in Experiment 6, where content was held fixed at 8 and 3 for 209 
both high and low discriminability contrasts to provide a within-experiment test of whether 210 
content or contrast affected children’s exploration time.  211 



Exploration time was coded from video by a human coder blind to contrast and, 212 
independently, by a motion sensor in the box (see SI). The experimenter was not blind to the 213 
contents of the box but was blind to the precise predictions across all sixteen contrasts. She 214 
experimenter was positioned alongside the child, out of the child’s direct line of sight and did not 215 
interact with the child or the box during the exploration period. The behavioral coding included 216 
the time from the moment the child first contacted the box until she identified the contents of the 217 
box on each trial. The motion sensor coded the time from the initial motion to the final motion 218 
on each trial. We also looked at the motion sensor data including only time when the box was 219 
actually in motion (i.e., excluding any pauses; see SI). Here we report the results of the 220 
behavioral coding since the relationship between uncertainty and exploration may be best 221 
indexed by including time the children could have been planning subsequent actions and 222 
thinking about the data they generated but the primary results hold for all measures (see SI).    223 

 To normalize for individual differences in children’s exploratory behavior, we computed 224 
the time each child spent exploring on each trial as a proportion of the child’s total playtime 225 
across all four trials, and multiplied this proportion by the number of trials in the experiment. 226 
Thus, a proportion less than 1 represents less playtime (and a proportion more than 1, more 227 
playtime) than would be expected if children distributed their playtime evenly across trials. 228 
Although we use proportional playtime to control for individual differences in length of play, all 229 
results hold using untransformed (log) playtime reported in seconds (see SI).    230 

To quantify the discriminability of different contrasts, we adopted a variant of the 231 
standard signal detection model in which shaking a box with m marbles in it would produce a 232 
perceptual trace drawn from some probability distribution over a high-dimensional acoustic 233 
space, which can be projected down to a one-dimensional space of abstract numerosity 234 
analogous to representations in the approximate number system (35, 36).  We modeled the 235 
internal representation for each auditorily perceived number as a normal distribution on a log 236 
scale (see SI), with equal variances 𝜎 but logarithmically spaced means, and computed the 237 
discriminability of each contrast between l and m marbles presented in Experiments 4-7 in terms 238 

of the standard index 𝑑# = |&'(	&*|
+

, where 𝜇- = log 𝑙 and 𝜇2 = log𝑚. See SI for a summary of 239 

these d’ values (Supplementary Table 1), as well as a discussion of alternative ways of 240 
estimating discriminability (including different mathematical models, and an empirical estimate 241 
from independent adult psychophysical data), which produce nearly identical results for our 242 
purposes. We modeled children’s intuitions about task difficulty as proportional to this d’ 243 
measure. Note however that children hear only a single set of marbles in the box on each trial 244 
and have no way of judging directly from the auditory data the discriminability of the two set 245 
sizes being contrasted. Rather, we posit that children’s sense of discriminability depends on their 246 
ability to evaluate the contrast between the sounds they hear and their simulation of the sounds 247 
they would have heard had the alternative set of marbles been in the box.  248 

Each of Experiments 4-7 was analyzed separately for qualitative effects of 249 
discriminability, trial order, and number of marbles in the box on exploration time (see SI). Here 250 
we focus on the pre-registered joint analysis addressing our primary question about the effect of 251 



discriminability on exploration across all 16 contrasts in Experiments 4-7: Did children 252 
systematically explore longer when contrasts were less discriminable? The discriminability of 253 
the contrast quantitatively predicted children’s exploration time across the full range of contrasts 254 
(β=0.24, 95% CI [0.18-0.30]). Children’s exploration time tracked the difficulty of 255 
distinguishing the heard and unheard alternative in a remarkably fine-grained way (Fig. 3A, 3B), 256 
correlating strongly with the model whether exploration was coded from video (r = 0.95; 95% CI 257 
[0.78, 0.95]) or with the motion sensor (see SI).  258 
 259 
 260 

 261 

 262 
 263 

Figure 3. Children’s proportional exploration times as a function of the negative discriminability 264 
of each contrast across Experiments 4-7. Whether coded by hand (A) or by the motion sensor (B) 265 
children’s exploration correlated strongly with the difficulty of the discrimination. Error bars 266 
indicate SEMs. 267 
 268 

Strikingly, children’s exploration time was independent of the number of marbles 269 
actually in the box (Fig. 4; β=0.0065, 95% CI [-0.0094, 0.022]). Thus, although the sensorimotor 270 
experience of shaking a box containing only one or two marbles was quite different from shaking 271 
a box containing eight or nine marbles, children’s exploration depended not only on what they 272 
heard but also on what they didn’t hear: the contrast between the observed evidence and the 273 
unheard alternative.   274 
 275 



 276 
 277 
Figure 4. Children’s proportional exploration times across Experiments 4-7 as a function of the 278 
actual number of marbles in the box, showing no significant correlation. Error bars indicate 279 
SEMs.   280 

 281 
We also analyzed other factors that might affect exploration. Across experiments, 282 

children’s exploration decreased only slightly over the four successive trials (β=-0.051, 95% CI 283 
[-0.086, -0.016]); age had no effect on children’s tendency to explore the hardest contrast longer 284 
than the easiest one (β=-0.041, 95% CI [-0.45, 0.40]). As expected, children’s accuracy increased 285 
with the discriminability of the contrast (β=-0.85, 95% CI [-1.13, -0.49]); there was a marginal 286 
effect of age on children’s accuracy (β=0.033, 95% CI [-0.0074, 0.069]). 287 

Finally, we asked whether aggregate behavior in each individual experiment and each 288 
individual child’s behavior also tended to conform with the predictions of the discriminability 289 
model.  There was substantial variability in individual children’s play times, but average play 290 
times within each experiment were qualitatively well-predicted by a linear fit to the 291 
discriminability model (Fig. 5). In addition, in each experiment a significant majority of 292 
individual children explored more, on average, for more difficult discriminations (Fig. 5): For 293 
19/24 children in Experiment 4 (79%; 95% CI [0.58-0.93]), 21/24 children in Experiment 5 294 
(85%; 95% CI [0.68-0.97], 18/24 children in Experiment 6 (75%; 95% CI [0.53-0.90]), and 295 
19/24 children in Experiment 7 (79%; 95% CI [0.58-0.9]), a linear regression of that child’s 296 
playtimes onto discriminability had positive slope.  Hence not only on average, but at the level of 297 
individuals as well, children systematically explored longer when contrasts were less 298 
discriminable.  299 

 300 
 301 
 302 



 303 

 304 
 305 

Figure 5. Behavior of individual children (normalized playtimes) on each condition of 306 
Experiments 4-7, with conditions ordered by discriminability.  Diamonds represent condition 307 
means, and box plots indicate medians, 25th and 75th percentiles, and outlier ranges. Blue lines 308 
show the predictions of the discriminability model under a linear fit to mean playtimes. Thin 309 
lines connect the responses of each individual child, with red lines indicating children who 310 
qualitatively followed the model’s predictions, exploring more on average when contrasts were 311 
harder (i.e. a linear regression of that child’s playtimes onto discriminability had positive slope).   312 

 313 
Discussion 314 

Collectively, the results of these seven experiments suggest that, at least in familiar 315 
domains with simple tasks, children can simulate physical interactions and the perceptual data 316 
that will result. Furthermore, children can represent their own ability to make the perceptual 317 
discriminations needed to compare observed data with simulated, unobserved data under 318 
alternative hypotheses. Children represent the relative difficulty of different discrimination 319 
problems in ways that support effective decision-making and exploration: They prefer easier 320 



problems and explore more given harder ones. The precise, quantitative relationship between 321 
children’s exploratory play and the difficulty of perceptual discrimination problems suggests 322 
that, starting in early childhood, human learners intuitively compute the value of evidence for 323 
discriminating alternative hypotheses, and use this sense of uncertainty to rationally calibrate 324 
their exploration. 325 

