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Perceptual and conceptual novelty 
independently guide infant looking behaviour: 
a systematic review and meta-analysis

Linette Kunin    1, Sabrina H. Piccolo2, Rebecca Saxe    1 & Shari Liu    3 

Human infants are born with their eyes open and an otherwise limited 
motor repertoire; thus, studies measuring infant looking are commonly 
used to investigate the developmental origins of perception and cognition. 
However, scholars have long expressed concerns about the reliability and 
interpretation of looking behaviours. We evaluated these concerns using 
a pre-registered (https://osf.io/jghc3), systematic meta-analysis of 76 
published and unpublished studies of infants’ early physical and psychological 
reasoning (total n = 1,899; 3- to 12-month-old infants; database search and 
call for unpublished studies conducted July to August 2022). We studied two 
effects in the same datasets: looking towards expected versus unexpected 
events (violation of expectation (VOE)) and looking towards visually 
familiar versus visually novel events (perceptual novelty (PN)). Most studies 
implemented methods to minimize the risk of bias (for example, ensuring 
that experimenters were naive to the conditions and reporting inter-rater 
reliability). There was mixed evidence about publication bias for the VOE 
effect. Most centrally to our research aims, we found that these two effects 
varied systematically—with roughly equal effect sizes (VOE, standardized 
mean difference 0.290 and 95% confidence interval (0.208, 0.372); PN, 
standardized mean difference 0.239 and 95% confidence interval (0.109, 0.369))— 
but independently, based on different predictors. Age predicted infants’ 
looking responses to unexpected events, but not visually novel events. 
Habituation predicted infants’ looking responses to visually novel events, but 
not unexpected events. From these findings, we suggest that conceptual and 
perceptual novelty independently influence infants’ looking behaviour.

Studies of human infants offer a window to the developmental origins of 
the mind. For example, many experiments show that infants look longer 
at surprising physical outcomes (an object floats in midair) and surpris-
ing actions (an agent behaves inefficiently) relative to visually similar 
but expected events1–3. Longer looking at these surprising events, or 
the violation of expectation (VOE) effect, is taken as evidence for a 
hypothesized expectation held in infants’ minds4: that unsupported 
objects fall and that agents tend to act efficiently5–8. However, looking 

measures have long been controversial. The robustness and nature of 
the VOE effect have been heavily debated, with some scholars claiming 
that behavioural effects in this literature are too noisy9 or reducible 
to stimulus-driven confounds10 and thus uninformative for studies 
about infant cognition11. Inspired by these concerns, in this Article we 
measure the size of the VOE effect and test whether the VOE effect is 
similar in size and source to looking behaviour driven by perceptual 
novelty (PN) across datasets from previous research.
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or moderators of the VOE effect from previous studies of infant cogni-
tion (see refs. 22–24 for systematic analyses of other topics). Claims 
about the noisiness and source of VOE effects in this literature are often 
based on a small number of case studies and are rarely supported by 
large-scale quantitative evidence (but see refs. 25,26).

Overview of current research
In this Article, we contribute to this debate, concerning the reliability 
and nature of VOE, using the tools of meta-analysis and mega-analysis. 
Meta-analysis aggregates and quantifies condition-level effect sizes, 
whereas mega-analysis aggregates and quantifies effects from individ-
ual infants27. Using the framework and toolkit provided by MetaLab28, 
we performed a systematic meta-analysis using studies on two classic 
infant cognition topics: inanimate objects and animate agents. Table 1 
provides an overview of the papers that met our topic, methods and 
inclusion criteria. Figure 2 provides an overview of our data curation 
process and a summary of our final dataset (condition-level data from 
76 studies and 1,899 infants aged 3–12 months (50.3% female) and 
infant-level data from 60 studies and 1,482 infants (51.2% female); 
many authors did not report demographic information, but these 
studies probably follow the past trends of the field29, focusing on 
predominantly White populations from North America and West-
ern Europe). We chose to focus on studies from the first year of life 
because controversy regarding infant looking is often centred around 
young infants9. To focus our investigation on datasets that meas-
ured both looking towards unexpected stimuli and looking towards 
visually novel stimuli, our primary analyses included only studies 
labelled by the authors as experimental conditions (76 studies and 
1,899 infants; see Supplementary Information for additional analy-
ses on control conditions). We acquired original datasets, including 
data about the age of individual infants and the order in which they 
saw the test events, from 60 studies and 1,482 infants; these were 
the focus of our mega-analyses. All studies included in the analyses 
used an infant-controlled design: on each trial, infants’ looking was 
monitored and the trial was terminated when infants looked away 
for a set duration (typically 2 s). In most studies, the trial could also 
be terminated after infants looked for some maximum duration or 
after a fixed number of seconds had passed (typically 30–120 s). In 
all studies, looking duration in a trial was defined as the number 
of seconds for which infants looked at the stimuli before the trial  

Logic and design of VOE studies
Consider the events in Fig. 1 from studies of infant cognition7,12. In a key 
surprising test event, infants see a ball roll off a platform and hover in 
midair or an agent jump inefficiently over an obstacle (Fig. 1a). These 
events are both visually novel and inconsistent with our expectations 
about objects and agents. When infants look longer at these events, 
which of these factors is driving that behaviour? To answer this ques-
tion, developmental psychologists can first habituate infants to the 
agents and objects in the scene and then: (1) pit expectation- and visu-
ally driven novelty against each other; or (2) equate visual novelty across 
both expected and unexpected events. The expected outcomes in Fig. 1 
are visually novel but do not violate the hypothesized expectation: the 
ball rolls across a new platform on a new trajectory and the agent jumps 
on a new but efficient path. The unexpected test events, in contrast, 
violate the hypothesized expectation but are visually familiar (the 
agent jumps in the same trajectory as during habituation, but now 
inefficiently) or are equally visually novel relative to the expected event 
(the ball rolls beyond the shorter platform on the same path as in the 
expected event). When infants look longer at the unexpected test events 
relative to the expected test events, this can serve as initial evidence 
that infants detect and prioritize the violation of the hypothesized 
expectation. Control conditions are then conducted to further test 
perceptual alternative explanations.

Open questions about the reliability and nature 
of VOE
Despite these methodological strategies, the VOE effect remains con-
troversial. One critique is that infant research is conducted using small, 
underpowered samples13 and thus the VOE effect could reflect an over-
interpretation of noise. If true, with a high-powered test, researchers 
may not find a reliable effect at all, especially compared with more 
established effects, such as longer looking towards visually novel 
stimuli. A second critique is that longer looking to unexpected events 
is explained by lower-level features of the stimulus9,11,14–16. Infants attend 
to changes in colour17, shape18, brightness19, spatial frequency20 and 
motion21. Since the VOE method requires unexpected and expected 
events to be visually distinguishable, some researchers prefer the more 
parsimonious explanation that infant attention is driven primarily by 
a single mental process grounded in the visual features of the stimuli. 
Despite this debate, there has been no systematic analysis of the size 
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Fig. 1 | Sources of novelty in VOE studies. a, Schematics of stimuli from previous 
studies of early physical and psychological understanding. The physics task7 
(top row) tests whether infants expect objects to fall when unsupported. The 
psychology task12 (bottom row) tests whether infants expect agents to act 
efficiently to reach their goals. In both tasks, after habituation or familiarization 
with one event, infants are shown two test events: an expected event and an 
unexpected event. Note that both event types introduce visual differences. In 

the current research, we ask whether changes that entail VOEs (lack of support or 
inefficient action) evoke similar or distinct looking behaviours when compared 
with changes in lower-level perceptual variables (a new path or new barrier).  
b, Barplot of idealized data depicting PN (difference between the expected test 
event and last habituation or familiarization event) and VOE (difference between 
unexpected and expected test events).
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ended. Thirty-eight studies employed a habituation procedure 
(wherein the number of trials before the test events varied as a func-
tion of how quickly infants decreased their looking) and 38 studies 
employed a familiarization procedure (with a fixed number of trials 
before the test events). The final meta-analytic and mega-analytic 
datasets are openly available at https://osf.io/b59km/. See Methods 
for additional details.

VOE = lookingunexpected − lookingexpected (1)

PN = lookingexpected − lookinglast habituation (2)

For each study, we defined two looking time effects. First, we 
defined the violation-of-expectation (VOE) effect as the difference 
between infants’ looking on the first expected and first unexpected 
test trials (equation (1)). This standard definition in the literature is 
probably a conservative estimate since expected events are also visually 
novel—and sometimes more visually novel than the unexpected event—
which could lead to a smaller looking preference for the unexpected 
event. Second, we defined a measure of responses to perceptual novelty 
(PN) in the same datasets: the difference between the last habituation 
or familiarization trial and the first expected test trial, which contained 
a visually novel but conceptually expected outcome (equation (2); see 
Extended Data Fig. 1).

