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A B S T R A C T   

Infants’ expectations of the world around them have been extensively assessed through the 
violation of expectation paradigm and related habituation tasks. Typically, in these tasks, longer 
looking to impossible events following familiarisation with possible equivalents is taken to reflect 
surprise at their occurrence, thus revealing infants’ knowledge. In this study, the role of learning 
during the task itself is explored by switching the archetypal approach on its head and famil-
iarising infants to impossible events. In a partial replication of Jackson and Sirois (2009), nine- 
month-old infants were presented with short video clips of toy trains moving around a circular 
track. A tunnel over a short section of the track meant trains were briefly occluded as they 
completed a circuit. In impossible versions of events, the train switched colours while occluded by 
the tunnel. Both looking times and pupil dilation were used as dependent measures. Using a 
factorial design in which perceptual (novelty-familiarity) and conceptual (possible-impossible) 
variables were independently and jointly analysed, we show that infants showed greater 
responding to possible events than to impossible events following familiarisation. Pupil dilation 
data successfully allowed for more precise interpretation of infants’ perception of events than 
could have been achieved through looking times alone. These findings suggest a central role for 
learning in violation of expectation tasks, and also further support the use of pupil dilation as a 
dependent measure in infancy work.   

1. Introduction 

The Violation of Expectations (VOE) paradigm, based on looking durations, is one of the primary tools by which infant cognition is 
studied. In a typical VOE design infants are familiarised with an event before being presented with similar events which may or may 
not demonstrate a violation of one or more conceptual/physical laws. Relatively longer looking to what adults understand to be an 
impossible/implausible version of an event is commonly suggested to reflect infants’ detection of the violation of the principle under 
investigation, thus revealing infants’ conceptual understanding (see Aslin, 2007, for discussion of the use of looking times in infancy). 
Looking times from VOE and related habituation tasks have been used to argue for the presence of an impressive range of object-related 
(e.g. Baillargeon, 1987; Hespos, Ferry & Rips, 2009; Spelke, Breinlinger, Macomber & Jacobson, 1992; Wynn, 1992) and social (e.g. 
Hamlin, Wynn & Bloom, 2010; Woodward, 1998, 1999) knowledge in young infants. 

However, the use of VOE studies and the conclusions drawn from them have received sustained criticism in the infant development 
literature. Many authors have suggested that claims for advanced, conceptual, and perhaps innate, knowledge in young infants are 
unwarranted by the evidence provided by VOE tasks. Concerns about methodology and design, and/or interpretation of the data 
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obtained through VOE tasks are well documented (Cohen, 2004; Crivello & Poulin-Dubois, 2018; Haith, 1998; Heyes, 2014; Kagan, 
2008; Rubio-Fernández, 2019; Sirois & Jackson, 2007; Tafreshi,Thompson & Racine, 2014). 

Longer looking to impossible events in VOE experiments is generally assumed to occur as a result of infants’ ability to apply their 
existing knowledge of the physical world to events they observe in test conditions. This assumption, however, risks underestimating 
the effect of learning during the experiment itself and can significantly alter the interpretation of experimental data. After all, 
habituation tasks (from which VOE tasks are derived) are by definition learning tasks (Cohen, 2004; Thorpe, 1956). Without fully 
exploring the role of learning in VOE studies, it is equivocal when infants detect violations whether their expectations derive from prior 
knowledge or arise from learning during the task itself. Moreover, if infants do form expectations over the course of a task, it is not 
necessarily the case that they are formed at a conceptual level of understanding. Rather, they may simply represent arbitrary asso-
ciative sequence learning of perceptually salient items or occurrences within an event (Kirkham, Bartels & Krist, 2002). This possibility 
has previously been investigated with infants of around 9-months-of-age in two modified VOE type tasks (Schilling & Clifton, 1998). In 
these studies infants were familiarised, or trained, with objects which either did or did not behave according to physical laws. In 
subsequent test trials infants’ responses were greatest when the behaviour of the same objects was inconsistent with the behaviour they 
had previously seen but not, necessarily, when the behaviour was inconsistent with any purported understanding of the underlying 
physical concepts involved. 

