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The violation-of-expectation (VOE) method is an experimental technique used to assess the cognitive capacities of
preverbal infants. The logic of the method involves showing infants events that either are consistent or inconsistent
with an adult's expectations, and then comparing infants’ behavioural or physiological responses to these different
events. If infants differentially respond to the contrasting events, that is taken as evidence that infants had expecta-
tions about the outcome of the events. That is, infants detect a mismatch between what they expected and what
they observed (otherwise known as prediction error). These expectations may have been present prior to the experi-
mental session (e.g., Baillargeon et al., 1985; Gergely et al., 1995; McCrink & Wynn, 2004; Spelke et al., 1995; Téglas
et al., 2007; Téglas et al., 2011; Wynn, 1992; Xu & Denison, 2009; Xu & Garcia, 2008), or acquired during the experi-
mental session (e.g., Kirkham et al., 2002; Saffran et al., 1996; Stahl et al., 2014). The VOE method has been used in
thousands of studies examining a range of domains of early cognition (for reviews, see, e.g., Baillargeon, 2008,
Baillargeon et al., 2010, Baillargeon et al., 2012; Kibbe, 2015; Spelke & Kinzler, 2007; Saffran & Kirkham, 2018;
Southgate, 2020). VOE methods are therefore thought to provide insights into the knowledge and cognitive capaci-
ties of infants who otherwise would not be able to verbally report those abilities.

In a recent commentary, Paulus (2022) suggested that infant researchers abandon the use of the VOE method.
Paulus joins others (e.g., Cohen & Marks, 2002; Haith, 1998; Jackson & Sirois, 2009) who have raised concerns about
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the construct validity of the VOE method, arguing that it is not possible to conclude that infants possess the kinds of
knowledge attributed to them based on the results of VOE studies. In this commentary, we draw on several decades of
converging evidence to argue instead that infants' behavioural and physiological responses in such studies are indeed
reflective of infants' detection of prediction errors, and therefore of infants' cognitive capacities. We address some of
the most common concerns leveraged against using the VOE method for infant research and show that the evidence

supports the VOE method as a valid, reliable, and useful tool for characterizing early infant knowledge and learning.

1 | THEVOEMETHOD YIELDS CONSISTENT RESULTS ACROSS
DEPENDENT MEASURES

One of the main arguments leveraged against the VOE method is that it is not possible to interpret infants' nonverbal
behaviours in these tasks as indicative of their underlying expectations. This critique is largely aimed at one of the most
common nonverbal dependent measures used in VOE studies: infants' gaze duration following display events
(i.e., “looking time™). The looking time measure capitalizes on the notion that preverbal infants will look longer at things
that violate their expectations relative to things that accord with their expectations. For example, infants look longer
when an object that moves behind an occluder appears to have passed through a solid barrier that was behind the
occluder, relative to when the object is stopped by the barrier (e.g., Baillargeon, 1986; Baillargeon et al., 1985; Spelke
et al.,, 1992). Based on infants' looking behaviour, it is assumed that infants possess expectations that objects should
conform to the physical laws of solidity and spatiotemporal continuity. Some researchers have expressed scepticism that
infants' longer looking times actually reflect their underlying expectations, or that infants could possess such expecta-
tions in the first place, and that therefore the large number of VOE studies that use looking time as their dependent
measure are invalid or uninterpretable (e.g., Haith, 1998; Paulus, 2022; Tafreshi et al., 2014; see also Aslin, 2007).

Clues to the construct validity of VOE studies as a means of gauging infants' expectations come from the wide-
ranging body of VOE studies that have used other dependent measures (both behavioural and neurophysiological),
either instead of or in addition to looking time. In this section, we review this extensive converging evidence that
infants' nonverbal behavioural and neurophysiological responses in VOE studies, including looking times, do indeed
reflect their expectations.

