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three depth cues conditions (congruent, reversed, no depth cues), two orientations (0 °,
180°), three displays (vertical, diagonal to the left, diagonal to the right), two object sizes
(small, large) and two age groups (5 months, 8 months) as fixed factors. No display
effects were found in this data. Thus, the repeated measures GLM were used to test the
effects of other factors after combining the three displays together.

As figure A18 displays, the repeated measures GLM results of Experiment 2 still
suggested a main effect of size (F(1, 26) = 243.11, p = 0.0001, an: 0.23) but no effects
of depth cues. Infants looked longer at the large object than the small object on average,
irrespective of depth cues. As shown in figure A19, an orientation by size interaction (F(1,
26) = 9.23, p = 0.003, 5,° = 0.25) was revealed in this analysis, similar to the results of
Experiment 1. A follow-up ANOVA demonstrated that infants looked longer at the large
object in the 0° orientation condition than in the 180° orientation condition ( t(19) =
35.24, p = 0.02, 7,° = 0.10).

Objects of same size

Infants’ looking duration to the top and bottom objects were compared within all
the same-size stimuli. A GLM univariate with looking time as dependent variable, two
depth conditions (depth cues, no depth cues), two orientations (0 °, 180 °), two detail
conditions (details on the top object [DT], details on the bottom object [DB]), three
displays (vertical, diagonal to the left, diagonal to the right), two object locations (top,
bottom) and two age groups (5 months, 8 months) as fixed factors was conducted. The
results revealed no display effects again. Thus, the repeated measures GLM were used

after combining the three displays to test the effects of other factors.
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Results of repeated measures GLM showed a main effect of location (F(1, 38) =
11.72, p = 0.0001, npz = 0.24). As figure A20 shows, infants showed a preference for the
bottom object.
3.3 Experiment 2 Summary

The looking duration results in Experiment 2 showed that there was no effect of
depth cues, which suggests that adding details to the objects likely did not drive the lack
of depth cues effect in Experiment 1. Thus, changing object number from 3 to 2 in this
study might have introduced stronger size contrasts between the two objects, thus

overpowering the depth cue effect.
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Chapter 4 Discussion

The development of infant visual attention on 2D displays has been studied for
several decades and remains an important area of study in understanding many
perspectives of early development, especially how information processing happens
during the first year of life. Since 1970s, theoretical approaches aimed at understanding
the process of infants’ visual perception have set up the groundwork suggesting that
infant visual attention is a multiple-component process which involves at least two parts:
the attention-getting and attention-holding processes (Cohen, 1972). More recent studies
further developed this idea by combining psychophysiological methods into behavioral
studies and have provided evidence that attention is not a unitary process (Colombo,
2001a; Colombo & Cheatham, 2006). Among several attentional processes, attention-
getting can be explained by visuospatial orienting response which is a process that
requires little information processing (Posner, Inhoff, Friedrich, & Cohen, 1987). This
process can be measured by first look and latency to the first look. On the other hand,
attention-holding can be correlated with sustained attention and lower heart rate,
indicating active information processing (Fisk & Schneider, 1981; Lansink & Richards,
1997). This process can be measured by looking duration. As a result, several
components of visual behaviors such as first look and looking durations should be
measured separately in order to understand the underlying mechanisms of infants’ visual
information processing of 2D displays.

Based on contemporary frameworks of development of infant visual attention, we
have pieces of information about how infants visually respond to object size, depths cues,

and object detail separately and how these responses change with time. Previous work
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has demonstrated that object size has an attention-getting property which can catch
infants’ initial visuospatial orienting responses quickly (e.g. Cohen, 1972). Depth cue
information in the background can interact with object size to hold infants’ sustained
attention on the large object in the scene between 4 and 8 months of age (Guan &
Corbetta, in prep). Also, infants’ ability to process more detailed information increases
with age (e.g. Dember & Earl, 1970; Brennan et al., 1966; Greenberg & O’Donnell, 1972;
Greenberg & Weizmann, 1971). However, how infants process information in complex
scenes with object size, depth cues, and object detail combined together and how this
process develops during the first year of life is still an open question. However, dynamic
systems theory suggests that visual development can be multi-causal and context
dependent. Perceptual behavior is the result of both external factors (e.g. stimuli
information) and internal factors (e.g. the maturation of the visual system). When the
context/factors are changed, infants’ looking patterns might be changed. Thus, the aim of
the current study was to explore the relative impact of object size, depth cues, and object
detail on infants’ visual exploration by using a dynamic systems approach within a
developmental framework. To address the question of this study, 5- and 8-month-old
infants were presented with 2D displays with object size, depth cues, and object detail.
Based on the idea that infant visual attention should be measured in a multi-component
manner, | used eye-tracking methodology to investigate two visual processes: the first
look (measurement of visuospatial orienting response) and look duration (measurement
of sustained attention), in order to understand how each aspect of visual information
processing is affected by these factors and how infants’ visual exploration behaviors