Two important methodological points for the use of VOE tasks arise from such findings. First, the importance of recognising the role 
of learning during the experiment itself is neatly demonstrated. Longer looking to impossible events in the lab is typically assumed to 
reflect infants’ understanding of real-world events. Schilling and Clifton’s experiment, however, shows that infants’ responses were 
contingent on what they had observed in the lab during the testing session itself, which were arbitrary events with respect to real-world 
physical laws. Second, related but distinct from the first point, it shows how learning during the experiment may account for the 
apparent presence of advanced knowledge, where, in fact, such conclusions would be unwarranted. 

Clearly, understanding the mechanisms driving infants’ looking is important for the interpretation of looking behaviour in these 
kinds of tasks. Yet, despite apparent benefits, the investigation of infants’ responses following training with anomalous trials is a 
relatively uncommon approach in the literature (see Kannass, Oakes & Wiese, 1999; Newcombe, Sluzenski & Huttenlocher, 2005; 
Wickelgren & Bingham, 2001, for rare examples. See also Scholl, 2004, for discussion). Indeed, some researchers have questioned the 
use of the impossible training strategy at all. It has been argued, for example, that such designs address a different question; namely 
whether brief exposure to violations can “overcome development history with ‘normal’ physical principles?”, and whether “repeated 
presentations of impossible displays may, via rapid learning, induce infants to interpret subsequent impossible displays as possible” 
(Aslin, 2000, p. 465). It is certainly plausible that familiarisation with impossible events could cause existing knowledge to become 
temporarily masked during test trials, and thus mislead researchers to a false-negative interpretation of looking behaviour. However, 
once one recognises that researchers can induce particular looking behaviours via rapid learning, we must also then recognise that 
rapid learning is also taking place in standard VOE tasks too - whether or not the researcher intends to examine its effects on looking 
behaviour at test. Following this logic, it is possible that increased responding to impossible events could occur not because such events 
violate rich, pre-existing knowledge infants bring with them to the lab, but more simply because the event sequence differs from that 
learned during familiarisation. There is no logical reason whereby this concern cannot be applied to any VOE task. 

The ease with which infants can be trained to expect impossible events to occur is tested implicitly within a wider investigation of 
experimental stimuli in a number of studies (e.g. Bogartz, Shinskey, & Schilling, 2000; Cashon & Cohen, 2000). The investigation of 
infants’ responses to possible and impossible variants with minimal or no prior familiarisation (e.g. Needham & Baillargeon, 1993; 
Rivera, Wakeley & Langer, 1999; Wang, Baillargeon, & Brueckner, 2004; Wynn, 1992) could also be said to follow a related approach, 
although the lack of familiarisation in this approach carries its own pitfalls (Cohen, 2004). In experiments which proceed directly to 
test trials with no prior familiarisation it is difficult, if not impossible, to distinguish between looking behaviour which is driven by an 
infant’s prior expectations about an event (should they possess any) and looking behaviour arising from unknown, spontaneous 
preferences. Furthermore, processes determining familiarity and novelty preferences are dynamic and complex (Hunter & Ames, 
1988), and they too will influence looking behaviour over repeated presentations of test trials. 

In Jackson and Sirois (2009), it was shown that changes in pupil dilation during events can be used to complement looking time 
data in infant studies by helping to constrain the range of interpretations of such data. In that experiment, 8.5-month-old infants were 
familiarised with an event in which a toy train progressed around a circular track, entering and exiting a tunnel on its journey. 
Subsequent test trials were designed to explore both a conceptual (plausibility of the event) and a perceptual dimension (novelty of the 
event relative to familiarisation trials). During impossible trials, a different colour of train exited the tunnel to that which entered. 
During perceptually novel trials, the event contained a colour of train not previously seen during familiarisation. In a factorial design, 
infants saw all possible combinations of the two dimensions – a perceptual (novel/familiar) dimension and a conceptual (possi-
ble/impossible) dimension. A significant interaction for looking times between the perceptual and conceptual dimensions did not 
suggest that infants’ responses were driven by an understanding of the events’ plausibility; infants looked longest to possible events 
when the train colours involved were familiar, but looked longest to impossible events only when they involved a novel colour of train. 
Furthermore, significantly larger time-locked pupil dilation in response to impossible events only occurred when the event was also 
coupled with a novel stimulus, and not simply to impossibility per se. This study also helps to refine previous studies’ findings that 
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infants’ ability to individuate objects using colour develops late in their first year (e.g. Kaldy & Blaser, 2009; Wilcox, 1999; Wilcox, 
Woods, & Chapa, 2008). 