Our account relies on mental simulation, and our quantitative results in Experiments 4-7 326 
analyzed children’s exploratory behavior using idealized models of perceptual discriminability in 327 
these mental simulations. However, it is possible that children might have relied on some simpler 328 
cognitive mechanism or heuristic (53), or a resource-constrained approximation to this ideal (54-329 
55).  One natural alternative to consider for Experiments 4-7 is that children took into account 330 
only a simple contrast in the linguistically and graphically presented number of marbles in each 331 
pair, without attending at all to the rich perceptual data they obtained in shaking the box or 332 
imagining possible sounds they might hear via mental simulations of box shaking. We evaluated 333 
two such heuristic models that avoid the computational burden that might accompany mental 334 
simulation, based on the absolute difference and (negative) ratio of the numbers of marbles in 335 
each pair. Both of these models perform well numerically (see SI, Additional Heuristic Models), 336 
and so it is indeed possible that children rely on such a mechanism in Experiments 4-7.   337 

We believe, however, that mental simulation remains the best account of children’s 338 
behavior. Experiments 1-3 demonstrated that children are able to reason about unheard objects 339 
that are neither marbles nor presented in sets of different cardinalities; the heuristics we 340 
evaluated do not apply in this domain (other heuristics, of course, might). By contrast, mental 341 
simulation offers a unified, and general, mechanism for performing all the experiments reported 342 
here as well as many other perceptual discrimination tasks. Another reason to prefer the mental 343 
simulation account stems from the heuristics’ insensitivity to perceptual data; if children merely 344 
relied on heuristics, they would have no need to listen to the sounds of the box as they shook it 345 
but anecdotal observation suggests that children indeed listened closely to the sounds as they 346 
were exploring.  347 

The current studies also open up provocative questions for future research. They suggest 348 
that children have some metacognitive knowledge about their own ability to make perceptual 349 
discriminations. Anecdotally, some children also proffered explicit accounts of their own 350 
reasoning. In piloting Experiment 1 for instance, a child said that he preferred the more 351 
discriminable box because the pair was “more not the same”.  Likewise, in Experiments 4-7, 352 
children sometimes explained their own reasoning (e.g., “this one’s gonna be hard”).  Given the 353 
sophistication of the judgment required here (in which children had to compare observed data 354 
with unobserved alternatives), we believe children’s choices and exploration were less likely to 355 
underestimate their reasoning than asking children to justify their choices. However, further 356 
research might look at the extent to which children can explicitly account for the reasoning 357 
behind their decisions. 358 

Although it seems implausible that children store and retrieve precise representations of 359 
the sound of marbles shaken in boxes, we do not know how children (or adults) simulate 360 



physical interactions and the sounds they might make with sufficient richness to make these fine-361 
grained discriminations. Intuitively, our ability to imagine what we might perceive given 362 
different novel interventions is arbitrarily generative: we can imagine not only how marbles 363 
might sound when shaken in a box, but how the sound might change if we added water to the 364 
box -- or pennies -- or a sock. Future work should target both the mechanisms that support these 365 
rich online simulations and the limits of our ability to imagine such interactions and their 366 
perceivable consequences. 367 

We focused on learners’ ability to represent the difficulty of statistical discriminations in 368 
a psychophysical context, but our results might reflect a quite general ability to estimate how 369 
much data it would take to distinguish competing hypotheses. Future research might look at 370 
children’s sensitivity to their own ability to discriminate evidence in other domains to see to 371 
what extent children can engage in these behaviors broadly. 372 
 We also do not know to what extent the abilities children showed here might emerge 373 
earlier in development, or in non-human animals. When confronted with easy and difficult 374 
problems, children as young as three adapt their behavior appropriately (i.e. opting out of 375 
difficult problems or asking for help; 29); future research might look at whether young 376 
preschoolers -- or in simpler contexts, even toddlers and infants – might, as here, also be able to 377 
anticipate the relative difficulty of different kinds of problems and adjust their choices and 378 
exploration accordingly. Similarly, macaques, capuchins, apes, and dolphins show some 379 
sensitivity to their uncertainty across a range of tasks (see 37 and 38 for reviews and discussion); 380 
the current paradigm might be adapted to test intuitive psychophysics across species. Would, for 381 
instance, a non-human primate be able to infer the probable contents of a container from the 382 
sound it made when it was shaken? If two containers were shaken and the animal heard a 383 
sloshing sound, would it preferentially open the box which could have contained the juice or a 384 
rock or rather than the one which could have contained juice or water? Queries like these might 385 
allow us to test the extent to which our ability to recover the generative causes of perceptual 386 
stimuli, compare heard and unheard alternatives, and prefer more discriminable evidence 387 
emerges across species. 388 
 Finally, here we probed children’s ability to reason back a single step in a causal chain: 389 
from the sound objects made when shaken in a box to the objects making the sound. But as lay 390 
adults, we can reason backwards through multiple steps in a causal chain to events increasingly 391 
remote from direct experience. We can see the lights go out and infer that a storm knocked over 392 
a tree branch and downed a power line, or we can see a pile-up of traffic and infer that a ship is 393 
passing under a drawbridge, miles up the road. Our work suggests that young children can go 394 
from perceptual data to the physical causes that gave rise to them, and compare their 395 
observations with other evidence they might have observed, in order to make rational choices 396 
about how to explore. Future work might look at how these intuitive capacities develop into ones 397 
that can guide learning and discovery over a lifetime, culminating in the scientific practices that 398 
let us connect observations to events that are too big or too small, too fast or too slow, or too 399 



remote in space or time for direct perception. Progress on these questions has the potential to 400 
give us new insight into the origins of inquiry. 401 
 402 
Methods 403 
Participants  404 
Across Experiments 1-7, 184 children (mean: 5;2, range 3;0-8;6) were recruited from a local 405 
children’s museum. Sixteen other participants were excluded from analysis due to preferring the 406 
distractor object (8), experimenter error (3), failure to pass inclusion trial or attend to task (4), 407 
and family interference (1).  408 
Materials 409 

In all preliminary studies, two cardboard shoeboxes covered with black electrical tape 410 
were used and a large cardboard screen (80 x 60 cm) was used as an occluder. In the Object 411 
Identity study, a square beanbag and a plastic ball of equal weight were used (5 cm diameter). 412 
For all other preliminary studies, ten colored marbles and two translucent cylindrical tubes were 413 
used. A stuffed animal bunny was used as a character in the script. In the Volume Control 414 
experiment, a felt cloth fitted to the bottom of the shoebox was used to alter the sound of the 415 
marbles when shaken. 416 

For Experiments 1-3, the same tape-covered cardboard boxes and screen were used as in 417 
the preliminary studies, with the items being hidden differing between experiments. In 418 
Experiment 1, two pencils with a shiny, holographic coating were used as target objects. A 419 
standard yellow pencil and a small, cotton-filled fabric cushion were used as distractor objects. 420 
In Experiment 2, one large (approximately 8 cm by 5 cm) and six small (approximately 3 cm by 421 
2 cm) plastic elephants were used. A small plastic pig (approximately 3 cm by 2 cm) was also 422 
used. A transparent, hexagonally partitioned container was used as the baby elephants’ home. In 423 
Experiment 3, four transparent cylinder tubes were used. Two tubes each contained eight 424 
different colored marbles, arranged to look identical to each other; one tube contained two white 425 
marbles, and one tube contained six white marbles. The tubes were sealed at the top with packing 426 
tape. Drawings of each of the marble tubes were also used as a memory cue. A stuffed animal 427 
bunny was used to occupy the children’s hands so that they did not reach for the stimuli or 428 
interfere with the demonstrations.   429 

In Experiments 4-7, a single tape-covered shoebox (18 cm x 16 cm x 12 cm) was used. 430 
Four objects were used in the practice trials: a plastic duck, a star-shaped pillow, a flat glass 431 
bead, and a cotton ball. For the test trials, standard-size glass marbles in eight colors and eight 432 
translucent cylindrical tubes were used. The tubes were pre-loaded with the appropriate number 433 
of marbles and sealed at the top; although children were told that the tubes of marbles would be 434 
poured into the box, marbles were in fact added quietly by hand to ensure that children did not 435 
get any evidence about the sound until they themselves shook the box. A large cardboard screen 436 
(80 x 60 cm) was used both as an occluder and as an answer board with six Velcro tabs for 437 
children to provide their responses. Laminated pictures with Velcro tabs on the back, 438 



approximately to scale, were used to depict the possible contents of the box for both the practice 439 
trials and the test trials. 440 