change over time during the first year of life.
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To address the questions proposed in this study, | examined infants’ visual
responses to 2D slides with combined information of object size, depth cues, and object
detail. Results suggested that object size is very influential in catching infants’ attention.
Specifically, infants’ first visual responses were directed to the large object despite object
detail and depth cue information. Infants also shifted their attention faster toward the
large object in the scene. These results were consistent with prior studies providing
evidence showing that object size has strong attention-getting property (Cohen, 1972;
Newman et al., 2001, Guan & Corbetta, 2012). The magnocellular pathway is most
responsive to the size information (Goodale & Milner, 2004). Compared to object detail
and background depth cues, object size is the most salient factor for catching infant
attention. The results from this study extend our understanding of the attention-getting
process. Because most of the previous studies mainly examined object size alone or
combine object size with another factor such as object number (e.g. Fanz, 1965; Cohen,
1972), whether object size still has the highest priority to catch infants’ first visual
attention under more complex conditions is still unknown. As infants are living in a very
rich visual world and need to be able to simultaneously process object size, depth cues,
and object detail, it is useful to study their visual exploration behaviors with all these
factors combined in one scene. Thus, this study proposed a hierarchical model of object
size, object detail, and depth cues on infants’ attention-getting process. To elaborate,
object size has the highest priority to attract infants’ attention regardless of details and
depth cue information. When objects are same size, object details become a salient factor
in attracting infants’ first visual attention. Depth cues, which does not show any effect in

the attention-getting process, might not be salient enough to attract infants’ attention
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when compared to size and detail information. If we look at infants’ visual responses to
these three factors during the first year of life, it clearly shows that newborns already
show strong responses to large, salient objects (Fantz, 1965; Salapatek, 1975; Bronson,
1990). They also show preferences for more detailed objects over simple objects and an
increased ability to process more detailed information during the first half year of life
(Fantz, Fagan, & Miranda, 1975; Fantz & Nevis, 1967). However, infants are not
sensitive to pictorial depth cues until 4 months or older (Yonas et al., 2002; Durand et al.,
2003), which means that processing pictorial depth cues is not an innate ability. Using
depth cue information is a higher level, knowledge based ability which requires more
information processing. Thus, this study has shown that object size has the greatest
priority over object detail and depth cues on their attention-getting properties in infants.

In addition to the attention-getting function, object size also had the highest
priority for holding infants’ sustained attention in the current study. In both experiments,
infants showed strong preferences for the large object in the scene irrespective of the
details and depth cue information. The high size contrasts between the two objects in the
scene may have made the large object appear more salient, thereby overpowering other
information on the slide.

Although object size had the highest priority in both attention-getting and
attention-holding process, object detail also showed several notable functions for
impacting infants’ visual exploration behaviors such as first look and sustained attention.
First, in this study, details were able to get infants’ attention initially when objects were
of the same size. These results suggested that details functioned during early visuo-spatial

orienting response, but this happened only when object sizes were the same. In addition,
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details were also able to facilitate infants’ first visual orienting response. Specifically,
infants directed their first attention to the more detailed object faster than to the non-
detailed object. While adding details to the small object slowed down infants’ visual
shifting to the large, non-detailed object in the scene. Second, details interacted with
object size to manipulate infant visual attention during the attention-holding process. For
instance, details on the large object can increase the saliency of the object to hold infants’
attention. It is interesting to note that during the initial orienting response infants first
directed their visual attention to the large object regardless of detail information. But
when the details were added to the objects, they interacted with object size information
later when infants were actively processing the information instead of early visuo-spatial
orienting response. During this long information processing period, infants were able to
combine the size and detail information in the scene so that the large, detailed object held
their sustained attention longer than small or/and objects that lacked detail. Object detail,
as we expected, was able to interact with the size information so as to increase or
decrease the power of object size to hold infants’ attention.