In adults, task-evoked pupil dilation has been well established as an index of increased arousal or cognitive load for some time (see 
Beatty & Lucero-Wagoner, 2000; Goldwater, 1972; Laeng , Sirois & Gredebäck, 2012; Sirois & Brisson, 2014, for reviews), yet it is a 
recent development1 in infant research (Gredebäck & Melinder, 2010; Jackson & Sirois, 2009). Over the last decade however, 
pupillometry has increasingly been recognized as a uniquely useful method to investigate a broad range of infant cognitive processes 
(Upshaw et al., 2015; Addyman, Rocha, & Mareschal, 2014; Chen & Westermann, 2018; Csink, Mareschal, & Gliga, 2021; Fawcett, 
Arslan, Falck-Ytter, Roeyers & Gredebäck, 2017; Geangu, Hauf, Bhardwaj & Bentz, 2011; Hellmer et al., 2018; Hepach & Westermann, 
2013; Hochmann & Papeo, 2014; Jessen et al., 2016; Kaldy & Blaser, 2020; López Pérez, Ramotowska, Malinowska-Korczak, Haman & 
Tomalski, 2020; Morita, Slaughter, Katayama, Kitazaki, Kakigi & Itakura, 2012; Verschoor, Paulus, Spapé, Biro, & Hommel, 2015; 
Zhang, Jaffe-Dax, Wilson, & Emberson, 2018; Zhang & Emberson, 2020). In fact, there is growing recognition that pupil diameter can 
be a complementary or better index of cognitive processes than looking time data (Gustafsson, Brisson, Beaulieu, Mainville, Mailloux & 
Sirois, 2015; Hepach & Westermann, 2016; Krüger et al., 2020; Pätzold & Liszkowski, 2019; Sirois & Jackson, 2012), including in areas 
such as early identification of autistic spectrum disorders (Rudling, Nyström, Bölte & Falck-Ytter, 2021; see also de Vries, Fouquaet, 
Boets, Naulaers & Steyaert, 2021; Reisinger et al., 2020). 

We assume that, as is observed in adults, infants will exhibit greater pupil dilation when cognitive load is greatest – in this case 
when infants observe unexpected events, under equivalent luminance conditions. Unlike looking times, pupil data and analyses can be 
plotted as a function of time. Consequently a major advantage of pupil data over looking data is that behavioural differences can be 
mapped directly to specific occurrences within dynamic stimuli, providing much finer-grained insight into infants’ perceptions of 
events. 

In the current study, we sought to expand upon the Jackson and Sirois (2009) experiment by combining the use of pupil dilation as a 
dependent variable with the use of an impossible-training approach. We used the same stimuli and test events as in that study, and also 
measured both looking times and pupil dilation as dependent variables. Age groups across both studies were closely matched. The key 
difference in the current work is that infants were familiarised with impossible rather than possible events. Nine-month-old infants 
were shown a toy train entering and exiting a tunnel. In impossible versions of this event, the train switched colour while it was 
occluded by the tunnel. If infants appreciated that a train switching colour was impossible then we presumed that there ought to be 
nothing particularly surprising about a possible event in which a train was the same colour before and after it entered and exited the 
tunnel. Conversely, if infants’ looking behaviour was not guided by a conceptual understanding of the identity violation under 
investigation, we expected a greater response in both looking times and pupil dilation to novel sequences which differed from those 
previously learned during familiarisation, even though these novel events were plausible. 

2. Method 

2.1. Participants 

The sample size and age of infants were chosen to closely match those used in Jackson and Sirois (2009). Twenty-four infants (14 
males, 10 females) were included in the final sample. Mean age of infants was 9 months, 3 days (SD = 24 days). Fifteen additional 
infants were excluded from the final sample due to fussiness/crying during testing, and a further 5 infants were replaced because they 
did not provide looking data on all test trials. 

2.2. Apparatus 

A Tobii x50 eye tracker (including additional infrared hardware for bright pupil measurement in infants) was positioned below a 
video monitor with a viewable screen size of 36 cm x 28 cm. A camcorder discretely located above the monitor allowed parents and the 
experimenter to observe infants throughout testing. All experimental equipment was operated remotely from outside of the testing 
cubicle. Infants were secured into a highchair set on a frame with castors, which could easily be rolled into position for testing. 