All children were tested individually in a private testing room off of the museum floor.  441 
The child and the experimenter sat on opposite sides of a child-sized table. All sessions were 442 
videotaped. Children’s responses were coded live by the experimenter and recoded by a coder 443 
blind to condition from video. In addition to measuring children's exploratory behavior via video 444 
coding, we developed an independent measure based on the time course of the motion of the box. 445 
We equipped a microcontroller with an accelerometer, and placed the device in a small 446 
compartment of the box (the compartment was attached at a top corner of the box so as to 447 
minimize the possibility that it might interfere with box shaking). Custom software wirelessly 448 
transmitted the accelerometer readings, in real time, to a computer that recorded the 449 
measurements. The experimenter pressed a button at the start and end of every trial to record the 450 
time interval during which box shaking could have occurred.  451 
 Code and data for all experiments will be uploaded to the Open Science Foundation upon 452 
final publication. 453 
 454 
See SI for detailed materials, methods, and procedures. 455 

 456 
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Supplementary Materials:  648 
 649 
Preliminary Experiments 650 
 651 
Participants  652 

Sixty children (mean age: 4;6; range: 2;7-6;3) were recruited at a local children’s 653 
museum. Fifteen children participated in each study (Object Identity: mean: 4;4, range: 3;0-6;3; 654 
Object Number: mean: 3;11, range: 2;7-5;9; Volume Control: mean: 4;11, range: 2;9-6;1; 655 
Diverse Actions: mean: 4;10, range: 3;5-5;11).   656 

The same population (drawn from an urban children’s museum) was sampled for all 657 
studies reported in this manuscript. While most of the children were white and middle class, a 658 
range of ethnicities and socioeconomic backgrounds reflecting the diversity of the local 659 
population (47% European American, 24% African American, 9% Asian, 17% Latino, 4% two 660 
or more races) and the museum population (29% of museum attendees receive free or discounted 661 
admission) were represented. The Institutional Review Board of the university approved the 662 
research throughout. 663 
 664 
Materials 665 

In all studies, two cardboard shoeboxes covered with black electrical tape were used and 666 
a large cardboard screen (80 x 60 cm) was used as an occluder. In the Object Identity study, a 667 
square beanbag and a plastic ball of equal weight were used (5 cm diameter). For the remaining 668 
studies, ten colored marbles and two translucent cylindrical tubes were used. Although the 669 
children thought the marbles were being poured from the cylinders, they were in fact sealed and 670 
the boxes were pre-loaded with two and eight marbles. A stuffed animal bunny was used as a 671 
character in the script. In the Volume Control experiment, a felt cloth fitted to the bottom of the 672 
shoebox was also used. 673 

 674 
Procedure 675 

All children were tested individually in a private testing room off of the museum floor.  676 
The child and the experimenter sat on opposite sides of a child-sized table. All sessions were 677 
videotaped. Children’s responses were coded live by the experimenter and recoded by a coder 678 
blind to condition from video. 679 

 680 
Object Identity  681 

The experimenter placed the pair of boxes on top of the table. The experimenter 682 
introduced the beanbag and the plastic ball one at a time (order counterbalanced). She let the 683 
child hold each object and commented on their properties as follows: “Look, the beanbag is soft” 684 
and “Look, the plastic ball is hard”. To incentivize the child to attend to each object individually 685 
and choose one object, she asked the child which of the two objects was his favorite. The 686 



experimenter then explained the task: “I'm going to put each one of these things in a different 687 
box, and then shake each box! Then we'll listen and try to figure out which box has your favorite 688 
thing in it. Do you want to help me figure out which box has your favorite thing in it?” She set 689 
up the occluding screen so the child could not see her actions and silently placed each object in 690 
one of the two boxes (left/right counterbalanced). The experimenter then removed the screen and 691 
said “Okay, one of these two boxes has your favorite thing in it. I’m going to shake the boxes 692 
and you try to guess which object has your favorite thing in it.” The experimenter picked up one 693 
box and shook it five times. Then she picked up the other box and shook it five times (order 694 
counterbalanced). The experimenter then asked, “Which box has your favorite thing in it?” 695 

 696 
Object Number 697 

The experimenter placed the pair of boxes on top of the table. The experimenter 698 
introduced the two cylinders, one of which had two marbles inside and the other of which had 699 
eight marbles inside (order counterbalanced). She asked the child to count the number of marbles 700 
in each cylinder. Then she introduced the bunny rabbit. The bunny rabbit expressed a preference 701 
for either the container with the two marbles or the container with the eight marbles 702 
(counterbalanced) saying, “I like this one! This one is my favorite!” 703 

The experimenter then explained the task: “I'm going to pour the two marbles into one of 704 
these boxes, and the eight marbles into the other box and then I’m going to shake each box! Do 705 
you want to help me figure out which box has Bunny’s favorite marbles inside it?” She set up the 706 
occluding screen so the child could not see her actions and made identical sounds by tilting one 707 
of the cylinders upside down. (To avoid acoustic cues from her actions, the cylinders were 708 
actually sealed and the boxes were pre-loaded with the marbles: left/right and color 709 
counterbalanced). The experimenter then removed the screen and said, “Okay, do you remember 710 
if Bunny liked the two marbles or the eight marbles better?” All children answered this question 711 
correctly. Then the experimenter said, “That’s right! One of these two boxes has two marbles in 712 
it and the other one has the eight marbles in it. I’m going to shake the box and you can help me 713 
figure out which box Bunny should open.” She shook each box five times (order 714 
counterbalanced) and then asked, “Which box does Bunny want to open?” 715 

 716 
Volume Control 717 

Children could succeed at the number discrimination task by using a simple heuristic: 718 
louder volume indicates more objects. To assess the flexibility of children’s perceptual 719 
judgments, and children’s ability to succeed on more complex perceptual identification tasks 720 
(closer to the complexity required to assess the information search question of primary interest) 721 
we removed differential volume as a cue by adding a felt blanket to the box with more marbles, 722 
and tested children a year older. The study was identical to the one described above, except that 723 
we inserted a felt cloth into one of the two boxes. After shaking each box five times, children 724 
were told, “One of these two boxes has a felt blanket inside along with the marbles. Can you tell 725 
me which box has the felt blanket inside?” Children were then reminded that one of the boxes 726 



had two marbles inside and one had eight marbles inside and were asked, “Which box does 727 
Bunny want to open?” 728 

 729 
Diverse Actions 730 

All of the previous studies used the same physical manipulation, shaking the box, for all 731 
contrasts. It is possible that this simplified the children's task, by allowing children to focus on a 732 
single dimension of the sound (e.g., the number of collisions). To address this, we repeated the 733 
protocol used in the Object Number experiment, but shook the box with two marbles (as before) 734 
and gently rocked the box with eight marbles. These diverse actions produced sounds that 735 
differed along many dimensions. Gentle rocking and vigorous shaking produce very different 736 
sounds even with equal numbers of marbles in the box, thus if children succeed, the perception 737 
of numerosity from sound cannot be attributed to simple heuristics. 738 

 739 
Results 740 

Children performed at ceiling in both the Object Identity and Object Number experiment: 741 
100% of the children correctly identified the object with their (or the bunny’s) preferred objects. 742 
Children performed above chance in both the Volume Control (86.7% answered correctly; 95% 743 
CI [0.67-1]) and the Diverse Actions task (86.7% answered correctly; 95% CI [0.67-1]).   744 
  745 
Experiments 1-3 746 
 747 
Experiment 1 748 
 749 
Participants 750 

Twenty-four children were recruited from a local children’s museum; eight were 751 
excluded from further analysis for preferring the distractor object (see below), resulting in a 752 
sample of sixteen children (mean age: 4;7, range: 3;1-6;2). Although we included two-year-olds 753 
in the preliminary experiments, we did not include them in the following studies because pilot 754 
work established that the task demands (requiring them to represent that one of two items could 755 
be placed in each box) were too high. 756 