Table 1 | Information on papers included in our analyses

Study ID Short citation Infant-level data available Number of studies Number of infants

Biro_2007 Biro et al.80 No 3 126

Brandone_2009 Brandone and Wellman81 Yes 8 182

Choi_2018 Choi et al.82 Yes 3 48

Chuey_2021 Chuey et al.83 Yes 1 30

Gerson_2014a Gerson and Woodward84 Yes 3 72

Gerson_2014b Gerson and Woodward85 Yes 3 90

Hernik_2012 Hernik and Southgate86 No 3 48

Hespos_2009 Hespos et al.87 Yes 2 31

Jackson_2022 Jackson and Sirois16 No 1 24

Lakusta_2015 Lakusta and Carey88 No 3 60

Liu_2017a Liu and Spelke12 Yes 3 60

Liu_2017b Liu et al.48 Yes 3 80

Liu_2019 Liu et al.89 Yes 7 152

Liu_2022 Liu et al.90 Yes 3 102

Liu_unpublisheda S. Liu et al. (unpublished-a), Liu et al.91 Yes 2 80

Liu_unpublishedb S. Liu et al. (unpublished-b), Liu et al.91 Yes 1 26

Liu_unpublishedc S. Liu and E. S. Spelke (unpublished-a),  
Liu and Spelke92

Yes 1 37

Liu_unpublishedd S. Liu and E. S. Spelke (unpublished-b),  
Liu and Spelke93

Yes 1 31

Luo_2005a Luo and Baillargeon94 Yes 4 48

Luo_2005b Luo and Baillargeon95 Yes 2 16

Luo_2009a Luo and Johnson96 Yes 5 60

Luo_2009b Luo et al.97 Yes 4 64

Luo_2010 Luo98 Yes 4 40

Luo_2011 Luo99 Yes 3 36

Martin_2017 Martin et al.100 Yes 8 160

Olofson_2011 Olofson and Baldwin101 No 2 32

Powell_unpublished L. Powell, A. Schachner and E. Spelke 
(unpublished)

Yes 1 60

Schlottmann_2012 Schlottmann et al.102 No 1 56

Skerry_2013 Skerry et al.103 Yes 5 112

Spaepen_2007 Spaepen and Spelke104 No 5 84

Stojnic_2023 Stojnić et al.46 Yes 8 336

Thoermer_2013 Thoermer et al.105 Yes (no data on age provided) 1 43

Woo_2021 Woo et al.106 Yes 3 68

Each study contributed average looking durations (as well as individual infants’ looking durations in 89 studies) for the last trial before the test, the first expected test trial and the first 
unexpected test trial; a subset of these studies also contributed data from individual infants. Note that this table includes studies that were experimental conditions (in which VOE and PN 
could both be measured) and studies that were negative control conditions (which by hypothesis should not evoke a VOE effect). The analyses in the main text focus on data from experimental 
conditions (see Supplementary Information for further analyses of data from studies under control conditions).

http://www.nature.com/nathumbehav
https://osf.io/b59km/


Nature Human Behaviour | Volume 8 | December 2024 | 2342–2356 2345

Article https://doi.org/10.1038/s41562-024-01965-x

For all studies, these three trials appeared consecutively (for 
example, last habituation, first expected, first unexpected) and the 
order of the test events (expected first or unexpected first) was coun-
terbalanced across infants. By measuring the VOE and PN effects in the 
same experiments, we ensured that all methodological variables were 
identical across effects: infants were habituated or familiarized with 
the same stimuli before encountering test trials involving conceptu-
ally novel (unexpected) and perceptually novel (visually new) events. 
Under this design, infants in the first phase of the experiment were 
shown both a set of visual features (for example, the path of motion 
from Fig. 1a) and a set of conceptually relevant features (for example, 
there was an agent, navigating around a barrier towards a goal object). 
Then, at test, each of these features was changed in turn, allowing us 
to measure infants’ looking behaviour based on each change. This 
approach allowed us to estimate the size of the VOE and PN effects 
using the same statistical models, controlling for the size of the other 
effect, within studies and infants. Lastly, analysing data aggregated 
from many studies, articles and laboratories allowed us to draw general 
conclusions about this literature.

First, to address the concern that VOE results from the overin-
terpretation of small noisy samples, we asked whether this effect is 
reliably larger than zero in a well-powered test, in comparison to the 
less controversial PN effect. We also evaluated evidence for publication 
bias in this literature, which could lead to an overestimate of the VOE 
effect, and conducted a power analysis to estimate the number of infant 
participants needed to detect both effects in a new sample, which we 
report in the Supplementary Information.

Second, we tested the claim that longer looking during VOE stud-
ies is primarily driven by low-level visual features in the stimuli. To do 
so, we compared the moderators of the VOE and PN effects. Beyond 
trial type, which was a within-participants predictor required to cal-
culate the PN and VOE effects, we also considered a pre-registered 
set of between-participants predictors (Table 2). These included fea-
tures of the infants that were tested, such as infant age, and features of 
the experimental design, such as whether infants were habituated or 
familiarized before the test events and the domain of knowledge the 
experiment was testing. Some predictors were chosen because they are 
theoretically interesting (for example, age and domain). Others were 
chosen because they are likely to explain variance in infant looking (for 
example, trial order). We pre-registered two alternative hypotheses. If 
the VOE effect is reducible to—and indistinguishable from—a response 
to PN, we should find that the same factors moderate the size of both 
effects. If however these effects reflect distinct motives of infant look-
ing, we could find that different moderating factors predict the size of 
each effect. We also made several predictions about the size of the PN 
effect: that younger infants would show a bigger PN effect than older 
infants due to differences in endogenous control of attention; that 
negative control studies would report bigger PN effects than studies 
hypothesized to evoke the VOE effect, because they only included visual 
changes and not unexpected events (see Supplementary Information 
for the results from negative control studies); and that habituation 
studies would report bigger PN effects than familiarization studies 
because they provide infants with more time to encode the stimuli 
before the test events.

60 studies labelled as experimental
conditions
(n = 1,482 infants)

28 studies labelled as control
conditions
(n = 537 infants)

50 records identified through expert knowledge;
598 records through database search;
2,142 by reviewing references of/to key papers;
8 by call for potential studies

Total 2,798 records screened

Identi�cation

Screening

Eligibility

Final inclusion

Condition-level data
(meta-analysis)

Participant-level data
(mega-analysis)

201 full-text articles
assessed for eligibility

33 articles included (28 published and 5 unpublished)

76 studies labelled as experimental
conditions
(n = 1,899 infants)

2,764 records openly excluded: 2,597
based on title and abstract and 167 based on
article contents or lack of crucial data

31 studies labelled as control
conditions
(n = 595 infants)

Fig. 2 | Condensed PRISMA diagram for the current research. This figure 
summarizes the methods for identifying potential studies and screening them 
against our eligibility criteria. The final datasets included in our primary analyses 
are shown in purple (see Extended Data Fig. 7 for a full PRISMA diagram and 
Supplementary Information for the results from studies serving as negative 

controls). We excluded one outlier paper (two studies) that passed our screening 
process, but skewed some of our supplemental meta-analytic results due to its 
extremely low variance relative to the other studies. Our primary conclusions 
hold regardless of whether this paper is included (see Supplementary 
Information for details).
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Overall, we found that infant looking is driven by perceptual nov-
elty (PN), or visual changes to the stimulus and conceptual novelty 
(VOE), or the unexpectedness of that stimulus to a similar degree. 
Additionally, these effects were moderated by different predictors: 
the PN effect was bigger for studies that used habituation and for indi-
vidual infants who showed stronger habituation effects (with no such 
effect for VOE); and the VOE effect was smaller in studies testing older 
infants (with no such effect for PN). From these findings, we suggest 
that stimulus- and expectation-driven novelty independently guide 
infant looking behaviour.

Results
All of the results and figures presented in the main text exclude one 
outlier paper30, which heavily skewed some of the supplementary 
meta-analytic results due to its extremely low variance relative to the 
other studies. The results including this study are presented in the 
Supplementary Information for full transparency. All of our primary 
results hold, regardless of whether this paper is excluded or included.