The stimuli were video sequences of a self-propelled toy train progressing clockwise around a circular track, as shown in Fig. 1. 
Three different colours of trains were used: red, green and blue. A tunnel covered a small section of the track at the top of the circuit. All 
events were filmed from the same viewing angle (camera at approx. 45◦ from stimuli), and each movie was 635 × 450 pixels. Display 
events filled a 22 cm × 15.5 cm rectangle in the centre of the screen, and the remaining border area outside of the display was black 
throughout the experiment. 

2.3. Events 

Each video sequence was played at 25 frames per second. The total duration of each movie clip was 26 s and 11 frames. The same 
sequence of events occurred in each movie. From an initial stationary position, about one train length from the tunnel’s entrance, the 

1 We would be remiss not to mention the pioneering pupillometry work of Hiram Fitzgerald and his colleagues in the late 1960s (Fitzgerald, 1968; 
Fitzgerald, Lintz, Brackbill & Adams, 1967). While that work predates the precision and resolution of modern-day eye trackers, it was the first (and 
for a while, only) demonstration of the usefulness of this measure with infants. 
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train completed one and one-third circuits of the track (thus passing through the tunnel twice) before coming to a halt approximately 
one train length from the tunnel’s exit. The train was in motion for roughly 11 s in the first portion of the movie and remained sta-
tionary at the tunnel’s exit for the remaining 15 s. In each event the train was at least partially occluded by the tunnel for 25 frames 
(1 sec), and fully occluded for 8 frames (approx. 400 ms) on each passage through the tunnel. 

In possible event sequences, the same colour train appeared throughout the movie. In impossible event sequences, a different 
coloured train emerged from that which entered the tunnel (for example a red train completes the initial circuit of the track but a green 
train emerges from the tunnel on the second passage through). Marginal differences in the speed of each train were removed during 
video editing so that the speed of each train, timing of events in the sequence, and total duration of event sequences were identical in 
all movies. The tunnel was long enough for the train to be completely occluded on its passage through, but not long enough for two 
trains to be hidden in the tunnel simultaneously (Wilcox & Baillargeon, 1998). Furthermore, the train’s completion of more than a full 
circuit of the track (approximately 1 and 1/3 times around it) ensured it passed through the tunnel twice, demonstrating that there were 
no objects hidden in the tunnel. 

An audio track of train sounds accompanied all sequences. Track sounds were present whenever the train was in motion, and train 
whistles marked the onset of the train’s journey, its approach to the tunnel on its second passage through, and also its completion of the 
journey as it came to a halt. The remaining portion of the movie was silent. 

2.4. Design 

The study was designed to examine two variables in an object identity violation task. Test trials involved either familiar or novel 
train colours relative to those seen previously during familiarisation (a perceptual variable). The test trials also showed possible and 
impossible events (a conceptual variable). The conceptual variable could also be described at a perceptual level as the “colour-switch” 
variable; an unavoidable problem in VOE tasks is that conceptual events are realised by perceptual variables (Sirois & Mareschal, 
2002). For consistency with the VOE literature, and given that adults would describe colour switch events as impossible, we referred to 
this variable using the conceptual plausibility label. 

All infants were familiarised with 6 impossible events in which the colour of the train switched while it was occluded. In these trials, 
F1-F6, the colour switch was either from red-to-green or from green-to-red, making red and green trains perceptually familiar by the 
onset of test trials. The starting colour of the train alternated over trials. For the very first trial, half the infants saw the train start as red 
and half saw it start as green. Following familiarisation, each infant was then shown 4 test trial sequences, T1-T4 (see Table 1). Test 
trials T1-T3 were counter-balanced across the sample for presentation order and permutations of train colours within trials (test trial 
T4 was not counterbalanced for reasons explained below). The overall design for test trials was a 2 (possible vs. impossible) x 2 

Fig. 1. Still frame from one of the stimulus videos, showing the red train’s final resting position at the end of its 1.33 circuit around the track.  

Table 1 
An example of four test trials that an infant could receive in this task.  