 757 
Materials 758 

The materials used in the preliminary Object Identity and Object Number experiments 759 
were used here for warm-up tasks. (These materials differed in both appearance and acoustic 760 
properties from those used in Experiment 1). In Experiment 1, two pencils with a shiny, 761 
holographic coating were used as target objects. A standard yellow pencil and a small, cotton-762 
filled fabric cushion were used as distractor objects. A stuffed animal bunny was used to occupy 763 
the children’s hands so that they did not reach for the stimuli or interfere with demonstrations.   764 

 765 
Procedure 766 



All children were tested individually in a private testing room in the children’s museum. 767 
The child and the experimenter sat on opposite sides of a child-sized table. All sessions were 768 
videotaped.  769 

The experimenter placed the pair of boxes on top of the table. After the warm-up tasks, 770 
children were introduced to two pairs of objects, each of which consisted of a target and a 771 
distractor stimulus. The target stimulus (the holographic pencil) was identical across both pairs, 772 
and was intended to be more desirable than either distractor. The distractor in the Ambiguous 773 
pair was chosen to sound very similar to the target when shaken inside a box (the standard #2 774 
pencil). The distractor in the Unambiguous pair was chosen to sound very different from the 775 
target (the cotton pillow). 776 

After introducing the objects in each pair, the experimenter asked the child what her 777 
favorite object was in each pair. We required that children preferred the target object in both 778 
pairs because the experimental task involved finding an object potentially present in both boxes; 779 
additionally, children who preferred a distractor object might simply choose the box it could be 780 
in rather than consider both boxes. Children who did not (i.e. preferred one or both of the 781 
distractor objects) were excluded and replaced. Eight children were excluded for this reason 782 
(three preferred the #2 pencil and five preferred the cotton pillow). 783 

After children picked their favorite objects, the experimenter said, “I’m going to take just 784 
one object -- either the shiny pencil or the plain pencil -- and put it in this box here. And then I’m 785 
going to take just one object -- either the shiny pencil or the cotton pillow -- and put it in this box 786 
here.” The experimenter placed the boxes and objects behind an occluder and silently hid the 787 
shiny pencil in each box (left/right and color of boxes counterbalanced). After the objects were 788 
hidden, the experimenter removed the occluder and told the child, “Remember, inside this box, 789 
there could be either a cool shiny pencil or the pillow” or “Remember inside this box, there could 790 
be either a cool shiny pencil or the plain yellow pencil.” (counterbalanced). The experimenter 791 
then said, “I’m going to shake each box and then you can choose which box you want to open. 792 
You get to take whatever is inside the box home with you.” The experimenter shook each box 793 
twice. The experimenter repeated the about the possible contents of each box and then shook 794 
each box twice again. She said, “Go ahead, you can choose one of these boxes to open and you 795 
get to take home what you find inside.” See Figure 1, main text. 796 

 797 
Results 798 
Thirteen out of sixteen children successfully chose the box where the unheard alternative, the 799 
pillow, would have been easier to discriminate from the target (81.2%; 95% CI [0.63-1]); the 800 
remaining three picked the box where the unheard alternative, the pencil, would have been 801 
difficult. 802 
 803 
Experiment 2 804 
 805 
Participants 806 



Based on the results of the preliminary experiments, we estimated the effect size for a single 807 
experiment as f = 0.29. We used the power calculation program G*Power to calculate the 808 
planned sample size of for this experiment using f = 0.29, ɑ = 0.05, and power = 0.80. The 809 
projected sample size using these values is 24 participants, which was used for Experiments 2 810 
and 3. 811 

Fifty-two children were recruited; four participants were excluded from analysis, three 812 
because of experimenter error and one for inability to understand and follow directions. Twenty-813 
four children were assigned to the Discrimination task (mean age: 4;2; range: 3;0-5;4) and 814 
twenty-four were assigned to a Similarity Judgment task (mean age: 4;8; range: 3;0-6;1). 815 
 816 
Materials 817 

The materials used in the Object Identity experiment were used for a warm-up task. 818 
Additionally, in Experiment 2, one large (approximately 8 cm by 5 cm) and six small 819 
(approximately 3 cm by 2 cm) plastic elephants were used. A small plastic pig (approximately 3 820 
cm by 2 cm) was also used. A transparent, hexagonally partitioned container was used as the 821 
baby elephants’ home. A stuffed animal bunny was used to occupy children’s hands so that they 822 
did not reach for the stimuli or interfere with the demonstrations.   823 

 824 
Procedure 825 
All children were tested individually in a private testing room off of the museum floor. The child 826 
and the experimenter sat on opposite sides of a child-sized table. All sessions were videotaped.  827 
The Object Identity task from the preliminary studies (see SI) was used as a warm-up task. The 828 
Discrimination task was identical to Experiment 1 except as follows. The experimenter showed 829 
participants a clear plastic container partitioned into six compartments, five of which contained 830 
small plastic elephants. The experimenter described the container as an elephant house, and said 831 
that one of the baby elephants had gone missing and asked participants to help find the lost 832 
elephant. The rest of the procedure followed the procedure of Experiment 1 except that the 833 
Ambiguous Pair contained the small elephant and a small pig and the Unambiguous Pair 834 
contained the large and small elephant. At the end, children were asked, “Which box do you 835 
want to open to help find the missing baby elephant?” See Figure 1, main text. 836 
The Similarity Judgment task verified that children judged that elephants differing in size were 837 
more similar than a small elephant and small pig. The experimenter placed the small elephant 838 
and the small pig on the table next to each other and placed the large elephant and the small 839 
elephant next to each other approximately 18 cm away from the elephant/pig pair. The 840 
experimenter introduced the objects in pairs: “Here are two sets of objects. This set has this 841 
animal and this animal” (pointing to one set) “and this set has this animal and this animal” 842 
(pointing to the other; order and left/right position counterbalanced). The experimenter asked the 843 
child, "Which of these sets of things is more similar? Which set is more the same?" 844 
 845 
Results 846 



Children’s responses were coded online by the experimenter and recoded from video by a 847 
second coder blind to condition. Note that although the results were coded blind to condition 848 
(here and in the remaining studies), the experimenter was not herself blind to condition: she both 849 
demonstrated the items to the child and placed them in the box and thus knew which was the 850 
more discriminable contrast so we cannot absolutely rule out the possibility of experimenter 851 
influence. To mitigate this, the experimenter was trained to present the results neutrally 852 
throughout and looked directly at the child rather than at either box when asking the target 853 
question. 854 

For the Discrimination task, children’s answers were coded as in Experiment 1; for the 855 
Similarity Judgment task, children responded by pointing at one of the sets or verbally indicating 856 
their choice (e.g. “the elephants”) and were coded as such. 857 

In the Discrimination task, children behaved as in Experiment 1: nineteen out of twenty-858 
four children successfully chose the box with the more discriminable pair (79.2%; 95% CI [0.63, 859 
0.96]); the remaining five chose the box with the less discriminable pair. The Similarity 860 
Judgment task revealed that these results were not due to children thinking that the large and 861 
small elephant were most dissimilar overall: twenty of twenty-four children judged the large and 862 
small elephant to more similar to each other than the small elephant and small pig (83%; 95% 863 
CIs [0.67, 0.96]). 864 

 865 
Experiment 3 866 
 867 
Participants 868 

Twenty-seven children were recruited; three participants were excluded from analysis, 869 
one due to experimenter error and two for failing the inclusion trial (see below), resulting in a 870 
sample of twenty-four children (mean age: 5;0; range 4;0-5;11). We restricted the age range to 871 
children four and up in this and the following experiments because accurate numerosity 872 
judgments were critical to the tasks and three-year-olds’ ability to count is fragile (e.g., 10). 873 
 874 
Materials 875 

The materials used in the preliminary Object Identity experiment were used here for an 876 
inclusion task. In addition, in Experiment 3, four transparent cylinder tubes were used. Two 877 
tubes each contained eight different colored marbles, arranged in order to look identical to each 878 
other; one tube contained two white marbles, and one tube contained six white marbles. The 879 
tubes were sealed at the top with packing tape. Drawings of each of the marble tubes were used 880 
as a memory cue. The bunny puppet (henceforth referred to as Bunny to denote agency) used in 881 
Experiment 1 was also used here to occupy the children’s hands, limit interference, and as the 882 
“owner” of the smaller number in the pair of marbles in the experiment (see below). 883 