Comparing the magnitudes of VOE and PN effects
How much do unexpected stimuli drive infants’ looking behaviour 
(VOE, the primary effect under discussion) relative to visually novel 
stimuli (PN, a less controversial effect that looking time studies were 
invented to measure)? In a confirmatory analysis across 76 studies 
and 1,899 infants, we found that both the PN and VOE effects were 
significantly greater than 0 (PN mean difference = 1.700 s (z = 7.712; 
P < 0.001; two-tailed test; effect size (standardized mean difference 
(SMD)) = 0.239; 95% confidence interval (CI) = (1.268, 2.132)); VOE 
mean difference = 2.128 s (z = 8.575; P < 0.001; two-tailed test; effect 
size (SMD) = 0.290; 95% CI = (1.641, 2.614)); Fig. 3). We then directly com-
pared the size of these two effects in standardized mean units; these two 
effect sizes were not significantly different from each other (z = 1.305; 
P = 0.192; two-tailed test; effect size = 0.061 (SMD); 95% CI = (−0.031, 
0.152)) and the Bayes factor (0.190) strongly favoured the hypothesis 
that there was no difference between the two effects. See Fig. 3 for an 
aggregated summary of both effects and Fig. 4 and Extended Data 
Fig. 1 for information on the distribution of effect sizes across studies.

Publication bias. One challenge in using meta-analysis to estimate 
effect sizes is that the publication process may be biased towards 
publishing significant or inflated effects. In this literature, is there 
evidence for the preferential publication of studies with significant 
effects or imprecise studies with strongly positive effects? In explora-
tory analyses, we found mixed evidence for publication bias for the 
VOE effect. Using Egger’s test for funnel plot asymmetry (see Extended 
Data Fig. 2), we found that the distribution of effect sizes relative to 
study precision was not asymmetrical for the PN effect (b = 0.049; 95% 
CI = (−0.512, 0.610); z = 0.682; P = 0.495), but was asymmetrical for the 
VOE effect (b = −0.488; 95% CI = (−0.804, −0.171); z = 4.912; P < 0.001). 
This suggests some degree of publication bias for the VOE effect and no 
evidence for publication bias for the PN effect (which was not directly 
studied but was incidentally measured in this literature). In contrast, 
using selection models, we found no evidence for publication bias for 
either effect (VOE: Χ2(d.f.) = 1.002(1), P = 0.317; PN: Χ2(d.f.) = 0.934(1), 
P = 0.334; likelihood ratio test).

What are the implications of these publication bias results for the 
current and subsequent analyses? First, it is plausible that we overesti-
mated the size of the VOE effect because imprecise studies that show 
small or negative VOE effects (by Egger’s test) or non-significant results 
(by selection models) could be missing from our dataset. Although we 
found mixed evidence for publication bias, we computed an adjusted 
estimate for the VOE effect using trim-and-fill31 and selection mod-
els32. Using the trim-and-fill method, the adjusted effect size for VOE 
(z = 3.582; P < 0.001; two-tailed test; effect size (SMD) = 0.166; 95% 
CI = (0.075, 0.257); I2 = 34.96%, or moderate heterogeneity, before trim 
and fill) was still similar in size (with overlapping CIs) to the PN effect for 
which we found no evidence for publication bias (z = 3.606; P < 0.001; 
two-tailed test; effect size (SMD) = 0.239; 95% CI = (0.109, 0.369)). 
Because we found evidence for publication bias using the trim-and-fill 
method, we also examined the adjusted estimate for the VOE effect 
from the selection model. The adjusted VOE effect was still above 
zero, with CIs that overlapped with the PN effect (z = 3.478; P < 0.001; 
two-tailed test; effect size (SMD) = 0.228; 95% CI = (0.100, 0.357)). 
Overall, our results show that the VOE effect is robustly above 0 and as 
large as the PN effect after accounting for the possibility of publication 

Table 2 | Overview of fixed effects

Name Description Type Values

trial_type The trial from which looking times were collected Factor ‘Last_train’ (last familiarization or habituation trial), 
‘expected’ (first expected test trial) or ‘unexpected’ (first 
unexpected test trial)

mean_age Average age of infants per study (d) Numeric See infant_age, which is the same moderator, but includes 
data from individual infants

equal_per_nov Relative to familiarization or habituation, whether the 
expected and unexpected test events were equally 
perceptually novel (as in the top row of Fig. 1a), or the 
expected test event was more perceptually novel than the 
unexpected test event (as in the bottom row of Fig. 1a)

Factor ‘Yes’ or ‘no’

exposure_phase Whether infants were habituated or familiarized before 
the test events

Factor ‘Habituation’ (variable number of trials across infants) or 
‘familiarization’ (fixed number of trials)

domain The type of knowledge the experiment tested Factor ‘Physics’ or ‘psychology’ (if potentially both, we chose the 
domain most emphasized by the authors of the paper)

stim_loop Whether the stimulus repeated on each trial until infants 
looked away (or the stimulus was shown only once)

Factor ‘Yes’ (repeated) or ‘no’ (shown once)

infant_age Age of individual infants (d) Numeric See mean_age, which is the same moderator, but 
averaged across infants per study

order Which test event an infant was assigned to see first Factor ‘Expected’ or ‘unexpected’

exp_or_control Whether the study was an experimental study (testing 
the hypothesized expectation) or a negative control 
(testing an alternative explanation for the results of the 
experimental study and predicting a null effect)

Factor ‘Experimental’ or ‘control’

http://www.nature.com/nathumbehav
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bias. Since publication bias from these studies should primarily hinge 
on the size and significance of the VOE effect, this is less likely to affect 
moderators for the VOE and PN effects; thus, in subsequent moderator 
analyses, we did not test or correct for publication bias.

Additive versus multiplicative form. Are VOE and PN effects additive 
(for example, looking at unexpected events is ~2 s longer than look-
ing at expected events) or multiplicative (~1.25× longer)? In explora-
tory analyses, we found that a model that expressed these study-level 
effects as multiplicative (log ratio of means) fit the data better than a 
model that expressed these effects as additive (SMD). This was true for 
both the VOE effect (log ratio of means: Akaike information criterion 
(AIC) = 19.872; Bayesian information criterion (BIC) = 24.533; versus 
SMD: AIC = 75.039; BIC = 79.700) and the PN effect (log ratio of means: 
AIC = 104.456; BIC = 109.117; versus SMD: AIC = 138.095; BIC = 142.756). 
In line with previous work33–35, both effects are best conceived as ratios 
(PN ratio = 1.228 (z = 3.805; P < 0.001; two-tailed test; 95% CI = (1.105, 
1.365)); VOE ratio = 1.253 (z = 7.260; P < 0.001; two-tailed test; 95% 
CI = (1.179, 1.331))) rather than differences. In subsequent moderator 
analyses over study-level data, we chose to continue modelling the 
means and sampling variances of looking time to each trial type, as 

originally pre-registered, which enabled us to straightforwardly model 
both effects simultaneously.

Comparing the moderators of VOE and PN effects
Next, in a series of pre-registered exploratory analyses, we asked 
whether similar or different study- and participant-level moderators 
predict looking towards unexpected and visually novel stimuli.

Modelling each effect separately, we found that these two look-
ing behaviours were moderated by distinct predictors (Fig. 5). For the 
PN effect, the only significant moderator was whether studies used 
habituation or familiarization. Studies that habituated infants (38 
studies) rather than familiarizing them for a fixed number of trials (38 
studies) evoked a greater PN effect (z = 5.793; P = <0.001; two-tailed 
test; SMD = 0.338; 95% CI = (0.223, 0.452)). For the VOE effect, the only 
significant moderator was infant age. Studies on older infants reported 
a smaller VOE effect than studies on younger infants (z = −2.185; 
P = 0.029; two-tailed test; SMD = −0.100; 95% CI = (−0.190, −0.010)). In 
contrast, exposure phase did not significantly moderate the VOE effect 
(z = −1.404; P = 0.160; two-tailed test; SMD = −0.062; 95% CI = (−0.148, 
0.024)) and age did not significantly moderate the PN effect (z = 1.462; 
P = 0.144; two-tailed test; SMD = 0.088; 95% CI = (−0.030, 0.205)). See 
Extended Data Figs. 3 and 4 for the effects of exposure phase and infant 
age on looking behaviour for each trial type. Descriptively, habituation 
studies reported shorter looking times than familiarization studies for 
all three trial types, but this effect was particularly strong for the last 
habituation or familiarization trial (thus selectively impacting the PN 
effect). Descriptively, younger infants looked longer than older infants 
on all three trial types, but this effect was particularly strong for unex-
pected events (thus selectively impacting the VOE effect). Our modera-
tor analysis also revealed some potentially interesting negative results. 
We found no evidence that VOE effects differed across the domains of 
physical and psychological reasoning (z = 0.914; P = 0.361; two-tailed 
test; SMD = 0.061; 95% CI = (−0.070, 0.192)) or depended on whether 
the unexpected event was made to compete against an expected test 
event that was more visually novel (z = −0.655; P = 0.513; two-tailed test; 
SMD = −0.035; 95% CI = (−0.139, 0.070)).