In addition to the influence that detail had on infants’ first look and sustained
attention, adding details to one of the objects in the scene in this study reduced infants’
scanning rate based on the follow-up analysis by comparing the scanning rates in the two
experiments. Scanning rate was defined as the number of fixation shifts per second in this
study. The results showed that infants tended to perform more visual shifts per second
between the two objects when neither object had details than in the scenes when one of
the objects had details on it. This result was consistent with the expectation suggesting

that adding detail to one object might cause a strong imbalanced in the amount of
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information between the two objects. Thus, the detailed object had more power to hold
infants’ sustained attention thus reducing their visual scanning and comparison between
the two objects. Keeping long sustained attention on the detailed object might be an
efficient way to process more information in a limited visual exploration time. But when
neither object had details, each object had the same power to hold infants’ sustained
attention so that infants looked back and forth to compare and explore the two objects.

In sum, for attention-getting, even though details had lower priority than object
size to catch infants’ attention, they became salient when object sizes were the same. For
attention-holding, details were able to interact with size information to increase or
decrease infants’ sustained attention. Adding details to one object also reduced infants’
scanning rate between the two objects, suggesting that infants’ scanning behavior might
also be an important feature to be examined in future visual attention studies.

Compared to object size and details, depth cue information might have the lowest
priority in the attention-getting process according to the findings of this study. In both
experiments, infants tended to first direct their attention to the large object (different-size
conditions) or the more detailed object (same-size conditions). The results were
consistent with my hierarchy hypothesis indicating that background depth cues were not
as salient as size and detail information in the scene. Processing depth cue information
requires longer time to combine the figure and ground information together. Even in the
conditions when objects were of the same size and no details were present on both
objects, infants still did not respond to depth cues when they first looked at the slide
because they did not have enough time to process the depth information immediately.

Based on Cohen’s IPP theory, adding details to the objects might overload infant’s visual
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system so that infants only process lower level information such as object size and detail
in this study (Cohen, Chaput, & Cashon, 2002). Another possibility of no depth cues
effect might be because depth cues were not strong enough in this study. But this also
brings up interesting questions: will adults be good enough to process the depth cue
information even the cues are not very strong? Future studies are needed to explore this
question.

In the attention-holding process, depth cues again did not show any main effects
on infants’ sustained attention in this study. These results were somewhat surprising
given prior studies. According to Guan & Corbetta (2012), when there were only object
size and depth cues in the scene, depth cues and object size both played an important role
in holding infants’ sustained attention on the largest object. Specifically, sustained
attention to the largest object happened only when there were depth cues in the
background. When the background depth cues were removed, infants no longer showed
longer looking duration to the largest object. That means infants were able to integrate
the depth information in the background and combine this information with size
information. Why did the depth cues effect disappear in this study? One possible
explanation might be because there were more different-size conditions used in this study
than in Guan & Corbetta (2012). However, analyses test the conditions the same as Guan
& Corbetta (2012) study after removing the extra conditions in this study suggested this
was not the reason. Another possibility may be that adding the details on the objects
overpowered the effect of depth cues. However, after conducting Experiment 2 in which
all of the internal details on the objects were removed, the effect of depth cues observed

in Guan & Corbetta (2012) study was still not found. After eliminating the former two
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possibilities, one remaining possibility is that the change of object number from three to
two in the current study might increase the size contrast of the two objects in the scene. In
the prior study, three objects were scaled gradually with depth cues in the background
with low size contrast. However, this current study only had two objects with high size
contrast so that the large object could have appeared more salient and powerful to hold
infant visual attention on that object regardless of depth cues. This suggests that future
studies are needed to further understand the role of size, number, and depth cues on
infants’ visual processing. For example, will infants respond to depth cues if we reduce
the size contrast between the two objects in this study? Or if we keep the same size
contrast, will depth cue effects appear when we add more objects to the scene? What is
the relationship between size contrasts and object number and their influences on the
perception of pictorial depth cues? By exploring these questions, we can obtain a better
understanding of the mechanisms of information processing on 2D displays.

Although different types of depth cues (congruent, reversed, no depth cues) did
not affect infants’ sustained attention in this study, an interesting result showed that
infants were sensitive to depth cue orientation. Specifically, in both experiments, all
infants responded more to the large object in the 0° orientation than in the 180°
orientation. This result might tell us that infants are more sensitive to the upright scene
that they usually see in the natural environment than the up-side-down scene, an idea
which is supported by several fMRI studies on adults suggesting that rotating an identical
object could elicit a greater fMRI response (Malach, Reppas, Benson, Kwong, Jiang,
Kenneday, Ledden, Brady, Rosen, & Tootell, 1995; Murray & Wojciulik, 2004). Thus,

infants’ visual responses to scenes with different orientations might activate different
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parts of the brain which control the looking durations on the objects when they are at
different orientations.