 884 
Procedure 885 



All children were tested individually in a private testing room off of the museum floor. 886 
The child and the experimenter sat on opposite sides of a child-sized table. All sessions were 887 
videotaped.  888 

Children were introduced to the Bunny puppet “who will be playing some games with 889 
us.” Because we needed children to distinguish “their marbles” (the target set of marbles) from 890 
“Bunny’s marbles” (the distractor set), we used the ability to make this distinction as an 891 
inclusion criterion. The experimenter introduced the ball and the beanbag as in the preliminary 892 
Object Identity task. Children were asked which object they preferred. Whichever object the 893 
child chose, the Bunny announced that she preferred the other object. Each object was placed in 894 
a box behind the occluder (as in Experiment 1). After shaking each box, children were asked to 895 
choose the box that had “their object in it”. They were given a sticker for successfully choosing 896 
the box containing their choice. All but two children succeeded on this task; children who failed 897 
the task were excluded from analysis and replaced. 898 

Next, the experimenter displayed the four tubes, prepared as described above. Bunny 899 
expressed a preference for the white marbles, touching the appropriate tubes and exclaiming, 900 
“White marbles! I love these white marbles!” The experimenter indicated the two tubes 901 
containing 8 colorful marbles and said, "See these marbles of different colors? For this game, 902 
these are yours! You're going to try to find your colorful marbles." 903 

The experimenter described the hiding game. Children were told that one tube of marbles 904 
would be hidden inside each box. For the Ambiguous box, the possible contents were 6 white 905 
marbles or 8 colorful marbles; for the Unambiguous box, the possible contents were 2 white 906 
marbles or 8 colorful marbles. The experimenter placed the pictures depicting the possible 907 
contents of the two boxes on the table. The experimenter then introduced the occluder and 908 
mimed pouring the marbles out of the closed tube of eight marbles behind the occluder; no 909 
marbles exited the tube and each box was preloaded with eight marbles. After removing the 910 
screen, the experimenter reminded children about the possible contents of each box by pointing 911 
to the cartoon pictures: for the Unambiguous box, the experimenter said, “Remember, in this box 912 
there could be your marbles” (indicating the picture of the eight colorful marbles), and, “Or there 913 
could be Bunny's marbles” (indicating the picture of the two white marbles); for the Ambiguous 914 
box, the experimenter said, “And remember, in this box there could be your marbles” (indicating 915 
the picture of the colorful 8 marbles), “Or there could be Bunny's marbles” (indicate the picture 916 
of the 6 white marbles); left/right position and order counterbalanced throughout. The 917 
experimenter shook each box twice. She repeated the reminder about the possible box contents 918 
and shook the boxes again, twice. The experimenter asked children, “Which box do you want to 919 
open to find your colorful marbles?'' See Figure 1, main text. 920 

 921 
Results 922 

Children’s responses were coded live by the experimenter and recoded by a second coder 923 
blind to condition from video. 924 



Eighteen out of twenty-four children successfully chose the box that could have 925 
contained the eight or two marbles – the more discriminable box – while six children chose the 926 
box that could have contained the eight or six marbles – the less discriminable box (75%; 95% 927 
CIs [0.58, 0.92])). 928 

 929 
Additional work 930 

In addition to Experiments 1-3, we ran an additional study to see if children could infer 931 
the discriminability of the hypotheses without hearing the sound of the marbles shaken in the box 932 
at all. We used a method identical to Experiment 3 except that the experimenter never hid the 933 
box, put the marbles in the box, or shook the boxes; instead children were simply asked from the 934 
outset which pair of marbles they wanted to use for the box-shaking discrimination game, either 935 
a difficult to discriminate pair consisting of 8 and 6 marbles or an easy to discriminate pair 936 
consisting of 8 and 2 marbles.  937 

In the first iteration of this experiment, 13 out of 16 children chose the unambiguous pair, 938 
but this effect did not replicate in a pre-registered additional sample of 24 children (15 children 939 
chose the unambiguous pair). Without any perceptual experience of the sounds of the marbles, it 940 
may have been difficult for children to reliably simulate the possible outcomes and the relative 941 
difficulty of the discriminations, or the simulations may have been too coarse to guide their 942 
explicit choice of which task to select. Alternatively, it’s possible that after the simple warm-up 943 
task (Preliminary experiment, Object Identity), some children wanted a more challenging box-944 
shaking game; they may have been sensitive to the difficulty of the discrimination, but, having 945 
not yet heard the sounds in the boxes, purposefully selected the harder game because it seemed 946 
more interesting.  947 

 948 
Experiments 4-7 949 
 950 
Experiment 4 951 
 952 
Participants 953 

Participants were recruited from an urban children’s museum. Consistent with the 954 
previous studies, we estimated the effect size (f) for a single experiment as 0.29. We used the 955 
power calculation program, G*Power, to calculate the planned sample size of for this experiment 956 
using f = 0.29, alpha = 0.05, and power = 0.80. The projected sample size using these values is 957 
24 participants. Twenty-four children (mean age = 5;9; range 4;1-8;2) were included in the final 958 
sample. One additional child was excluded because they did not explore before providing a 959 
response on one or more trials (see Procedure for details). 960 

 961 
Materials 962 
A box covered with black electrical tape (18 cm x 16 cm x 12 cm) was used. Four objects were 963 
used in the practice trials: a plastic duck, a star-shaped pillow, a flat glass bead, and a cotton ball. 964 



For the test trials, standard-size glass marbles in eight colors and eight translucent cylindrical 965 
tubes were used. The tubes were pre-loaded with the appropriate number of marbles and sealed 966 
at the top; although children were told that the tubes of marbles would be poured into the box, 967 
marbles were in fact added quietly by hand to ensure that children did not get any evidence about 968 
the sound until they themselves shook the box. 969 
A large cardboard screen (80 x 60 cm) was used both as an occluder and as an answer board with 970 
six Velcro tabs for children to provide their responses. Laminated pictures with Velcro tabs on 971 
the back, approximately to scale, were used to depict the possible contents of the box for both the 972 
practice trials and the test trials. A button was used to activate “hiding music” (the Jeopardy 973 
theme song) from a portable speaker, to mask any sound of marbles being placed into the hiding 974 
box. 975 
In addition to measuring children's exploratory behavior via video coding, we developed an 976 
independent measure based on the time course of the motion of the box. We equipped a 977 
microcontroller with an accelerometer, and placed the device in a small compartment of the box 978 
(the compartment was attached at a top corner of the box so as to minimize the possibility that it 979 
might interfere with box shaking). Custom software wirelessly transmitted the accelerometer 980 
readings, in real time, to a computer that recorded the measurements. The experimenter pressed a 981 
button at the start and end of every trial to record the time interval during which box shaking 982 
could have occurred.  983 
 984 
Procedure 985 

Children were introduced to the task as a guessing game in which their goal was to figure 986 
out what was hidden in the box. Two practice trials were used to teach children that 1) there were 987 
two possibilities for what could be hidden inside the box; 2) that these would be represented by 988 
the laminated pictures; 3) that children could not open the box but could shake the box or explore 989 
it in any other way they liked; 4) that they could make a guess by affixing one of the two pictures 990 
to the answer board, and 5) that they would not get feedback on every trial but would get 991 
feedback at the end of a set of trials (i.e., on the second of the two practice trials and on the last 992 
experimental trial). 993 