Strong evidence for the construct validity of the VOE method comes from a newly emerging line of research that
examines the functional utility of infants' behaviours following violations of expectation. When infants witness unex-
pected events, they are more likely to engage in targeted learning and exploration (e.g., Perez & Feigenson, 2022; Sim &
Xu, 2017; Stahl & Feigenson, 2015; Stahl & Woods, in press; see Stahl & Feigenson, 2019 for review). Stahl and
Feigenson (2015) presented infants with VOE events involving physical violations that typically elicit longer looking
(e.g., arolling car appeared to pass through a wall in its path), and found that infants more effectively learned novel infor-
mation about objects that violated their expectations than objects that accorded with their expectations. They also
showed that infants selectively explored objects that had behaved surprisingly over novel objects, and infants tested
specific hypotheses about those surprising objects - infants were more likely to bang objects that appeared to violate
principles of object solidity, but were more likely to drop objects that appeared to defy gravity. Multiple follow-up exper-
iments ruled out perceptual novelty and increased arousal as alternative explanations for infants' surprise-induced learn-
ing and exploration. When an explanation for the surprising event is provided after the VOE event (e.g., there was a
hole in the wall through which the car could pass), infants no longer preferred the surprising object, suggesting that
infants' behaviours following VOE events were efforts to uncover an explanation for the unexpected event (Perez &
Feigenson, 2022; see also Aguiar & Baillargeon, Aguiar & Baillargeon, 2002). Infants' ability to detect violations using the
VOE method also is stable over time and predicts later measures of curiosity in early childhood (Perez &
Feigenson, 2021). Taken together, these results confirm that infants are not simply responding passively to perceptual
aspects of VOE events when they look longer at surprising outcomes, but rather are detecting violations of their expec-

tations and treating such events as meaningful learning opportunities.
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Other dependent measures also provide convincing evidence that the VOE method indeed taps into infants'
expectations. For instance, infants experience changes to brain activity that reflect error detection in response to
VOE events (e.g., Berger et al., 2006; Emberson et al., 2015; Koster et al., 2020; Kouider et al., 2015; Wilcox
et al., 2005). As one example, Wynn (1992) showed infants an object that was covered by a screen, and a second
object was subsequently added behind the screen. Infants looked longer when only one object was revealed behind
the screen, relative to the expected two objects. Berger et al. (2006) showed infants the same events and found not
only that infants looked longer at the violation event, but also that their event-related potentials reflected frontal
activity associated with error detection. That is, infants' longer looking times indeed reflect a mismatch between
what they expected and what they observed. Moreover, VOE studies have shown that infants process certain
actions as goal-directed (e.g., Biro & Leslie, 2007; Luo & Baillargeon, 2005; Csibra, 2008; Woodward, 1998, 1999),
and infants' brains similarly distinguish between actions that are goal-directed and those that are not (e.g., Nystrom
et al., 2011; Karthik et al., 2022; Southgate, Johnson, et al., 2010). These results suggest that infants' looking behav-
iours meaningfully reflect their cognitive experiences.

Studies that have examined infants' active behaviours also show convergence with infants' looking behaviours in
VOE tasks. For example, not only do infants look longer at VOE events, but they also engage in more social referencing
following such events (e.g., Dunn & Bremner, 2017; Walden et al., 2007). Infants have been shown to represent hidden
objects via longer looking to VOE events (e.g., Baillargeon et al., 1985; Spelke et al., 1992; Wynn, 1992), but also via
actively reaching and searching for them (e.g., Feigenson et al., 2002; Feigenson & Carey, 2003). Infants have demon-
strated an understanding of others' intentions via longer looking in VOE studies (e.g., Behne et al., 2005; Gergely
et al, 1995; Luo & Baillargeon, 2005; Woodward, 1998, 1999), which is mirrored in their imitation of others' goals
(e.g., Carpenter, Akhtar, & Tomasello, 1998; Carpenter, Nagell, et al., 1998; Gergely et al., 2002; Hamlin et al., 2008;
Meltzoff, 1995) and in their active interventions to correct others' predicted actions that would otherwise lead to errors
based on false beliefs (e.g., Buttelmann et al., 2009; Knudsen & Liszkowski, 2012a). Finally, evidence from studies using
anticipatory looking measures show that infants actively make predictions using knowledge acquired prior to or within
the experimental session (e.g., Applin & Kibbe, 2019; Brandone et al., 2014; Cannon & Woodward, 2012; Fawcett &
Liszkowski, 2012; Hunnius & Bekkering, 2010; Kim & Song, 2015; Kochukhova & Gredebick, 2010; Romberg &
Saffran, 2013; Ruffman et al., 2005; Saffran & Kirkham, 2018; Tummeltshammer & Kirkham, 2013). In a study that com-
bined anticipatory looking and VOE looking time in a single experiment, Téglas and Bonatti (2016) found that infants
anticipated the most probable motion path of an occluded object, and looked longer when the object followed a differ-
ent path (see also Applin & Kibbe, 2019). These results suggest that infants are making active predictions, which could
lead to behaviours such as longer looking when those predictions are violated.