Looking at the current study from a developmental perspective, older infants
showed more sensitivity to object detail and more numbers of visual shifts per second
than did younger infants. These results might be due to physical maturation of the visual
system during the first year. The fast development of the visual system might improve
infants’ visual scanning speed and visual flexibility so that older infants can shift their
attention faster. For the attention-holding process, it seems that size had strong power to
hold infants’ attention in both age groups. When objects were of the same size, infants
showed preferences to the bottom object. The bottom preferences were also found in the
Guan & Corbetta (2012) study, which might be because it was easier to sustain attention
to the lower object when the two objects had the same amount of information. However,
even though infants preferred to look at the bottom object, 8-month-old infants shifted
their attention more to the top object when details were added so that details were able to
change their bottom preference. Five-month-old infants did not have as strong of a
response to the details as 8-month-old infants. Older infants’ higher sensitivity to details
might be due to their increased peripheral visual field. This finding is supported by the
Farzin et al (2010) work showing that infants’ peripheral vision increases with age. Also,
the results might reflect that infants’ processing capacity to details grows with age,
consistent with prior studies (e.g. Dember & Earl, 1970; Brennan et al., 1966; Greenberg
& O’Donnell, 1972). Thus, the current study provides evidence that internal factors such

as physical maturation cannot be ignored when studying infant visual attention.
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In sum, the results of the current study provided evidence that infants’ visual
behavior is a dynamic process, which can be affected by changing external stimuli. Even
though size had a strong effect on infants’ attention-getting and attention-holding
processes, it interacted somewhat with details and depth cue information, such that
adding new information to the scene changed infants’ visual responses. This study is
consistent with prior work on infant visual attention suggesting that attention should be
studied via multiple components (e.g. Colombo, Kapa, and Curtindale, 2011; Richards,
2012). Measuring the first look (the measurement of visuospatial orienting response) and
looking duration (the measurement of sustained attention) are both important aspects in
studying infants’ visual exploration patterns.

Study limitations

One limitation of the current study has to do with the design of the stimuli slides.
Since there were only two objects in the scene, the size contrast was so strong that it may
have prevented us from seeing any effects of depth cues. Thus, additional research with
slides with three objects, or two objects with reduced size contrast, with gradually
changing pictorial depth cues is needed to further study the effects of depth cues under
the context with object size and details. However, despite the fact that the current study
used two objects instead of three, the stronger attention-getting and attention-holding
effects of object size were found in the results, indicating that increasing an object’s
saliency might increase its power to get and hold infants’ attention. Also the interaction
of object size and details was found in the sustained attention results, suggesting details
were interacting with object size to affect infants’ visual explorations. Moreover, we

obtained a better understanding of how dynamic infant perception is and how important
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the stimulus characteristics are. Even slightly changing the stimuli, such as object number,
can alter infants’ visual behaviors dramatically.
Concluding remarks

The results of the current study may be sufficiently explained by the combination
of dynamic systems theory (Thelen & Smith, 2006), attention-getting and attention-
holding theory (Cohen, 1972), and complexity theory (e.g. Dember & Earl, 1970;
Brennan et al., 1966; Greenberg & O’Donnell, 1972; Karmel & Maisel, 1975). For
instance, infants first tend to look at the large object in the scene. However, when the size
was the same, details became the priority factor to catch infants’ first attention.
Introducing details to the object might change infants’ visual exploration behaviors.
These results provided evidence that changing external stimuli can affect infants’ initial
orienting responses, suggesting that infants’ visual behavior is a dynamic process.
Similarly, infants’ sustained attention was affected by the interactions between object size,
depth cues, and object detail. Theoretically, infants’ visual exploration behaviors are
context dependent and can be affected by multiple factors. Adding details to object size
and depth cues in the 2D displays will change infants’ looking patterns. All three of these
factors interact with each other so that to manipulate infants’ visual exploration behaviors.
Overall, this study provides support for the dynamic systems theory suggesting that
perception can be affected by external factors. Changing environmental factors such as
manipulating the details in the scene might also change infants’ looking patterns.

Looking at this study from a developmental perspective, older infants showed
more sensitivity to object detail than did younger infants. These results might be due to

physical maturation of the visual system during the first year. The fast development of



68

the visual system might improve infants’ sensitivity to detail. Thus, the current study
provides evidence that internal factors such as physical maturation cannot be ignored to
study infant visual attention.