Because the PN and VOE effects share a common input value 
(looking towards the expected test event), we next tested whether 
exposure phase and infant age differentially explained the VOE and PN 
effects when both effects were estimated in the same model36 (Fig. 6). 
For both moderators, we found a significant interaction between 
that moderator and trial type (exposure phase × trial type: Χ2(d.f.) =  
134.057(2), P < 0.001); infant age × trial type: Χ2(d.f.) = 18.039(2), 
P < 0.001); likelihood ratio test). Contrasts extracted from these models 
confirmed the findings that familiarization studies reported smaller 
PN effects than habituation studies (estimate = −4.568 s; z = −10.136; 
P < 0.001; two-tailed test; 95% CI = (−5.452, −3.685)), with no differ-
ences for VOE (estimate = −0.196 s; z = −0.394; P = 0.694; two-tailed 
test; 95% CI = (−1.169, 0.778)), and that infant age was associated with 
the size of the VOE effect (estimate = −1.323 s; z = −4.223; P < 0.001; 
two-tailed test; 95% CI = (−1.937, −0.709)) but not the PN effect (esti-
mate = 0.449 s; z = 1.755; P = 0.079; two-tailed test; 95% CI = (−0.053, 
0.951)). In summary, the VOE effect and PN effect were moderated by 
distinct predictors.

Results from individual infants. Do these study-level results hold up in 
analyses of individual infants? In pre-registered exploratory analyses, 
we repeated the meta-analyses for infant-level data (n = 1,482 from 60 
studies) with a dependent measure (log-transformed looking time) 
that captures the multiplicative nature of the VOE and PN effects. For 
instance, two infants who show a looking preference ratio of 2 (2 and 
4 s for infant one and 4 and 8 s for infant two) would show equivalent 
looking preferences in log seconds (log[4] – log[2] = log[8] – log[4] = 
0.693). The mega-analytic results confirmed the meta-analytic results: 
the VOE and PN effects were not significantly different in size, but were 

10

0

20

30

40

50

Trial type

Lo
ok

in
g 

tim
e 

(s
)

Trial type
Last habituation

Expected

Unexpected

Sample size
10

20

30

40

50

60

0.239 (0.109, 0.369)
P < 0.001

0.061 (–0.031, 0.152)
P = 0.192

0.290 (0.208, 0.372)
P < 0.001

Fig. 3 | VOE and PN effects across previous literature. Each point represents 
the average looking time towards each of the three trial types (last habituation 
or familiarization, first expected, and first unexpected) for the 76 studies 
included in our confirmatory meta-analysis (n = 76 studies with data on 1,899 
3- to 12-month-old infants). Point sizes indicate sample size (number of infants) 
per study. Lines connect data from the same studies. In each boxplot, the centre 
of the box indicates the median, the bounds of the box correspond to the 25th 
and 75th percentiles (the interquartile range (IQR)) and the whiskers extend to 
the minima and maxima (up to 1.5× the IQR from the 25th and 75th percentiles). 
Data beyond the ends of the whiskers are plotted in dark grey. The quartiles 
are unweighted (do not take into account differences in the sample sizes or 
variances across studies). The sizes of the PN and VOE effects—estimated using an 
intercept-only random effects meta-analysis with no fixed effects and study ID as 
a random intercept—are indicated in SMDs, along with 95% CIs (in parentheses) 
and two-tailed P values. Effect sizes of the difference between effect sizes are 
listed in the same units and came from a mixed effects model with effect as an 
outcome measure, effect type (PN versus VOE) as a fixed effect and study ID as 
a random intercept. Both PN and VOE effects were significantly greater than 0 
(PN mean difference = 1.700 s (z = 7.712; P < 0.001; two-tailed test; effect size in 
SMD = 0.239; 95% CI = (1.268, 2.132)); VOE mean difference = 2.128 s (z = 8.575; 
P < 0.001; two-tailed test; effect size in SMD = 0.290; 95% CI = (1.641, 2.614))). 
These two effect sizes were not significantly different from each other (z = 1.305; 
P = 0.192; two-tailed test; effect size = 0.061 SMDs; 95% CI = (−0.031, 0.152)) 
and the Bayes factor (0.190) strongly favoured the hypothesis that there is no 
difference between the two effects.
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moderated by infant age and habituation, respectively (see Supple-
mentary Information for details).

Data from individual infants allowed us to explore the differential 
effects of habituation on PN and VOE. Do habituation studies find big-
ger PN effects than familiarization studies because habituation selec-
tively affects looking towards visually novel versus visually familiar 
stimuli, or could this finding be explained by other systematic differ-
ences between habituation and familiarization studies? We reasoned 
that if habituation genuinely affects PN and not VOE, individual dif-
ferences in habituation rate should predict the size of the PN but not 
the VOE effect across both habituation and familiarization studies. We 
found evidence supporting this prediction. In habituation studies (499 
infants; 22 studies), we found an interaction between trial type and 
the number of habituation trials infants underwent (likelihood ratio 
test: Χ2(d.f.) = 19.6(2), P < 0.001): infants who habituated more steeply 

(underwent fewer habituation trials) showed a bigger PN effect (esti-
mate = −0.06 log seconds; t = −3.662; d.f. = 993; P < 0.001; two-tailed 
test; standardized beta (β) = −0.175; 95% CI = (−0.268, −0.081)), but 
this did not predict the size of the VOE effect (estimate = −0.005 log 
seconds; t = −0.325; d.f. = 994; P = 0.745; two-tailed test; β = −0.016; 
95% CI = (−0.109, 0.078)). In familiarization studies (603 infants;  
21 studies), infants who would have met a standard habituation cri-
terion (looking for a summed duration on the last three trials that 
was 50% or less than the summed duration on the first three trials37) 
showed a bigger PN effect than infants who did not (estimate = 0.531 
log seconds; t = 7.25; d.f. = 1,187.363; P < 0.001; two-tailed test; β = 0.583; 
95% CI = (0.425, 0.741)); this factor did not predict the size of the VOE 
effect (estimate = −0.008 log seconds; t = −0.114; d.f. = 1,184.622; 
P = 0.909; two-tailed test; β = −0.009; 95% CI = (−0.168, 0.150);  
interaction between trial type and habituation status: Χ2(d.f.) = 67.3(2), 
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P < 0.001); likelihood ratio test). See Extended Data Figs. 5 and 6 and 
Methods for further details about these analyses. In summary, individual 
differences in habituation rate selectively moderated the PN effect 
across all experiments: infants who habituated faster (during habitu-
ation studies) or at all (during familiarization studies) recovered more 
attention to visually novel events but not unexpected events. We take this 
as our strongest piece of evidence that stimulus- and expectation-driven 
novelty independently contribute to infant looking behaviour.

Discussion
Infant looking is the most common behavioural measure used to study 
the developmental origins of perception and cognition in the first year 
of life38,39. In VOE experiments, longer looking towards unexpected 
versus expected events is often interpreted as evidence for infants’ 
expectations about the social and physical world. Yet, many research-
ers have voiced concerns that the VOE effect is too noisy to interpret 
and boils down to a more basic process of stimulus-driven attention.

Here, we evaluated these critiques by curating and analysing a 
large dataset of experiments from previous literature. First, contrary 
to suggestions that VOE effects are too noisy and unreliable to trust9, 

we found that showing infants something unexpected increased their 
looking as much as showing infants something visually novel, even 
after accounting for potential publication bias. Relatedly, contrary 
to claims that VOE effects appear in either direction (longer looking 
at unexpected or expected stimuli), thus rendering them difficult to 
interpret11,40, we found no evidence for a bimodal distribution of either 
the PN or VOE effect (see Extended Data Fig. 1). Instead, most experi-
ments observed effects that were numerically larger than 0 (62/76 for 
VOE and 49/76 for PN). Infants look longer at visual stimuli that are 
conceptually unexpected, not just those that are perceptually novel.

We then addressed a second critique that infant looking behav-
iour is primarily driven by low-level features in the stimuli. Under this 
hypothesis, VOE experiments measure the same PN effect twice: once 
based on low-level visual differences between the expected event 
and the familiarization events; and a second time based on low-level 
visual differences between the unexpected event and the expected 
event. Yet, when we studied the infant- and study-level moderators of 
both effects, we found that the VOE and PN effects were moderated by 
distinct predictors. The PN effect was bigger when infants were habitu-
ated instead of familiarized and the VOE effect was bigger in younger 
infants. In summary, these two looking behaviours—longer looking 
towards unexpected events and longer looking towards visually novel 
events—vary independently, but systematically, within the same experi-
ments. Therefore, processing of conceptually unexpected information 
and processing of visually novel information are distinct—or at least 
not identical—processes in infant minds.