Taken together, this convergent evidence corroborates the interpretation that infants differentially respond in
VOE tasks because they detected something unexpected - that is, VOE methods measure infants' expectations, and
therefore can yield insights into infants' cognitive capacities. Of course, we do not argue that violations of expecta-
tion are the only reason infants would differentially respond to an event (e.g., see Aslin, 2007; Bremner &
Dunn, 2020; Mireault & Reddy, 2020). Instead, we note the wealth of converging evidence that validates the range
of dependent measures commonly used in VOE studies, including looking time, active exploration and anticipatory
measures, and neurophysiological measures. We join others in encouraging researchers to employ multiple depen-
dent measures in VOE methods to best assess infant cognition (e.g., Bremner & Dunn, 2020; Byers-Heinlein
et al,, 2021; Havron, 2022; LoBue et al., 2020; Zettersten et al., 2022).

2 | THEVOE METHOD YIELDS CONSISTENT RESULTS ACROSS
VARIATIONS IN TASKS

Another common argument against the use of the VOE method often cites alternative explanations for infants' dif-

ferential behaviours in VOE events that do not require infants to have specific knowledge or cognitive capacities
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(e.g., Cohen & Marks, 2002; Heyes, 2014; Paulus, 2022; Rivera et al., 1999; Schoner & Thelen, 2006). However,
arguments along these lines often suffer from an aperture problem: they typically leverage these critiques against
individual experiments or small sets of experiments, often positing a variety of different explanations for the results
of individual studies, while failing to take into account the consistent patterns that emerge from larger sets of
studies.

Specifically, some have argued that there are alternative low-level perceptual explanations for infants' behav-
ioural or physiological responses to unexpected events (e.g., Bogartz et al., 1997; Haith, 1998; Heyes, 2014;
Paulus, 2022; Schoner & Thelen, 2006). These arguments typically attribute infants' differential behaviours in VOE
studies to perceptual properties of the display and/or perceptual novelty. Yet, the VOE method has yielded reliably
consistent results across numerous studies within particular knowledge domains (e.g., physical reasoning) despite
employing different experimental designs and stimuli (e.g., Baillargeon, 1986; Baillargeon, 1987; Baillargeon
et al.,, 1985; Luo et al., 2003; Spelke et al., 1992; Spelke et al., 1995; Wang et al., 2004; Wilcox et al., 1996). Lower-
level perceptual explanations of infants' longer looking in VOE tasks also are ruled out within the sets of VOE experi-
ments presented in a typical journal article, which often employ the use of careful control conditions to rule out
lower-level perceptual explanations (e.g., Fawcett & Liszkowski, 2012; Huntley-Fenner et al, 2002; Xu &
Denison, 2009; Xu & Garcia, 2008; see also Munakata, 2000). For example, Kibbe and Leslie (2019) found that
6-month-old infants looked longer when an occluded object was revealed to have changed conceptual identity
(either from a human-like doll face to a non-human ball, or vice versa). However, when infants were presented with
a nearly identical experiment except with the doll face inverted (such that the lower-level perceptual differences
between the stimuli were maintained while the conceptual distinctions between the objects were removed), infants
did not look longer at the identity change outcome (see also Bonatti et al., 2002).

While it is possible that a unique perceptual explanation could be generated for each of these findings based on
the specifics of those particular stimuli, these unique perceptual explanations ignore the emergent pattern of consis-
tent behaviour elicited from these tasks. We do not argue that there are no VOE results that could potentially be
attributed to lower-level perceptual explanations. Rather, we argue that carefully designed VOE studies, taken and
interpreted together, can and do provide clear evidence for infant knowledge and cognitive capacities. We join
others (e.g., Aslin, 2000; Kominsky et al., 2020; Scott & Baillargeon, 2014; Spelke, 1998; Spelke & Newport, 1998)
who have argued that, when taken as a whole, the most parsimonious explanation of such studies is to attribute
infants with the conceptual knowledge that aligns with their behaviours following violation events (e.g., that infants
have expectations about how objects should behave).