Plausibility Familiarity 
Familiar Novel 

Possible Green = Green Blue = Blue 
Impossible Green -> Red Blue -> Green 

Note. Each cell lists two train colours: the train colour shown at the start of the trial, and the 
colour of the train that last emerges from the tunnel. 
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(familiar vs. novel) repeated-measures factorial design. 
In Jackson and Sirois (2009) test-order effects were deliberately introduced in the test trials so that the effects on pupil data could 

be examined. In that work, one of the four conditions analysed, the familiar-possible event type, was not counterbalanced with the 
other conditions at test, but was instead presented in a fixed position by using data from the final familiarisation trial. In the current 
experiment, we investigated the reliability of pupillary responses over time and across trials. To do so, we retained the use of the final 
familiarisation trial as the data for a test event type, as per Jackson and Sirois (2009), and also introduced an additional trial of the 
same familiar-impossible event-type as a fourth and final test trial, T4. To summarise, trials F6 (the sixth and final familiarisation trial) 
and T4 were both familiar-impossible events and the three other test event types were counterbalanced across the sample in trials T1 to 
T3. The data to be used for the familiar-impossible event type in the current analyses relies on which trends are present across test trial 
looking times. If looking times across F6 to T4 show a linear decrease (and no other trend), we will use the average of F6 and T4 as 
position invariant value relative to T1-to-T3 (i.e., it is an average or typical test event with respect to trial order, ignoring independent 
variables). This design permits an exploration of the relationships between order effects and pupil dilation (e.g. Sirois & Jackson, 
2008), whereas the use of this average overcomes the problem associated with order effects for analyses of looking times for 
familiar-impossible events. 

2.5. Procedure 

Parents were instructed not to interact with their infants during the experiment. An attention-grabbing video on the test monitor 
allowed the experimenter to correctly position infants for eye-tracking, usually in the region of 80–100 cm from and roughly level with 
the viewing screen. Once in position, infants underwent 5-point calibration for the eye-tracker before the experiment commenced. 
Each movie clip was preceded by a brief attention-grabbing video of a jittering duck in the middle of an otherwise plain black screen. 

Eye-tracking equipment recorded gaze values and pupil diameter throughout at a sampling rate of 50 Hz. Analyses of looking time 
data focussed on gaze fixations to the whole scene, but ignored saccades and fixations to the black border surrounding the movies (see 
Fig. 1). Criteria for fixations were gazes remaining within a 50 pixel radius for at least 50 ms. 

3. Results 

3.1. Looking time data 

Fig. 2 shows the mean looking times to events during familiarisation trials (F1-F6) and test trials (T1-T4). To determine what trends 
were present in looking times over the course of the experiment, a repeated-measures ANOVA including looking times to all trials 
(familiarisation and test trials) was conducted. This revealed a significant quadratic trend in the data (F(1,23) = 5.050, p = .035, 

Fig. 2. Mean looking times to the familiarisation (F1-F6) and test trials (T1-T4) through the experiment, with error bars showing the standard error 
of the mean. Looking times to test trials in this figure reflect the order in which they were seen by infants, and thus collapse across the different types 
of events. 
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partial η2 = .180), reflecting infants’ increasing interest over early familiarisation trials and a subsequent decrease in interest over later 
trials. All other trends were non-significant, Fs < 2.455, ps > 0.05). 

A further repeated-measures ANOVA revealed a significant linear decrease in looking occurs over the final 5 trials (F6 to T4) in the 
experiment (F(1, 23) = 8.680, p = .007, partial η2 = .274). All other trends were non-significant (Fs < 3.626, ps > 0.05). This 
exclusively linear decrease allows the use of the mean of trials F6 and T4 as the value used for the familiar-impossible condition in all 
subsequent looking time analyses, as explained in the Method section. 

To compare looking times to each condition during test trials, a repeated-measures 2 × 2 ANOVA was carried out, with perceptual 
familiarity (novel, familiar) and conceptual plausibility (possible, impossible) variables as within-subjects factors. Looking times for 
test trial analyses were taken from the point where the train last re-emerged from the tunnel (i.e., from the earliest point at which the 
event could be deemed to be possible or impossible). Test trial looking times are shown in Fig. 3. 

There was no significant interaction between the conceptual plausibility and perceptual familiarity variables (F(1, 23) = 0.384, 
p = .541), nor a main effect for the perceptual familiarity variable (F(1, 23) = 0.498, p = .487). A significant main effect for the 
conceptual plausibility variable was observed (F(1, 23) = 4.392, p = .047, partial η2 = .160); after familiarisation with impossible 
events, infants looked significantly longer to possible events than impossible events during test trials. 