Habituation to familiar stimuli and orientation towards novel 
stimuli has long been identified as a basic behaviour of dynamic living 
systems, from slime moulds to people40–44. When infants decrease their 
looking in response to repeated stimuli, what are they habituating to? 
Here, we found that infants who habituated at all (in familiarization 
studies) or faster (in habituation studies) showed greater dishabitua-
tion to visually novel stimuli. In contrast, infants’ habituation rate did 
not predict looking responses to unexpected stimuli. Therefore, one 
implication of our findings is that behavioural habituation in infant 
VOE experiments reflects low-level visual encoding, rather than a 
higher-level process of building expectations about the agents and 
objects in the stimuli. However, infants can clearly learn to extract 
higher-level statistical regularities over the time course of an experi-
ment45; it is an open question whether the habituation rate in those 
experiments is predictive of this learning.

Computational models of cognition and development aspire to 
provide explicit and formal accounts of the origins of the mind. These 
models tend to prioritize low-level prediction (for example, the next 
frame in a video stimulus46,47) or higher-level prediction (for example, 
the probability of encountering the current stimulus, given a mental 
model of the situation48,49) and sometimes both (for example, next 
frame prediction over object representations47,50,51). Our results suggest 
that a full formal account of the infant mind should respond to both 
perceptually novel and conceptually unexpected events, but that these 
two signals of novelty should be modelled separately.

The current work has limitations. First, we studied infants’ basic 
expectations about objects (for example, solidity and permanence) 
and agents (for example, goal-directed, efficient action) because these 
are two of the oldest topics in infant cognition, with a relatively large 
number of studies devoted to them. As a result, our claims only apply 
to these studies. However, our methods could be adapted to study any 
topic across the developmental and behavioural sciences.

Second, due to the retrospective nature of meta-analysis, the stud-
ies included in our analyses probably differed along other dimensions 
beyond the ones we chose to study. As a result, it is difficult to interpret 
most of the between-study moderator effects. For example, we pre-
dicted that the PN effect would be larger in younger infants because 
they have poorer endogenous control over their attention, but the null 
result we obtained is difficult to interpret because it is plausible that 
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Fig. 5 | Moderators of the PN and VOE effects. a,b, Estimates of each 
moderator’s effect (in SMDs, with 95% CIs) on the PN (a) and VOE effects (b) 
(n = 76 studies; 1,899 3- to 12-month-old infants) relative to the intercept (grand 
mean). The estimates came from two separate random effects meta-analyses 
(one for PN and one for VOE) with these moderators added as fixed effects and a 
random intercept for each study. Point estimates for each effect and two-tailed 
P values are listed with each moderator. From top to bottom, after the intercept, 
the fixed effects are: whether the expected and unexpected events were equally 
perceptually novel relative to familiarization (yes) or the expected event was 
more perceptually novel than the unexpected event (no); the exposure phase 
of the experiment (habituation versus familiarization); the average age of the 
infants (z scored across studies); the task domain (psychology versus physics); 
and whether the stimuli in the experiment were played on a loop (yes versus no). 
See Table 2 for details. Effects that passed our significance threshold (P < 0.05; 
two tailed) are indicated in black (otherwise, in grey). Studies that habituated 
infants (38 studies) rather than familiarizing them for a fixed number of trials 
(38 studies) evoked a greater PN effect (z = 5.793; P = <0.001; two-tailed test; 
SMD = 0.338; 95% CI = (0.223, 0.452)). Studies on older infants relative to younger 
infants reported a smaller VOE effect (z = −2.185; P = 0.029; two-tailed test; 
SMD = −0.100; 95% CI = (−0.190, −0.010)). See Supplementary Tables 2 and 3 for 
full results.
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researchers designed experiments with more subtle visual differences 
for older infants. We also found that younger infants tended to show a 
bigger VOE effect than older infants, but we cannot infer that the VOE 
effect decreases with age because researchers may design simpler 
experiments for younger infants. Instead, our results highlight modera-
tors that could be targets of future experimental work. Longitudinal 
studies of the same infants participating in experiments across time52,53 
or cross-sectional studies testing infants from a large age range using 
the same stimuli and study design54 could provide a stronger test of 
the hypothesis that the VOE effect changes in size over development.

Third, our search criteria, which were applied without reference to 
the results of the papers, yielded several papers reporting familiarity 
effects (longer looking towards expected or visually familiar stimuli; 
for example, refs. 55,56). However, these (and many other) papers did 
not contain the values required for estimating both the VOE and PN 
effects—a criterion we pre-registered because we wanted to equate all 
participant and methodological variables across the two effects. The 
validity of meta-analyses conducted in our field hinges on the avail-
ability of findable, accessible, interoperable and reusable data57. Given 
the slow and labour-intensive nature of infant research, which leads to 
smaller samples and noisy estimates from each sample, it is all the more 
important that researchers share anonymized and well-documented 
data, by default, to enable cumulative science.

Across studies, different moderators explained variance in the size 
of the PN and VOE effects estimated from the same data. Neuroimaging 
could be used to more directly test the hypothesis that distinct mecha-
nisms underlie these two looking behaviours. Recent neuroimaging 
work in adults, using stimuli from this literature58, showed that early 
visual regions do not encode prediction error over physical and social 

expectations. Instead, unexpected stimuli from this literature evoked 
activity in regions that are associated with domain-specific processing 
and goal-driven attention59–61. The same experiments could be repeated 
in infants, ideally relating neural correlates of lower- and higher-level 
prediction error to looking behaviour.

Long before infants can talk or crawl, they explore the world by 
looking. What are the strengths and challenges of using looking behav-
iour to study infants’ minds? In this Article, we found evidence against 
the allegations that longer looking towards surprising physical and 
social events results from an overinterpretation of small noisy samples 
or is reducible to responses to low-level stimulus features. By aggre-
gating and analysing a large dataset from prior research, we found 
that infant looking is driven by perceptual and conceptual novelty 
to a similar degree, and based on distinct predictors. These findings 
suggest that infant looking behaviour is guided independently by 
expectation- and stimulus-driven novelty.

Methods
Eligibility for study inclusion
Plans for data curation were pre-registered on the Open Science Frame-
work (OSF; https://osf.io/jghc3) in July 2022. Our goal was to estimate 
the VOE and PN effects in the same experiments. We also wanted to 
focus the current research on two of the oldest topics in infant cogni-
tion (the understanding of agents and objects) in a sample of studies 
containing enough variability for us to estimate moderator effects. 
Thus, we conducted a systematic literature review, specifying the fol-
lowing inclusion criteria: all literature, journal papers, theses, proceed-
ings papers and unpublished datasets after 1985 that tested typically 
developing infants between 3 and 12 months of age on expectations 
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mixed effects models including an interaction between trial type and exposure 
phase (for a) and between trial type and infant age (for b), along with the other 
predictors listed in Fig. 5 as additive fixed effects, and a random intercept for 
each study. We found a significant interaction between exposure phase and trial 
type (a; Χ2(d.f.) = 134.057(2); P < 0.001) and between infant age and trial type 
(b; Χ2(d.f.) = 18.039(2); P < 0.001). Familiarization studies reported a smaller PN 
effect to habituation studies (estimate = −4.568 s; z = −10.136; P < 0.001; 95% 
CI = (−5.452, −3.685)), with no differences for the VOE effect (estimate = −0.196 s; 
z = −0.394; P = 0.694; 95% CI = (−1.169, 0.778)), and infant age was associated 
with the size of the VOE effect (estimate = −1.323 s; z = −4.223; P < 0.001; 95% 
CI = (−1.937, −0.709)) but not the PN effect (estimate = 0.449 s; z = 1.755; P = 0.079; 
95% CI = (−0.053, 0.951)).
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about solid objects or single agents engaging in intentional action and 
that employed an experimental design similar to those shown in Fig. 1. 
Specifically, to be included: there had to be at least two habituation or 
familiarization trials before the test trials; the expected and unexpected 
events had to be equally perceptually novel relative to the previous tri-
als, or the expected event had to be more perceptually novel than the 
unexpected event; and if the maximum duration of the familiarization 
and test trials differed, the former had to be fairly long (at least 30 s) or 
the ratio between maximum durations had to exceed 0.8.

All perceptual differences between the familiarization or habitua-
tion and test events, including changes in the path of an agent or object 
and changes in the location of objects or obstacles (other than those 
distinguishing expected from unexpected events), could count towards 
PN. Our main research question was whether these two classes of visual 
differences (those that make events unexpected and those that make 
events visually new) are interchangeable or distinct.