The experimenter explained the practice task by introducing one set of practice objects 994 
(order counterbalanced). She said, “We’re going to play a guessing game. See these two toys? 995 
Do you want to feel them? I’m going to hide one of these toys inside the hiding box. Then you’re 996 
going to shake it and listen and see if you can figure out what’s inside. Remember, I’m going to 997 
hide either the (pillow or duck; bead or cotton ball) and you’re going to figure out what’s inside 998 
without opening the box!” Then the experimenter set up the answer board/occluding screen and 999 
placed the pictures of the two possible contents of the box on two Velcro tabs on the bottom of 1000 
the screen facing the child. She pointed to each of the pictures in turn while reminding the child 1001 
“I’m going hide either the (pillow or duck; bead or cotton ball) inside the box.” The 1002 
experimenter then moved behind the occluding screen and placed one of the two objects into the 1003 
box out of the child’s line of sight. To mask any acoustic cues generated by the experimenter 1004 



(e.g. pouring the marbles into the box), the “hiding music” was played while the experimenter 1005 
loaded the box with one set of marbles (counterbalanced across participants). The experimenter 1006 
reminded the child of what could be inside of the box and indicated the location on the screen 1007 
where the child could point the picture corresponding to his/her guess, and then handed the child 1008 
the box. Children were allowed to shake or explore the box in any way they liked for as long as 1009 
they liked until they made a verbal guess or touched a picture on the board. 1010 

Children did not receive any feedback on their guesses on the first practice trial. After the 1011 
second practice trial, children were told that they were done with the first part of the game. The 1012 
experimenter revealed the contents of the second box, and the children received a sticker for 1013 
guessing correctly. (A few children guessed incorrectly on the second practice trial but were told 1014 
they received the sticker for guessing correctly on the first box.) 1015 

Test trials were administered in the same manner as the practice trials, except that test 1016 
trials consisted of contrasts of sets of marbles. The experimenter began each test trial by 1017 
introducing two tubes of marbles. The contents of each tube differed from each other in color 1018 
and each tube had a different number of marbles inside. See Figure 2, main text. The 1019 
experimenter asked the child to count the number of marbles in each tube. The contrasts used for 1020 
each experiment are displayed in Table 1. Trial order was counterbalanced, as was the order of 1021 
introduction of the tubes of marbles, and the actual hidden contents of the box (e.g., whether 1 or 1022 
7 marbles were hidden inside on the 7 vs. 1 trial). As in the practice trials, children were allowed 1023 
to shake or manipulate the box in any way they liked for as long as they liked until they made a 1024 
guess about the contents of the box. 1025 

 1026 
  1027 

 Contrast 1 Contrast 2 Contrast 3 Contrast 4 

Experiment Sets d'' Sets d'' Sets d'' Sets d'' 

Exp. 4 7 v 1 1.71 5 v 2 1.13 6 v 4 0.56 4 v 3 0.40 

Exp. 5 9 v 1 1.78 7 v 2 1.39 4 v 2 0.90 9 v 8 0.17 

Exp. 6 8 v 2 1.47 9 v 3 1.28 8 v 6 0.40 4 v 3 0.40 



Exp. 7 8 v 1 1.75 7 v 2 1.139 6 v 3 0.90 5 v 4 0.32 

 1028 
  1029 

 1030 
Supplementary Table 1. Contrasts used in Experiments 4-7, ordered from most 1031 
discriminable to least discriminable based on the discriminability index (d') for each 1032 
contrast derived from adult psychophysical data.   1033 
 1034 

Results 1035 
Exploration time was coded from video by a human coder blind to contrast and, 1036 

independently, by a motion sensor in the box (see SI). The behavioral coding included the time 1037 
from the moment the child first contacted the box until she identified the contents of the box on 1038 
each trial. The motion sensor coded the time from the initial motion to the final motion on each 1039 
trial. We also looked at the motion sensor data including only time when the box was actually in 1040 
motion (i.e., excluding any pauses; see SI). Here we report the results of the behavioral coding 1041 
since the relationship between uncertainty and exploration may be best indexed by including 1042 
time the children could have been planning subsequent actions and thinking about the data they 1043 
generated but the primary results hold for all measures.   1044 

To normalize for individual differences in children’s exploratory behavior, we computed 1045 
the time each child spent exploring on each trial as a proportion of the child’s total playtime 1046 
across all four trials, and multiplied this proportion by the number of trials k in the experiment: 1047 

For trial t, 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑑	𝑝𝑙𝑎𝑦𝑡𝑖𝑚𝑒	𝑜𝑓	𝑡𝑟𝑖𝑎𝑙	𝑡 = 𝑘	 ∗ 	 B-CDEF2G	HI	EJFC-	E
KL2	HI	B-CDEF2G	CMJHKK	C--	N	EJFC-K

. In the 1048 

current study, k = 4, but future work could explore experiments with different numbers of trials 1049 
and multiplying the proportion by k provides a k-independent metric. Thus, a proportion less than 1050 
1 represents less playtime than would be expected if length of exploration was determined by 1051 
chance, and a proportion greater than 1 represents more playtime that would be expected at 1052 
chance. Although we transformed playtime to control for individual differences, the results of all 1053 
model comparisons hold when using untransformed playtime reported in log seconds (the 1054 
logarithmic transform was necessary to ensure normality). The children’s raw playtime was not 1055 
normally distributed, violating the assumptions of our statistical tests so we only considered 1056 
inferential statistics on log-transformed playtime (which is normally distributed).  1057 

As described in the main text, we estimated the difficulty of each contrast by constructing 1058 
a model of children’s internal numerical representation and applying signal detection theory.  We 1059 
modeled the internal representation for each auditorily perceived number as a normal distribution 1060 
on a log scale with equal variances 𝜎 but logarithmically spaced means. Following (2), we 1061 
constructed the probabilistic representations of auditorily perceived number depicted in 1062 
Supplementary Figure S1; we show the mental representation in the original linear numerosity 1063 
space for ease of visualization. We then computed the discriminability of each contrast between l 1064 



and m marbles presented in Experiments 4-7 in terms of 𝑑# = |&'(	&*|
+

, where 𝜇- = log 𝑙 and 1065 

𝜇2 = log𝑚 (3).  Finally, we modeled children’s play time as a linear function of contrast 1066 
difficulty, or negative discriminability, −𝑑#.  For concreteness, we set	𝜎 = 0.65, a coarse estimate 1067 
based on both psychophysical studies of approximate number discrimination in children (4; 5) as 1068 
well as the discrimination accuracies of children across Experiments 4-7.  However, none of our 1069 
model fits or quantitative predictions depend on this choice: Because our model of playtime is 1070 
invariant to linear rescaling of 𝑑#, its predictions are independent of the value of 𝜎 and vary only 1071 
with the difference in log numbers of marbles.  1072 

An alternative proposal for internal representation of number assumes normal 1073 
distributions over linear space, with the variance of each normal distribution proportional to its 1074 
mean (6); see Supplementary Figure S1B. As we show below this metric produces nearly 1075 
identical results to the one described above, but we prefer the logarithmic representation to the 1076 
linear representation because the latter truncates the representation at zero and therefore does not 1077 
allocate equal probability to each normal distribution.  Still, we can compute d’ in the linear 1078 

representation using the conventional estimator for unequal variances, 𝑑# = |&'(	&*|

PQRS+'
RT+*R U

=1079 

	 V
W
× |-(2|

PQR(-
RT2R)

 , where w is a constant that determines how variance grows with mean and l and m 1080 

denote different numbers of marbles. We set w = 0.4, again based on both previous 1081 
psychophysical studies of approximate number discrimination (4, 5) and our discrimination 1082 
accuracies, but as in the logarithmic representation above our predictions for children’s 1083 
playtimes do not depend on w because they are invariant to linear rescaling of d’. See 1084 
Supplementary Figure S2B for evaluation of this metric.  1085 

Finally, we also considered an alternative difficulty metric, b’, that is inspired by d’ (and 1086 
uses the same functional form) but can be defined behaviorally from numerical estimation 1087 
judgments rather than from a model of internal sensitivity. We computed the difficulty of each 1088 
contrast from judgments that adult participants made in a related task: estimating the exact 1089 
number of marbles in a box that was shaken, from pre-recorded sounds of marbles shaken by the 1090 
experimenter for a fixed 2-second interval (7). We calculated the mean and standard deviation of 1091 
participant responses for each of 1-9 marbles, and calculated b’ (using the same function as 1092 

unequal-variance d’ above): 𝑏# = |&'(	&*|

PQRS+'
RT+*R U

 for each l, m numerosity contrast.  1093 



 1094 
Supplementary Figure 1. Visualization of models of children’s internal representation 1095 

of number, showing (A) normal distributions with fixed variance defined over logarithmic space 1096 
(but visualized over linear space) and (B) normal distributions with variance proportional to 1097 
mean defined over linear space.  1098 