Above all, both internal and external factors should be considered when studying
infants’ visual preference and development. Both of these factors play important roles
and neither of them can be ignored. Combining dynamic systems theory with information
processing theory allows for an explanation of visual attention in a more holistic and
context dependent way. Also, this study highlights how amazing it is that such young
human infants already have competent visual abilities. Programming a machine to
perceive like a human is challenging (Arel & Barrant, 2010). According to a phenomenon
called “curse of dimensionality”, adding input variables can increase the complexity of
training a system to recognize patterns potentially. But human infants, especially toward
the end of the first year, appear to do the job of grasping the major information in the
scene easily and efficiently (Farzin, Rivera, & Whitney, 2010). Thus, understanding how
infants cope with complex information may provide some ideas for computational
perception models. Further studies are still needed to explore how multiple factors affect

infants’ visual exploration from developmental perspectives.
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A

Figure A 3: Four rows of different-size, reversed depth-cue conditions arranged in the
order of: Re-0-DS, Re-0-DL, Re-180-DS, Re-180-DL by three columns arranged by the
directions of depth cues: vertical, diagonal to the right, diagonal to the left.
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Figure A 4: Four rows of different-size, no depth-cue conditions arranged in the order of:
No-0-DS, No-0-DL, No0-180-DS, No0-180-DL by three columns arranged by the
directions of depth cues: vertical, diagonal to the right, diagonal to the left.
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Figure A 5: Two top rows of same-size, congruent depth-cue conditions arranged in the
order of: Same-0-DT and Same-0-DB.

Two middle rows of same-size, reversed depth-cue conditions arranged in the order of:
Same-180-DT and Same-180-DB.

Two bottom rows of same-size, no depth-cue conditions arranged in the order of: Same-
No-DT and Same-No-DB.

The three columns are arranged by the directions of depth cues: vertical, diagonal to the
right, diagonal to the left.
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Figure A 6: Experiment 1: mean percentage (and error bars) of object first visually
attended in 5 month old age group (top) and 8 month old age group (bottom) in the
different-size conditions. The figures were plotted as a function of object size (small,
large) and depth cue conditions (congruent, reversed, no depth cues).
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Figure A 7: Experiment 1: mean percentage (and error bars) of object first visually
attended in 5 month old age group (top) and 8 month old age group (bottom) in the same-
size conditions. The figures were plotted as a function of object detail (detailed, not
detailed) and depth cue conditions (0°, 180°, no depth cues).
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Figure A 8: Experiment 1: mean latency in milliseconds (and error bars) to the first object
visually attended for the 5 months old (top) and 8 months old (bottom) groups in all
different-size conditions. The figures were plotted as a function of object size (large,

small) and detail conditions (detail on the small object, detail on the large object).
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Figure A 9: Experiment 1: mean latency in milliseconds (and error bars) to the first object
visually attended for the 5 months old (top) and 8 months old (bottom) groups in all
same-size conditions. The figures were plotted as a function of object location (top,
bottom) and detail conditions (detail on the top object, detail on the bottom object).
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Figure A 10: Experiment 1: mean percentage (and error bars) of looking duration on each
object in 5 month old group (top) and 8 months old group (bottom) in the different-size
conditions. The figures are plotted as a function of object size (small, large) and depth
cue conditions (congruent, reversed, no depth cues).
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Figure A 11: Experiment 1: mean percentage (and error bars) of looking durations on
each object in 5 month old group (top) and 8 month old group (bottom) in the different-
size conditions. The figures are plotted as a function of object size (small, large) and
object detail conditions (detail on the top object and detail on the bottom object).
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Figure A 12: Experiment 1: mean percentage (and error bars) of looking duration on each
object in 5 month old group (top) and 8 months old group (bottom) in the different-size
size conditions. The figures are plotted as a function of object size (small, large) and

orientation conditions (0° and 180°).
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Figure A 13: Experiment 1: mean percentage (and error bars) of looking durations on
each object in 5 months old group (top) and 8 months old group (bottom) in the same-size
conditions. The figures are plotted as a function of object location (top, bottom) and

depth cue conditions (0°, 180°, and no depth cues).
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Figure A 14: Experiment 1: mean percentage (and error bars) of looking durations on
each object in 5 month old group (top) and 8 month old group (bottom) in the same-size
conditions. The figures are plotted as a function of object location (top, bottom) and
object detail conditions (detail on the top object and detail on the bottom object).
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Figure A 15: Experiment 2: mean percentage (and error bars) of object first visually
attended in 5 month old age group (top) and 8 month old age group (bottom) in the
different-size conditions. The figures were plotted as a function of object size (small,
large) and depth cue conditions (congruent, reversed, no depth cues).
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Figure A 16: Experiment 2: mean percentage (and error bars) of object first visually
attended in 5 month old age group (top) and 8 month old age group (bottom) in the same-
size conditions. The figures were plotted as a function of object locations (top, bottom)
and depth cue conditions (0°, 180°, no depth cues).
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