Information sources and search strategy
We followed the Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) 2020 guidelines62 when selecting and 
reporting the studies to be included in our meta-analysis (see Fig. 2 
and Extended Data Fig. 7). We started with our own expert knowledge 
about infant VOE studies in the domains of early physical and psycho-
logical reasoning. We also searched for papers including the terms 
‘violation of expectation’, ‘habituation or familiarization’, ‘preferential 
looking’, ‘looking time’, ‘physics or psychology’ and ‘object or agent’ 
in July to August 2022 on Google Scholar, Proquest and PubMed. We 
also scanned the reference sections of review articles to locate addi-
tional studies and used Google Scholar to identify related articles and 
articles that cited the first papers testing psychological and physical 
expectations5,6,8,63. Lastly, we emailed two listservs (the Cognitive Devel-
opment Society and International Congress of Infant Studies) to collect 
more papers and datasets, including unpublished datasets. We scanned 
paper titles and abstracts to screen out irrelevant studies, along with 
the tables, figures, primary text and supplementary materials of each 
of the potentially relevant papers.

In addition to the criteria from our literature review, for a paper 
to be included in our final sample it had to report six key values for 
our confirmatory analysis (the mean and variance of the last habitua-
tion or familiarization trial, the first expected trial and the first unex-
pected trial). For papers that were relevant but otherwise missing one 
or more pieces of data, we emailed the authors asking them to share 
the original datasets and included papers for which the original data 
were found and sent to us. This search process, including the papers 
screened and authors contacted, is fully documented at https://osf.
io/mpkau. This resulted in 33 papers (28 published papers and five 
unpublished papers) that met our full inclusion criteria, excluding 
one outlier paper30, which heavily skewed some of the supplementary 
meta-analytic results due to its extremely low variance relative to the 
other studies. Our decision to include or exclude a study in our analysis 
did not depend on its findings. We did not apply any judgement about 
whether each included effect was likely to reflect a true or false posi-
tive or negative; therefore, our sample of studies may include a mix 
of all of these.

Data collection process
Each paper that passed through the selection process and contained the 
required data was coded independently by two team members (L.K. and 
S.H.P.). Disagreements were resolved by discussion or by consulting 
with a third team member (S.L.). All team members were aware of the 
purposes of the study. Papers were screened first by method and then 
by available data; looking time data were collected last to minimize 
researcher bias. Analyses were pre-registered after data annotation 
was complete but before visualizing or analysing the data. When exact 
numerical values were not provided in a table or the main text but 

were reported in a figure we used the tool WebPlotDigitizer64 (https://
automeris.io/WebPlotDigitizer/) to extract approximate values from 
the figures. If there were discrepancies across these data sources (for 
example, the numbers reported in the paper differed from the num-
bers calculated using the raw data), the team contacted the authors 
for resolution. If there were discrepancies between the paper, figures 
or raw data, we prioritized the data sources in the following order: 
values from the raw data if available, then author correspondence, 
then numerical values reported in the paper and finally estimates from 
figures. Notes about discrepancies in coding and data sources have 
been fully catalogued and are available on OSF at https://osf.io/4n82q.

Risk assessment
To assess the quality of the data, we coded, for each study, whether the 
person who generated the looking times per trial was naive at least to 
the order of test events that infants watched, and whether the paper 
reported information about inter-rater reliability. Information about 
each study can be found in Supplementary Table 16.

We found that 74.3% of studies reported that the data were gener-
ated by a naive human coder; 23.9% of studies did not specify whether 
the human coder was naive and the remaining 1.8% were eye-tracking 
studies that did not use human coding. We note that this percentage is a 
conservative estimate, because we coded ‘yes’ for this feature only if the 
authors explicitly mentioned the naiveness of the human rater. Some 
papers reported methods that make it likely that coders were naive (for 
example, they saw a camera feed of the infant’s face from another room 
or looked through a peephole in the puppet stage at the infant), but did 
not explicitly mention experimenter or observer masking or blinding. 
We found that 93.4% of studies had a second coder check the reliability 
of the data and reported information about inter-rater reliability; 4.6% 
of studies did not report this information and the remaining 1.8% were 
eye-tracking studies that did not use human coding.

Analysis overview
Plans for data analysis were pre-registered on the OSF (https://osf.
io/jghc3/) in March 2023, including several updates. Our goal was to 
conduct these analyses on as many studies as possible and on both 
study- and infant-level data. Thus, our pre-registered analysis plan 
included three steps. First, we estimated the size of the VOE and PN 
effects in the study-level data (meta-analysis). Second, we examined 
which participant and experiment features (for example, infant age or 
study design) predicted the size of each of these two effects. Third, we 
repeated these same analyses on studies with available data from indi-
vidual infants (mega-analysis); these data also gave us the opportunity 
to conduct exploratory individual differences analyses to evaluate the 
conclusions from the meta-analysis.

Dependent variables. Each included study (for the meta-analysis) or 
each infant (for the mega-analysis) contributed data for three consecu-
tive trials: the last habituation or familiarization trial, the first expected 
test event and the first unexpected test event. For all studies in our 
analysis, the expected test events contained some low-level change in 
the stimulus. Thus, we defined PN as the difference between the last 
habituation or familiarization trial and the first expected test event, 
where a positive value indicated longer looking towards the visually 
novel event. For the studies in our analyses, testing for a positive VOE 
effect, the unexpected test events contained a violation of a hypoth-
esized expectation and were either equally or more visually familiar 
than the expected test event. Thus, we defined VOE as the difference 
between the first unexpected and first expected test events, where a 
positive value indicates longer looking towards the unexpected event. 
For both effects, we chose to measure infants’ first exposure to each 
source of novelty, rather than averaging looks across multiple test tri-
als, to maximize our chances of measuring each effect and to equate 
the number of trials of each type (the last habituation/familiarization 
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event only occurred once and test events were often repeated). See 
Extended Data Fig. 1.

Looking duration in VOE studies is often log-normally distrib-
uted (see Extended Data Fig. 8 for the distributions of the PN and VOE 
effects in our dataset)33. In study-level data, we tested the hypothesis 
that the VOE and PN effects are best expressed as a ratio of means, 
rather than an SMD. In infant-level data, using the fitdistr() function 
from the MASS65 package, we found that a log-normal distribution 
better fit the distribution of looking times than a normal distribution 
(log-likelihood for log-normal distribution = −21,562 versus normal 
distribution = −24,370), so we log-transformed looking durations 
before our mega-analyses.

Modelling overview. Analyses were conducted in R66. All random 
effects meta-analyses, which explicitly model between-study het-
erogeneity and assume that effects can truly vary across studies, were 
carried out using the metafor package67. All mega-analyses were car-
ried out using the lme4 package68 and P values for linear mixed effects 
models were calculated using the lmerTest package69. Quality assur-
ance of linear mixed effects models was carried out using the perfor-
mance70 package. Analyses of publication bias were carried out using 
the weightr71 and metafor67 packages. Figures 3, 4 and 6 and Extended 
Data Figs. 1–6 and 8 were made using the ggplot2 (ref. 72), patchwork73 
and viridis74 packages. Figure 5 was made using the sjPlot75 package. For 
all pre-registered analyses, our significance threshold was 0.05 and 
tests for statistical significance were two tailed. Coefficients and 95% 
CIs were re-configured so that positive values indicate longer looking 
towards unexpected than expected events (for the VOE effect) and 
longer looking towards visually novel than visually familiar events (for 
the PN effect). Model comparison was carried out on statistical models 
that were estimated using the maximum likelihood method.

Estimating effect sizes (confirmatory). First, we estimated the size of 
the VOE and PN effects in study-level data. Average looking time and 
sampling variance (s.d.2/n) per trial type (last habituation/familiariza-
tion, first expected or first unexpected) per study were the outcome 
variables. Trial type was the only moderator. The first expected test 
trial was set as the reference level, so that the two estimated model 
coefficients correspond to the VOE effect (unexpected − expected) 
and the PN effect (expected − last habituation or familiarization 
trial). We included one random intercept for study to account for 
observations nested within studies. Our function call was: rma.
mv(yi = mean_looking_time, v = variance_looking_time, mods = ~trial_
type, random = ~1|study, data). To evaluate evidence for and against the 
hypothesis that the VOE and PN effects differ in size, we first computed 
effect sizes in SMDs for each study using metafor::escalc(). We then 
fit two mixed effects models with these effect sizes as the dependent 
measure. The first model included effect type (VOE versus PN) as a 
fixed effect (representing the hypothesis that these two effects differ 
in size) and the second model included just the intercept (representing 
the hypothesis that these two effects are similar in size). Both included 
a random intercept for study ID. We then used Wagenmaker’s method 
to compute Bayes factors between these two models based on their 
respective BICs76.

Publication bias (exploratory). We conducted two exploratory and 
complementary tests for publication bias, which could take the 
form of selective reporting, the file drawer problem and/or journals 
unwilling to publish null or unclear findings. First, we conducted 
Egger’s test for funnel plot asymmetry, which tests for the presence 
of low-precision studies with more positive or large effects than more 
negative or small effects77. Then, we used selection models to test 
whether there was an over-representation of significant results78 using 
weightr::weightfunct(). For a discussion of the strengths and weak-
nesses of both methods, see ref. 32.