 1099 
Using the R programming language (46), the data were submitted to linear mixed-effects 1100 

regression models, with subject as a random effect. An example of our model specification (with 1101 
discriminability as a predictor variable) in the common lme4 (47) syntax is as follows: Playtime 1102 
~ Discriminability + (1 | subject). We ran four models with the following predictors: 1) 1103 
Discriminability; 2) Trial order; 3) Discriminability + Trial order; 4) Discriminability + Trial 1104 
order + Number of marbles inside the box. To assess which of these variables predicted 1105 
significant variance, we ran three model comparisons using the R anova function. This allowed 1106 
us to obtain p-values from likelihood ratio tests of the full model with the effect in question 1107 
against the model without the effect in question‡. Comparing Models 1 and 3, we found that trial 1108 
order had a significant effect on exploration time, where children on average explored for less 1109 
time as the task progressed, χ2(1) = 5.95, p < 0.05 (and a marginal effect when considering the 1110 
untransformed log playtime measure: χ2(1) = 3.70, p = 0.055). Comparing Models 2 and 3, we 1111 
found that discriminability affected children’s exploration time, where the less discriminable the 1112 
contrast, the more children explored, χ2(1) = 16.23, p < 0.0001 (untransformed log playtime: 1113 
χ2(1) = 15.07, p < 0.005). This model comparison shows that discriminability explains variance 1114 
above and beyond the effect of trial order. Comparing Models 3 and 4, we found no effect of the 1115 
number of marbles inside the box, suggesting children’s exploration time was not affected by 1116 
what they actually heard, but rather by the discriminability of the two sets, χ2(1) = 0.26, p = 0.48 1117 
(untransformed log playtime: χ2(1) = 0.72, p = 0.40). In addition, we bootstrapped 95% 1118 
                                                
‡ A detailed description of the analyses is available on the Open Science Framework at the 
following current link: https://osf.io/vnzbr/?view_only=ba3ca1c5ff9346c0a39e731291aa5d5f 
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confidence intervals of mean exploration time to assess overlap across the four contrasts. We 1119 
found that the most discriminable contrast’s confidence interval did not overlap with the 1120 
intervals of the two least discriminable contrasts. The second most discriminable contrast 1121 
overlapped with the other three contrasts (See Fig. 2). The same pattern of results held when 1122 
considering untransformed log playtime. These results provide preliminary evidence that 1123 
children’s exploration is well-calibrated to the discriminability of the hypotheses under 1124 
consideration. 1125 
 1126 
Experiment 5 1127 

Experiment 5 was identical to Experiment 4 except for the set of contrasts used, see Table 1128 
1. Twenty-four children (mean = 5;11; range 4;1-8;0) were recruited and participated. 1129 
 1130 
Results 1131 

Data were coded as in Experiment 4. Again, to normalize for individual differences in 1132 
children’s exploratory behavior, we computed the time each child spent exploring on each trial 1133 
as a proportion of the child’s total playtime across all four trials. The same models were used as 1134 
in Experiment 4. Like in Experiment 4, we that trial order had a significant effect on exploration 1135 
time, χ2(1) = 0.11, p = 0.74 (untransformed log playtime: χ2(1) = 0.10, p = 0.75). Our key 1136 
prediction, that discriminability predicts children’s exploration time replicated in Experiment 5, 1137 
χ2(1) = 19.53, p < 0.0001 (untransformed log playtime: χ2(1) = 15.49, p < 0.0001). Once again, 1138 
we found no effect of the number of marbles inside the box, χ2(1) = 0.22, p = 0.64 1139 
(untransformed log playtime: χ2(1) = 0.0055, p = 0.94). Comparing bootstrapped 95% 1140 
confidence intervals of mean playtime, we found that the most discriminable contrast’s 1141 
confidence interval did not overlap with the intervals of the two least discriminable contrasts. 1142 
The second most discriminable contrast overlapped with the other three contrasts (See Fig. 2). 1143 
The same pattern held for untransformed log playtime. These results again suggest that 1144 
children’s exploration is closely matched to the difficulty of the discrimination problem. 1145 
 1146 
Experiment 6  1147 

The same procedure as in the preceding experiments was used except for the contrasts 1148 
(from most to least discriminable 8 vs. 2; 3 vs. 9; 8 vs. 6; and 3 vs. 4); also, rather than 1149 
counterbalancing the number of marbles in the box, there were always either 8 or 3 marbles 1150 
hidden in the box. This provides a strong test of whether children’s exploration is driven 1151 
primarily by the salience or ancillary sensory properties of the stimuli. If so, children should 1152 
spend more time exploring the box when it contained more (or fewer) marbles. If instead, 1153 
children’s exploration tracks not the actual contents of the box but the discriminability of the 1154 
actual contents from the alternatives, then children should spend proportionately less time 1155 
exploring on the two easy contrasts (8 vs. 2 and 3 vs. 9) than the two hard ones (8 vs. 6 and 3 vs. 1156 
4). Twenty-four children (mean = 5;9, range 4;1-7;8) were included in the final sample. Three 1157 



additional children were excluded because of family interference (n = 1) and issues with video 1158 
recordings (n = 2). 1159 
 1160 
Results 1161 

Data were coded as in previous experiments. Again, to normalize for individual 1162 
differences in children’s exploratory behavior, we computed the time each child spent exploring 1163 
on each trial as a proportion of the child’s total playtime across all four trials. The same models 1164 
were used. As in Experiment 4, we found that trial order also had a significant effect on 1165 
exploration time, χ2(1) = 14.03, p < 0.0005 (untransformed log playtime: χ2(1) = 11.77, p < 1166 
0.01). As in Experiments 4 and 5, we found that discriminability was a significant predictor of 1167 
children’s exploration time, χ2(1) = 12.35, p < 0.0005 (untransformed log playtime: χ2(1) = 8.10, 1168 
p < 0.005). Experiment 6 provided a strong test of whether the number of marbles heard inside 1169 
the box affects exploration time since two hard discrimination trials (8 vs. 6 and 3 vs. 4) and two 1170 
easy discrimination contrasts (8 vs. 2 and 3 vs. 9), were matched for the number of marbles 1171 
inside the box. We found no effect of the number of marbles inside the box, χ2(1) = 1.19, p = 1172 
0.28 (untransformed log playtime: χ2(1) = 0.96, p = 0.33). In addition, we bootstrapped 95% 1173 
confidence intervals of mean exploration time to assess overlap across the four contrasts. We 1174 
found that the most discriminable contrast’s confidence interval did not overlap with the 1175 
intervals of the two least discriminable contrasts. The second most discriminable contrast 1176 
overlapped with the other three contrasts (see Fig. 2). The same pattern of results held for the 1177 
untransformed log playtime metric. 1178 
 1179 
Experiment 7 1180 

To establish the robustness of the pattern of results in Experiments 4-6, we pre-registered 1181 
all methods and analyses on the Open Science Framework for Experiment 7 and the joint 1182 
analysis to follow. The same procedure as in the preceding experiments was used (see 1183 
Supplementary Table S1 for contrasts). Participants were recruited from an urban children’s 1184 
museum. Twenty-four children (mean = 5;11; range 4;3-7;8) were included in the final sample. 1185 
One additional child was excluded due to attention issues. 1186 
Results 1187 