The importance of interpreting the results of multiple VOE studies holistically is underscored by the individual
VOE studies or sets of studies that have failed to replicate original findings. For example, Onishi and Baillargeon
(2005) found that infants looked longer at events in which an agent acted unexpectedly given her false belief about
the location of an object, suggesting potential evidence for a cognitive capacity for theory of mind in infancy. How-
ever, in the years following this finding, other studies have yielded mixed results, with some studies corroborating
the notion that infants have false belief understanding in infancy using a variety of dependent measures
(e.g., Buttelmann et al., 2009, 2015; Kovacs et al. Kovécs et al., 2010, Knudsen & Liszkowski, 2012a, 2012b; Scott &
Baillargeon, 2009; Song & Baillargeon, 2008; Southgate, Chevallier, et al., 2010; Southgate & Vernetti, 2014;
Surian & Geraci, 2012; Surian et al., 2007; Trauble et al., 2010), and others obtaining null or opposite results
(e.g., Crivello & Poulin-Dubois, 2018; Dorrenberg et al., Dérrenberg et al., 2018; Kampis et al., 2021; Phillips
et al., 2015; Poulin-Dubois & Yott, 2018; Yott & Poulin-Dubois, 2016). Similar mixed results have been obtained in
studies examining prosocial expectations in infants (see Margoni & Surian, 2018, for a meta-analysis).

There are many reasons that a study may fail to replicate. Some attempts at replicating VOE studies have made
substantive changes to the original method that could potentially undermine the construct validity of the replication
by, for example, using animated stimuli about which infants may not have strong a priori expectations (see Barr,
Barr & Hayne, 1999; Barr, 2013; Diener et al., 2008; Ruysschaert et al., 2013), stimuli that were substantially differ-
ent than the original studies in crucial ways (e.g., Oakes & Cohen, 1990; Ganglmayer et al., 2019; Paulus et al., 2011,
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Sirois & Jackson, 2012; see Aslin, 2000 and Baillargeon et al., 2018 for critical reviews), and/or changing the method
in ways that could lead to increased task demands (Keen, 2003 for discussion). And some studies may fail to replicate
because the effect they measured is simply not real. As in all fields of experimental science, there may be a small sub-
set of studies that are truly non-replicable, and the file-drawer problem may mask more failures to replicate than are
currently known (Rosenthal, 1979). However, failures to replicate a small portion of VOE studies in a particular sub-
domain do not mean that all VOE studies are therefore invalid, or that the VOE method should never be used again.
Just as in any science, we argue that infancy researchers must consider the evidence as a whole, including careful
evaluation of the construct validity of replication attempts, and not base our theories on the outcome of a single
study or paper (e.g., Maxwell et al., 2015). We encourage researchers to conduct and use replications, both small
scale (individual replication attempts) and large scale (e.g., Byers-Heinlein et al., 2021; Visser et al., 2022), in building

theories of infant cognition.

3 | THEVOE METHOD IS GROUNDED IN OUR BEST THEORIES OF
LEARNING

The ability to detect violations of expectation is critical to navigating the world. Indeed, the idea that infants treat
violations of expectation as opportunities to learn is grounded in our best theories of learning. Many dominant theo-
ries of learning are based on learners making predictions and subsequent revisions after observing evidence. Classic
models of associative learning (e.g., Fletcher et al., 2001; Friston, 2005; Pearce & Hall, 1980; Rescorla &
Wagner, 1972; Schultz & Dickinson, 2000), Bayesian models of cognitive development (e.g., Perfors et al., 2011,
Schulz, 2012; Tenenbaum et al, 2006), and predictive processing models of early learning (e.g., Andersen
et al., 2022; Koster et al., 2020) all argue that prediction errors drive learning. While these theories differ in many
respects, they all have at their cores the assumption that when there is a mismatch between what a learner expects
and what they observe, they must update their behaviour or knowledge accordingly. That is, violations of expecta-

tions form the basis of learning (see Stahl & Feigenson, 2015, 2019).

4 | CONCLUSIONS

Decades of research support the construct validity of the VOE method for understanding the breadth and depth of
infant cognition. The VOE method is a powerful tool that can be included in the infant researcher's toolkit, compati-
ble with a variety of dependent measures (e.g., looking time, exploration, explanation-seeking, social referencing,
physiological changes, active behaviours, and anticipatory looking), and compatible with our best theories of

learning.
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