Form of looking preferences (exploratory). Next, we asked whether 
the VOE and PN effects are additive or multiplicative. Using 
metafor::escalc(), we computed effect sizes for each effect for each 
study in two different ways: as an SMD and as a log ratio of means. Then, 
each of these effect sizes was modelled as the intercept in a random 
effects meta-analysis with no moderators (formula: rma.mv(yi, vi, ran-
dom = ~1|study, data)). We then used metafor::fitstats() to generate the 
AIC and BIC values of both models and compared these values across 
models to assess whether each effect was better expressed as an SMD or 
ratio of means. We converted model coefficients and values in CIs from 
the log ratio of means to the ratio of means for ease of interpretability.

Analyses of moderators (pre-registered exploratory). We then asked 
whether similar or different predictors moderated the size of the PN 
and VOE effects. We first fit separate meta-analytic mixed effects mod-
els for each effect. The model specified the SMD (yi) and sampling 
variance (vi) as the dependent variables and the fixed effects listed in 
Table 2 as predictors, including an additional random intercept for 
study. We z scored age across studies before entering it as a predictor 
and used summed contrasts for all categorical predictors so that the 
model intercept could be interpreted as the grand mean of the PN or 
VOE effect (in SMD units) at the mean age of the infants. The function 
call for the moderator analyses was: rma.mv(yi, vi, mods = ~equal_
per_nov + exposure_phase + scale(mean_age) + domain + stim_loop, 
random = ~1|study, data).

To study whether the significant moderators of the VOE and PN 
effects, originally modelled separately, differentially predicted each 
effect, we estimated both effects in the same model with: average 
looking and associated sampling variance as the outcome variables; 
an interaction between (1) trial type and (2) the moderator in ques-
tion as the key fixed effect; and the other moderators as additive fixed 
effects. For example, a function call assessing whether exposure phase 
differentially predicted the PN and VOE effects was: rma.mv(yi, vi, 
mods = ~trial_type * exposure_phase + equal_per_nov + scale(mean_
age) + domain + stim_loop, random = ~1|study, data).

Mega-analytic analogues (pre-registered exploratory). We also fit linear 
mixed effects models over data from individual infants (25 papers, 
60 studies and 1,482 infants). The dependent variable for all models 
was the looking duration per trial per infant in log seconds. The fixed 
effects were identical to those described above, except that these 
models included ages of individual infants z-scored across studies. We 
also added test trial order as an additional between-participants fixed 
effect. All models that estimated the VOE and PN effects separately used 
a difference score per infant per effect as the dependent variable (for 
example, for PN, the difference between looking at the first expected 
and last habituation trials, in log seconds). All models that estimated 
the VOE and PN effects together included looking, in log seconds, for 
each trial type per infant as the dependent variable. Separate models of 
the PN and VOE effects, to which each infant contributed one difference 
score, included random intercepts to account for observations within 
studies and experiments ((1|study_ID) + (1|expt_ID)). (Experiments 
often randomly assigned infants to separate sub-experiments; study_ID 
refers to these sub-experiments and expt_ID refers to the broader cat-
egory.) Models estimating the size of both effects simultaneously, to 
which each infant contributed three looking times, included an addi-
tional intercept for participant ID, to account for repeated measures 
within infants ((1|specific_subject_ID) + (1|study_ID) + (1|expt_ID)). 
These analyses and their results are described in full in the Supple-
mentary Information.

Degrees of freedom were estimated using the Satterthwaite 
approximation method. Standardized betas (β) express the size of 
each effect in standard deviation and were computed by z scoring all 
continuous variables in the model. In further exploratory analyses, 
we studied the size of the PN effect in negative control experiments.  
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We also conducted a power analysis by estimating the number of infants 
required in a new sample to measure a novel VOE and PN effect. These 
analyses and their results are described in full in the Supplementary 
Information.

Individual differences in habituation rate and VOE and PN effects 
(exploratory). We studied the relationship between habituation, VOE 
and PN using data from individual infants in habituation studies (22 
studies; n = 499 infants) and familiarization studies with at least six 
familiarization trials (21 studies; n = 603 infants). We fit separate linear 
mixed effects models for habituation and familiarization studies, with 
looking time in log seconds from individual infants during the last 
habituation, first expected and first unexpected trials as the depend-
ent measure. Both models included random intercepts to account 
for differences in looking behaviour across participants, studies and 
experiments. For the habituation studies, our model included an inter-
action between trial type and the number of trials infants underwent 
before reaching the habituation criteria set by the original authors 
(model formula: looking_time ~ trial_type × num_hab_trials + (1|spe-
cific_subject_ID) + (1|study_ID) + (1|expt_ID)). For the familiarization 
studies, our model included an interaction between trial type and a 
binary predictor that indicated whether each infant would have met a 
standard habituation criterion (total looking on the last three familiari-
zation trials that was 50% or less than the total looking on the first three 
familiarization trials, in seconds, by the end of familiarization (model 
formula: looking_time ~ trial_type × habituated + (1|specific_subject_
ID) + (1|study_ID) + (1|expt_ID))). The full results of these analyses can 
be found in the Supplementary Information.

Quality assurance. In analyses of moderators in infant-level data, we 
tested for collinearity between all of the fixed effects using check_col-
linearity() from the performance package70 and found no evidence 
for collinearity issues (for all main effects, variance inflation factors 
ranged from ~1–2 and tolerance from ~0.5–1.0). Thus, we proceeded 
as planned and included all of them in our model. After fitting each 
model, we used check_models() from the performance package70 to 
check the normality of residuals and random effects, the homogeneity 
of variance and influential observations of all mega-analytic models. 
The outputs of these checks can be accessed at https://osf.io/b59km/. 
For models with influential observations, removing these observations 
did not change the interpretation of the results.

Deviations from pre-registration. We originally preregistered that 
we would include paper (1|paper_ID) as a random intercept in the 
mega-analysis models. Including this random effect led to a failure to 
converge in one of our models, so we removed it from all mega-analysis 
models to maintain consistency. We also excluded one paper30 from 
the results in the main text, the inclusion of which led to issues in sup-
plementary meta-analyses due to extremely low variance. The results 
including this paper are presented in the Supplementary Information 
for full transparency. All of our primary results hold, regardless of 
whether this paper is excluded or included.

This project grew from a small-scale analysis of one dataset12 
(n = 60 infants). During that initial case study, we pre-registered that 
we would define the VOE effect as the difference between the unex-
pected and last habituation event. Before collecting or analysing the 
remaining 97% of the data, we pre-registered equations (1) and (2) as 
they appear in the main text.

Ethics approval. This meta-analysis reports data from published and 
unpublished previous research. Each of these datasets was collected 
with approval from the institutional review board of the correspond-
ing university; original data provided by the authors of this research 
do not include any personally identifiable information. The current 
research did not involve any new data collection or interaction with 

or intervention involving human participants and therefore does not 
meet the definition of human participants research according to the 
US Department of Health and Human Services (https://www.ecfr.gov/
on/2018-07-19/title-45/part-46#p-46.102(e)).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All anonymized data associated with this paper are openly available 
at https://osf.io/b59km/ and from Zenodo (https://doi.org/10.5281/
zenodo.12629030)79.

Code availability
All analysis scripts associated with this paper are openly available 
at https://osf.io/b59km/ and from Zenodo (https://doi.org/10.5281/
zenodo.12629030)79.
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Extended Data Fig. 1 | Procedure for estimating the PN and VOE effects.  
(a) The data inputs, with the three critical trials are in bold (some experiments 
used habituation, listed here; others used familiarization; and all studies 
counterbalanced the order of the test events across infants). (b, c) The VOE and 
PN effects plotted against each other, (b) per study (N = 76 studies) or (c) per 

infant (N = 1482 infants). In (b), error bars around points indicate standard error 
of the mean (SE), and point size indicates sample size. In (b-c), a best fit line in 
blue was estimated using a linear model per trial type, and the grey ribbon around 
the line indicates the 95% confidence intervals.
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Extended Data Fig. 2 | Funnel plots for PN and VOE effects. Each plot shows 
effect sizes (standardised mean differences) plotted against the precision 
(standard error) of each study (N = 76 studies total), for (a) the perceptual novelty 

effect, and (b) the violation-of-expectation effect. Black points indicate studies 
included in our primary analyses; white points were added by the trim-and-fill 
method to account for possible publication bias. See Methods for details.
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Extended Data Fig. 3 | The relationship between infant age and looking time 
for each trial type. Each point represents the mean looking time to one trial type 
for one study (N = 76 studies; ‘Last habituation / familiarization’ indicates looking 
on the last trial before test; ‘Expected’ indicates looking on the first expected test 
trial; ‘Unexpected’ indicates looking on the first unexpected test trial.) Point sizes 