3.2. Pupil diameter analyses 

Pupil diameter data was recorded independently for each eye. Analyses of pupil diameters during test trials used the mean pupil 
diameter of both eyes at each sample. Regularities as a function of time make the data ideally suited for functional data analysis (FDA; 
Ramsay & Silverman, 1997). FDA allows calculated statistical values (in this case F and t values) to be plotted as a function of time. 
Thus, rather than calculating one overall statistical value for differences in pupil size between conditions, statistically significant 
differences and/or interactions can be examined throughout the duration of a trial. Statistically significant variations in pupil diameter 
at particular points in time can then be matched with coinciding events in the stimulus. A thorough explanation of smoothing and 
curve fitting for pupil dilation data, and also the interpolation treatment of missing values (e.g. where the infant blinks or looks away 
from the test monitor) can be found in previous work (Jackson & Sirois, 2009). As in Jackson and Sirois (2009), we use B-splines of 
order 4 with 24 control points to fit individual infants’ data on each trial. 

Fig. 4 shows the mean functional pupil diameter for the different test trials. Again, we average F6 and T4 for the impossible-familiar 
event type, as we have shown elsewhere that pupil dilation profiles remain stable over trials for specific events, despite intervening 
trials using different events (Sirois & Jackson, 2008). The most obvious features across trials are the substantial pupil constriction at 
the beginning of the trial when the screen switched from black to the relatively brighter event scene, and the systematic differences 
which coincide with the final emergence of the train. 

To compare pupil size between conditions over the course of the test trials we first carried out a 2 (perceptual familiarity) by 2 
(conceptual plausibility) repeated-measures ANOVA on the functional data. Fig. 5 shows the functional F ratio for the interaction, 
which is essentially F(1,23) as a function of time. We observe two brief periods of significant interaction between the perceptual 
familiarity and conceptual plausibility variables during events. The first significant interaction occurs at around 8 s, which coincides 
with the train approaching the tunnel for the second time, and is sustained for about 1 second. The second interaction occurs at around 
12 s, immediately after the train exits the tunnel for the final time, and is sustained for about 2 s 

To better understand the effects driving the significant interactions we examined simple effects with functional repeated-measures 
t-tests. The effect of plausibility was examined for when events consisted of perceptually familiar and, separately, perceptually novel 
stimuli. The results (t(23) as a function of time) are shown in Fig. 6. We observe a significant effect of plausibility in events involving 

Fig. 3. Mean looking times to the different test events, from the time the train last emerges from the tunnel. Error bars show the standard error of 
the mean. 
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familiar coloured trains but not when the events contain novel coloured trains. In other words, pupil diameter was significantly larger 
for possible events than for impossible events. Although a significant interaction was observed at two time points, simple effects are 
only observed shortly after the train emerges from the tunnel for the final time and reveals the event to be possible or impossible. 

Correlations between looking time and pupil dilation data on test trials were also examined. For each infant, peak pupil diameter 
was identified within a 2 s window after the train’s final emergence from the tunnel on each test trial. The values were normalised to 

Fig. 4. Mean functional pupil diameter by type of test trial as a function of time. The second vertical line indicates the moment when the train 
emerges from the tunnel the second time, prior to stopping. 

Fig. 5. Functional F test of the interaction between perceptual familiarity and conceptual plausibiltiy factors. The curve represents the value of the F 
statistic as a function of time. The dashed horizontal line indicates the critical value of the F statistic. 
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Fig. 6. Functional repeated-measures t tests of the simple effect of plausibility at each level of the perceptual familiarity factor. The curve represents the value of the t statistic as a function of time. The 
solid horizontal lines represent the two-tailed critical values for the t distribution. The dashed horizontal lines indicate the Bonferroni-corrected critical values. The grey horizontal band represents the 
time segment where a significant difference is observed. I = impossible, P = possible, N = novel, and F = familiar. 
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remove individual differences (specifically, the mean diameter of the infant for the trial was subtracted from the peak), and were 
correlated with normalised looking times for that trial (for each infant, average looking time of all test trials was subtracted from 
individual trials). On all test events, no correlation between pupil diameter and looking time reached significance, all |rs(22)| ≤ 0.37, 
all ps ≥ 0.074. 