Data were coded and normalized as in previous experiments, and the same models were 1188 
used. Unlike in Experiments 4 and 6, but as in Experiment 5, trial order had no effect on 1189 
exploration time, χ2(1) = 0.011, p = 0.92 (untransformed log playtime: χ2(1) = 0.0010, p = 0.98). 1190 
As in Experiments 4-6, discriminability was a significant predictor of children’s exploration 1191 
time, χ2(1) = 14.75, p < 0.0005 (untransformed log playtime: χ2(1) = 13.76, p < 0.005) and there 1192 
was no effect of the number of marbles inside the box, χ2(1) = 0.21, p = 0.64 (untransformed log 1193 
playtime: χ2(1) = 0.52, p = 0.47). In addition, we bootstrapped 95% confidence intervals of mean 1194 
exploration time to assess overlap across the four contrasts. We found that the most 1195 
discriminable contrast’s confidence interval did not overlap with the interval of the least 1196 
discriminable contrast. The second most discriminable contrast overlapped with the other three 1197 



contrasts (see Fig. 2). As in Experiment 6, the confidence intervals of all four contrasts 1198 
overlapped when considering untransformed log playtimes. 1199 
 1200 
Joint analysis 1201 

Our primary analysis, as reported in the main text of the manuscript and pre-registered on 1202 
the Open Science Framework, looked at the quantitative relationship between discriminability 1203 
and children’s exploration time over all 16 contrasts in Experiments 4-7. This analysis used the 1204 
same linear mixed-effects models that we evaluated for the individual experiments, with an 1205 
additional random effect for Experiment. Looking at the same three model comparisons that we 1206 
analyzed for individual experiments, we found an effect of trial order, χ2(1) = 8.63, p < .005 1207 
(untransformed log playtime: χ2(1) = 6.76, p < 0.01) and discriminability, χ2(1) = 63.92, p < 1208 
0.00001 (untransformed log playtime: χ2(1) = 56.97, p < .00001), but no effect of marbles in the 1209 
box, χ2(1) = 0.124, p = 0.72 (untransformed log playtime: χ2(1) = 0.87. Supplementary Table S2 1210 
displays the regression table for the best performing model (Model 3, with fixed effects for 1211 
Discriminability and Trial number and a random effect for Experiment). 1212 
 Also, as noted in the main text, in addition to analyzing the behavioral data, we 1213 
conducted the same joint analysis for the motion sensor data§; we did this both including all 1214 
motion from the first to last movement of the box and excluding times when the box was still 1215 
(i.e., including only times when the box was actually in motion). These two coding methods 1216 
yielded comparable estimates for the effect of discriminability on exploration time (including 1217 
times when the box was still: β = 0.10, 95% CI [0.05, 0.13]; excluding same: β = 0.086, 95% CI 1218 
[0.051, 0.12]). Children’s exploration times also correlated similarly with the discriminability of 1219 
the contrast under both coding methods (including: r = 0.89; 95% CI [0.55, 0.89]; excluding: r = 1220 
0.86; 95% CI [0.54, 0.88]). See Supplementary Fig. S1. For ease of comparison, we duplicate 1221 
Figs. 3A and 3B from the manuscript as Supplementary Fig. S1A and S1B here; Supplementary 1222 
Fig. S1C shows results including only times when the box was in motion.  1223 
 1224 
Additional Heuristic Models 1225 
 1226 
We examined two potential heuristics that might underlie children’s exploratory behavior. First, 1227 
we considered whether a very simple cue, the difference between the number of marbles in each 1228 
hypothesis (tube), could explain children’s behavior. Formally we define the numerical 1229 
difference heuristic as 𝑛𝑑 = 	 |𝑙 − 𝑚|, where l and m are the number of marbles in a given 1230 
contrast. 𝑛𝑑 is intuitively related to discriminability; a larger value indicates high 1231 
discriminability, and a smaller value low discriminability (the exact relationship is unclear but 1232 
we expect 𝑛𝑑 to increase monotonically with discriminability).  1233 
 1234 

                                                
§ Because of technical difficulties, 22 of the 96 trials lacked motion data and were not included in 
the analysis of the motion sensor data. 



Second, we examined another alternative heuristic that takes the ratio of the larger to the smaller 1235 
number of marbles as a predictor of exploration time.  This heuristic formalizes the intuition of 1236 
“distance from 50-50 split” – how far away a given pair is from having the same number of 1237 

marbles in each set. Formally we define the numerical ratio heuristic as the ratio 𝑛𝑟 = 	(-
2

, where 1238 

l is the smaller and m is the larger number of marbles in a given contrast.  1239 
 1240 
Both 𝑛𝑑 and 𝑛𝑟 are good quantitative predictors of children’s box shaking time  (𝑛𝑑: r = 0.94, 1241 
95% CI [0.76, 0.94],  𝑛𝑟:  r = 0.95, 95% CI [0.78, 0.95]).  The fit of the 𝑛𝑟 heuristic is 1242 
numerically indistinguishable from the d’ measure we use; this should not be surprising as there 1243 
is a close correspondence between the mathematical structure of these two measures, and they 1244 
are themselves correlated at r = 0.96.  The 𝑛𝑑 heuristic performs slightly worse, but there is a 1245 
qualitative difference between its predictions and those of d’ or 𝑛𝑟.  Across Experiments 4-7, 1246 
there are four subsets of stimuli where the numerical difference is constant but discriminability 1247 
d’ and the numerical ratio nr differ, and intuitively the task seems more difficult when d’ or 𝑛𝑟 1248 
are smaller: e.g., a numerical difference of 2 occurs with both contrasts of 4 v 2 marbles and 8 v 1249 
6 marbles, but 8 v 6 seems much more difficult than 4 v 2.  This intuition is borne out by our 1250 
empirical results. For contrasts scored equally by 𝑛𝑑 but not by d’, children on average explored 1251 
more when the contrasts were less discriminable. Indeed for each of the four numerical 1252 
differences shared by more than one contrast, regression analysis revealed a positive relationship 1253 
between exploration time and negative discriminability (Supplementary Figure S4).  Because 1254 
each numerical difference corresponded only to at most four contrasts, none of these linear 1255 
relationships is statistically significant on its own, but the overall pattern of a positive 1256 
relationship in all four out of four possible subsets of contrasts is strongly suggestive of an effect 1257 
of discriminability independent of absolute numerical difference.  1258 
 1259 
Unlike 𝑛𝑑, 𝑛𝑟 makes different predictions for different contrasts with the same numerical 1260 
difference, in ways that are almost perfectly correlated with of d’. We therefore suggest that if a 1261 
numerical heuristic turns out to provide the best explanation of children’s box-shaking behavior 1262 
– that is, if children were in fact explicitly estimating discriminability from the numbers of 1263 
marbles shown rather than judging the discriminability of imagined perceptual evidence from 1264 
alternative hypotheses via mental simulation – 𝑛𝑟 would be a more plausible heuristic account 1265 
than 𝑛𝑑. Because 𝑛𝑟 is so closely related to d’ it might even serve as a resource-rational 1266 
approximation of the ideal d’.  1267 
 1268 

1269 



 1270 
 1271 

 1272 
Supplementary Figure 2. Children’s proportional exploration times as a function of the 1273 
negative discriminability of each contrast across Experiments 4-7, showing data coded (a) from 1274 
video, and from motion sensor (b) including and (c) excluding times when the box was not in 1275 
motion.   1276 

 1277 
Supplementary Figure 3. Results of alternative modeling approach, showing d’ calculated 1278 
using (a) the logarithmic representation adopted in the main text, (b) an alternative representation 1279 
with linearly increasing means and variances (with numerosity), and (c) a related measure, b’, 1280 
estimated from adult subjects. 1281 
 1282 
 Estimate Standard error Degrees of 

freedom 
t p < 

Discriminability 0.15 0.19 381.00 8.31 1 × 10-15 

Trial -0.05 0.17 381.00 -2.94 0.005 
 1283 
Supplementary Table 2. Regression table for the best performing linear model, Model 3. 1284 
 1285 
 1286 
 1287 



1288 
Supplementary Figure 4. Children's exploration time as a function of negative discriminability 1289 
d', for a given numerical difference 𝑛𝑑 between elements of a contrast.  Subplots show four 1290 
subsets of stimuli across Exps 4-7 where d' varies for a given value of 𝑛𝑑 for four different 1291 
values of 𝑛𝑑.  In all four cases, exploration time tends to increase with d' even though numerical 1292 
difference is fixed, suggesting that children are sensitive to the psychophysical discriminability 1293 
of contrasts beyond what is captured by the simple numerical difference measure.   1294 
 1295 
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