indicate sample sizes. A best fit line estimated using a linear model per trial type 
is shown in blue, and error bars around points and the grey ribbon around the 
line indicate 95% confidence intervals. These best fit lines are unweighted (do not 
take into account differences in the sample sizes or variances across studies).
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Extended Data Fig. 4 | The relationship between exposure phase and looking 
time for each trial type. Each point represents the mean looking time to one 
trial type for one study (N = 76 studies; ‘Last habituation / familiarization’ 
indicates looking on the last trial before test; ‘Expected’ indicates looking on the 
first expected test trial; ‘Unexpected’ indicates looking on the first unexpected 
test trial.). Point sizes indicate sample sizes. The centre of the box indicates the 

median, the bounds of the box correspond to the 25th and 75th percentiles  
(the interquartile range, or IQR), and the whiskers extend to the minima and 
maxima (up to 1.5 IQRs from the 25th and 75th percentiles). Data beyond the end 
of the whiskers are plotted in dark grey. Quartiles are unweighted (do not account 
for differences in sample size or variance across studies).
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Extended Data Fig. 5 | Relationship between habituation rate and the PN 
and VOE in individual infants from habituation studies. (a) and (b) show 
scatterplots of the (a) PN and (b) VOE effects in log seconds against the number of 
habituation trials infants saw prior to test trials (22 studies, N = 499 infants).  

Each point represents one infant’s PN and VOE effects. A best fit line estimated 
using a linear model per trial type is shown in blue, and the grey ribbon around 
the line indicates 95% confidence intervals.
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Extended Data Fig. 6 | Relationship between habituation criteria and the PN 
and VOE in individual infants from familiarization studies. (a) and (b) show 
boxplots of the (a) PN and (b) VOE effects in log seconds, broken down by whether 
infants met a standard habituation criteria by the end of the familiarization phase 
(21 studies, N = 603 infants). The centre of the box indicates the median, the 

bounds of the box correspond to the 25th and 75th percentiles (the interquartile 
range, or IQR), and the whiskers extend to the minima and maxima (up to 1.5 IQRs 
from the 25th and 75th percentiles). Data beyond the end of the whiskers are 
plotted in dark grey.
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PRISMA 2020 flow diagram for new systematic reviews which included searches of databases, registers and other sources

From: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 2021;372:n71. 
doi: 10.1136/bmj.n71. For more information, visit: http://www.prisma-statement.org/
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Extended Data Fig. 7 | Full PRISMA diagram for the current research. 
Thirty-three papers (76 studies) were included in the final analysis. We excluded 
one outlier paper (2 studies) that passed our screening process due to its 
extremely low variance relative to the other studies, which skewed some of the 

supplemental meta-analytic results. Our primary conclusions hold regardless of 
whether this study is included; see SI for details. Template retrieved from  
http://www.prisma-statement.org/PRISMAStatement/FlowDiagram.
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effect with its 95% confidence interval are shown at the bottom of the plot.
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection For estimating values from published work from figures, we used WebPlotDigitizer version 4.5 (https://automeris.io/WebPlotDigitizer/). We 
also used Google Scholar, Proquest, and PubMed to search for papers. No other code was used to collect the data, but we did use resources 
and tutorials from MetaLab (https://langcog.github.io/metalab/).

Data analysis We used R version 4.3.2 (2023-10-31) and the following R libraries: 
-tidyverse_2.0.0: data wrangling 
-ggplot2_3.4.4: visualization 
-metafor_4.4-0: meta-analysis 
-weightr_2.0.2: publication bias selection models 
-sjPlot_2.8.15: plot models 
-lme4_1.1-34: mega-analysis 
-lmerTest_3.1-3: mega-analysis 
-performance_0.10.8: check model assumptions 
-MASS_7.3-60: how data fits log and normal distribution 
-patchwork_1.1.3: create figures 
-viridis_0.6.4: create figures 
-pwr_1.3-0: power analysis reported in SI

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All anonymized data associated with this paper are openly available at https://osf.io/b59km/.

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender *** The current research does not involve interacting with or collecting new data from human subjects, and thus does not 
meet the definition of human subjects research. We nevertheless provide the information below, because the research 
involves using anonymized already-collected data from human subjects.*** 
 
We did not consider sex and gender as a covariate in our pre-registered analyses. However, we do report the % of infants 
whose sex assigned at birth was female, by parental report, for datasets that provided this information.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

In the datasets we acquired, authors rarely reported information like race, ethnicity, or other demographic information other 
than sex; therefore, we could not do this either. We do report information about age and sex, which authors reported in their 
original research. 
 
We include infant age (averaged by condition, and individual infants' ages) as a covariate in many of our analyses; these 
values were calculated based on parent-reported birth dates)

Population characteristics Our search criteria specified that participants should be typically developing infants, aged 3-12 months. See above.

Recruitment No new data were collected, so there was no recruitment process involved in this research.

Ethics oversight Each author group that contributed data collected these data with the approval of their local university IRB board.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Behavioural & social sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Our goal was to estimate the violation of expectation (VOE) effect and the perceptual novelty (PN) effect in the same experiments 
and datasets. We also wanted to focus the current research on two of the oldest topics in infant cognition (understanding of agents 
and objects), in a sample of studies containing enough variability (e.g. task domain; age of infants) for us to estimate moderator 
effects. Thus we conducted a systematic literature review, specifying the following inclusion criteria: (1) All literature, journal papers, 
theses, proceedings papers, and unpublished datasets after 1985, (2) that tested typically developing infants between 3 and 12 
months of age, (3) on expectations about solid objects, or single agents engaging in intentional action, and (4) that employed an 
experimental design similar to those in Figure 1. Specifically, in order to be included: there had to be at least two habituation or 
familiarization trials before test trials; the expected and unexpected events had to be equally perceptually novel, relative to the 
previous trials, or the expected event had to be more perceptually novel than the unexpected event; and if the maximum duration of 
the familiarization and test trials differed, then the former had to be fairly long (at least 30s), or the ratio between maximum 
durations had to exceed 0.8.

Research sample We used datasets from prior research on typically developing human infants, 3-12 months of age.  Many authors did not report 
demographic information, and these studies likely follow the past trends of the field, focusing on predominantly White populations 
from North America and Western Europe.

Sampling strategy This is a meta-analysis, for which the sample sizes are substantially larger than those from individual studies, and which offers us a 
rare opportunity to have high-powered samples (N = 1899, vs 20-30). We did not pre-register or specify the sample size of studies 
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ahead of the research; instead we pre-registered the inclusion and exclusion criteria for the studies, knowing that we’d have a large 
sample size by virtue of the method.

Data collection Data were extracted from published papers, or were sent to us by the authors. We found that 74.3% of studies reported that the 
data was generated by a naive human coder; 23.9% of studies did not specify whether the human coder was naive, and the 
remaining 1.8% were eye-tracking studies that did not use human coding. We note that this percentage is a conservative estimate, 
because we coded “yes” for this feature only if the authors explicitly mentioned the naiveness of the human rater. Some papers 
reported methods that make it likely that coders were naive (e.g. they saw a camera feed of the infant’s face from another room; 
they looked through a peephole through the puppet stage at the infant), but did not explicitly mention experimenter or observer 
masking or blinding. We found that 93.4% of studies had a second coder check the reliability of the data, and reported information 
about interrater reliability; 4.6% of studies did not report this information, and the remaining 1.8% were eye-tracking studies that did 
not use human coding. Information about each study is shown in Extended Data Table 1

Timing Our search began July 2022 and concluded November 2022.

Data exclusions We screened a total of 2798 records, and in the end included 33 papers in our analyses, excluding 2597 records based on the title 
and abstract, and 167 based on article contents or missing key data. This resulted in 76 studies that were the focus of our analyses 
(experimental conditions), including data from individual infants in 60 of these studies. Additionally, we excluded one outlier paper (2 
studies) that passed our screening process due to its extremely low variance relative to the other studies, which skewed some of the 
supplemental meta-analytic results. Our primary conclusions hold regardless of whether this study is included; see SI for details

Non-participation No new data were collected for this research; we did not analyze the number of excluded participants from past datasets for the 
current research.

Randomization No new data were collected for this research; for studies from prior research, researchers counterbalanced the order of test trials 
(expected first or unexpected first) across infants, either through pure random assignment (e.g. flipping a coin, running a pre-
allocated number of infants per condition in a random order), or through stratefied random assignment (e.g. similar to pure random 
assignment, except that researchers tried to ensure that sex and age were balanced across counterbalancing orders).

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.

Plants
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