4. Discussion 

To assess the effect of online learning on looking behaviour in test trials, we partially replicated an earlier VOE task, Jackson and 
Sirois (2009), but reversed the format typically used in these sorts of tasks; infants were familiarised with impossible rather than 
possible versions of events. We found that 9-month-old infants showed greater responding to possible events than to impossible events 
during a test phase. Looking times were greater to possible events regardless of whether a novel coloured train was involved in the 
event. The main effect of the conceptual plausibility variable is difficult to interpret in terms of infants’ understanding of the object 
identity violation under investigation; there is nothing inherently surprising in observing a possible event if we follow the canonical 
logic of VOE tasks. The data appear most consistent with an interpretation that infants learned the regularities of the familiarisation 
sequence on-the-fly, and appreciated subsequent variations of this sequence as novel during the test phase. The data show that 
9-month-old infants can use colour as an object individuation property (see also Wilcox et al. 2008), as Jackson and Sirois (2009) did. 
But whereas the previous study showed infants appreciated a colour switch that adults would interpret as an identity switch, the results 
from the current study highlight the role of online learning: Infants’ greatest responses were for events in which objects retained their 
identity. One curious discrepancy between the current work and Jackson and Sirois (2009) is the relative difference in attrition rate, 
with only 3 infants not completing the task in that study, and a total of 20 infants excluded in the current work. The use of coun-
terbalancing in the test trials, as opposed to randomisation, accounts for some of the additional infants tested in the current work; each 
individual permutation of test trial order required infants to contribute data to it, meaning sequences of non-contributing infants 
inflated overall attrition rate. The same counterbalancing was also used in Jackson and Sirois (2009), however, so this does not easily 
account for the difference between the two studies. That said, whereas the attrition rate for the respective studies may be above and 
below average for this type of work, both rates are within the typical range (Slaughter & Suddendorf, 2007). 

Like the looking time data, pupil dilation data also revealed that infants’ discrimination between possible and impossible events. 
Unlike the looking data however, where the interaction between the two factors was not significant, significantly greater pupil dilation 
was only observed for possible events involving familiar coloured trains. Again, this finding is most consistent with an interpretation 
that infants were most surprised when previously learned sequences of familiar coloured trains were violated. Whereas it is at least 
conceivable that these results arise from the effect of learned sequences temporarily masking existing knowledge, we maintain that the 
most parsimonious interpretation of the data should be favoured over more complex alternatives. 

Pupil data refines looking data. After impossible event familiarisation, the event eliciting the greatest response was one where a 
familiar train did not change identity. The finding that infants can be induced to respond preferentially to certain stimuli following 
habituation is not new. The results of this study are, however, a cautionary reminder of a phenomenon worthy of consideration if we 
are to confidently distinguish learning effects from true, prior knowledge in VOE tasks (should that knowledge actually be present). 
This caution echoes similar, general criticisms of the VOE method (e.g., Rubio-Fernández, 2019). Based on the findings of the present 
study, and others’ cautions, we suggest infant research will also benefit from increased attention to the task and procedures used 
(Poulin-Dubois et al., 2018). 

The present study further suggests that task-evoked pupil data may be of considerable value in the interpretation of looking time 
data, as argued by others (Zhang & Emberson, 2020). Indeed, in this instance, pupil data uniquely revealed subtleties in infant looking 
behaviour which are obscured by cumulative looking times (see also Reisinger et al., 2020). That finer-grained information emerges 
from pupil data is not in itself surprising; pupil data is dynamic and event-related, compared to the static and distant nature of looking 
time data with respect to key stimulus events (Hepach & Westermann, 2016; Jessen et al., 2016). 

We also replicated the Jackson and Sirois (2009) finding that pupil dilation data relative to the key test events do not correlate with 
looking time measures. It will be of interest to determine the relationship between pupil dilation and other psychophysiological 
measures of information processing in infants, such as heart rate or ERPs, for example (Libby, Lacey & Lacey, 1973; Richards, 1997). 
Clearly, further work is required to explore these relationships more thoroughly. However, the sensitive, systematic, and dynamic 
nature of task-evoked pupil data offers promising insights which are unobtainable using looking times, and as such could even become 
the preferred dependent variable. 
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