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ABSTRACT 

 

How do infants segment objects from the complex visual environment? Investigations of 

figure-ground perception have been dominated by studies assessing infants’ sensitivity to depth 

and figure cues; few studies have assessed what information infants’ use to perceive figures as 

separate from grounds. Research examining word segmentation suggests that statistical learning 

might aid segmentation in visual scenes. Despite the numerous studies investigating figure-

ground segmentation, none have investigated the role of spatial transitional probabilities as a 

means for segmentation. To examine this question, we used a habituation/familiarity-preference 

procedure to assess whether background variability enables 5.5-month-old infants’ perception of 

figures as separate from the background. The results of Experiments 1 and 2 indicated that 

statistical learning extends to scene segmentation, scene contexts allowed extraction of statistical 

distribution. Experiment 3 demonstrated that matching the configuration of visual arrays during 

training and test is essential; mismatched stimuli impede the measurement of segmentation.  
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1. Introduction 

 

Infants are faced with the almost insurmountable task of understanding the wealth of 

information they are bombarded with every waking moment. To infants the visual world may 

appear as a jumble of colors, textures, and patterns. How do infants know which parts of the 

visual input go together to make up an object and what is simply part of the background? The 

combination of disparate sensory information into coherent percepts is called perceptual 

organization. Perceptual organization is a critical component of interacting with the world; it is 

necessary for accomplishing simple tasks like grasping an object and for more complex tasks like 

navigating city streets while driving (or for infants crawling and avoiding obstacles such as 

furniture). An essential aspect of perceptual organization is the perception of two contiguous 

regions as a shaped figure (object) and a shapeless background; the outcome of this process is 

called figure-ground perception (Rubin, 1915/1958). Three critical aspects of figure-ground 

perception are figures are 1) shaped, 2) perceived as in front of the background, and 3) as 

perceived as separate from the background. Thus, depth perception is essential for perceiving 

part of a scene as nearer than others, but that only gets infants part of the way. Here we 

investigate cues that allow infants to perceive figures as separate from the background. 

Specifically, these studies aim to understand infant’s segmentation abilities; the purpose was to 

investigate whether surround variability can be a segmentation cue for 5.5-month-olds infants.  

Specifically, we tested whether statistical segmentation cues identified in language 

studies extend to another type of segmentation—scene segmentation. More specifically, the goal 

of the present study is to determine whether infants can use statistical regularities in the visual 

environment to segment figures from grounds in the same way they segment words in a speech 

stream (Saffran, Aslin & Newport, 1996). In order to investigate infant scene segmentation, we 
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habituated 5.5-month-old infants to displays of the same shaded central form shown with 

patterned surrounds (Figure 1). The term “patterned surround” designates what an adult with 

normal vision would perceive as a patterned background. These surrounds introduce additional 

cues that might support or conflict with segmentation, including convexity, small area, closure, 

occlusion, line junctions, shading, good continuation, proximity, similarity, vergence, 

accommodation, and stereopsis. 

 

Figure 1: Sample stimuli, with central shaded form (object) and patterned surrounds (background). 

 

Segmentation entails the perception of an object as an entity separate from the 

background. We are interested in which cues an infant might use to determine that a display 

depicts two things – an object separate from a background – versus one thing – an object with 

near versus far surfaces. Motion is a highly effective cue for segmenting an object from its 

background; it is also highly effective in specifying form (Kellman and Short, 1987.) Spelke 

(1982) defines an object as unitary and bounded. When an object is separate from its 

background, that object will move as a single unit, independent of the background. The common 

motion of like elements in the visual field is highly salient, but how is segmentation achieved in 

static scenes when no motion is present? For infants, a problem arises – how do they segment an 

object from the contiguous visual environment. A similar segmentation problem exists in speech 
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– how does a listener segment one word from a continuous stream of words? The speech 

literature suggests another cue that might aid segmentation of static visual scenes. In the next 

section, the speech literature is reviewed, and that segmentation cue is introduced. 

 

1.1 Lexical Segmentation  

Research on lexical segmentation has revealed that infants possess sophisticated learning 

mechanisms that allow them to extract statistical regularities, such as the transitional probability 

between speech sounds, from the environment with little effort. Saffran, Aslin, and Newport 

(1996) demonstrated that preverbal infants have the ability to utilize statistical regularities 

present in linguistic input to segment the temporally unfolding speech stream into words. Eight-

month-old infants were briefly exposed to synthesized concatenated speech, e.g., a string of 

syllables such as “bidakupadotigolabubidaku.” The synthetic speech contained four “words” 

composed of three syllables each, e.g. bidaku, padoti, and golabu. The only cues to word 

boundaries were the transitional probabilities between syllables. The temporal transitional 

probabilities for syllables within a word (bidaku = 1.0) were higher than for syllables that 

occurred between words (“kupado” = 0.33, formed when “padoti” followed “bidaku”). At test, 

infants heard words (from familiarization) and part-words (created by combining the last syllable 

of one word and the first two syllables of a different word). Thus, the syllables composing part-

words spanned a word boundary defined by transitional probabilities. If infants were able to use 

temporal transitional probabilities to segment the synthetic speech into words, then they should 

be surprised by the erroneous segmentation of the part-words. Indeed this was the case; infants 

listened significantly longer to the part-words, indicating that they were novel, and hence, that 

low transitional probabilities were a cue for segmentation in speech. Therefore, 8-month-old 
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infants are capable of extracting statistical regularities in a temporal auditory stream. (See also 

Teinonen, Fellman, Näätänen, Alku, and Huotilainen, 2009, for evidence of this ability in 0.5-2 

day old newborns.) 

In lexical research, the constant pairing of syllables within a word embedded among 

variable surrounding words was critical for segmentation. When variability was lacking and 

temporal the transitional probability between syllables was high (1.00 prediction), integration 

was favored and the syllables were grouped. In contrast, when variability was present and the 

temporal transitional probability between syllables was low (0.33 prediction), segmentation was 

favored and those syllables were divided. It should be noted that in Saffran et al. (1996) the 

words were more frequent than part-word; thus, it was likely that frequency also contributed to 

infants ability to discriminate between words and part-words. One study by Saffran et al. 

controlled for this artifact, but most did not. (See Jusczyk, Houston, and Newson (1999) for a 

follow-up study in which they confirmed infants’ sensitivity to temporal statistical relationships 

in speech, while controlling for frequency.)  

The ability for young infants to use transitional probabilities in lexical segmentation has 

been studied in the speech literature for more than 20 years; however, transitional probabilities 

have never been investigated as a potential cue for segmentation in scenes. We are interested in 

whether spatial transitional probabilities accumulated across a series of static scenes can aid 

visual scene segmentation. In our studies, a central shaded form was present on each trial; across 

trials, the surround either varied or remained constant. When the surround varied across trials, a 

low spatial transitional probability was established at the location where the patterned surround 

met the shaded form. Whereas, when the surround was constant on every trial, a high spatial 

transitional probability was established at the location where the patterned surround met the 



17 
 

shaded form. If the spatial transitional probability between regions of a display aids 

segmentation, then infants should perceive the shaded form as an object separate from the 

surround when the spatial transitional probability is low, but not when it is high. To our 

knowledge, the role of spatial transitional probabilities in the segmentation of static scenes has 

not been examined before, although the role of transitional probabilities has been explored in the 

visual domain as discussed in the following section. 

 

1.2 Statistical Learning in Vision  

 Utilizing colored shape pairs in place of words, Kirkham, Slemmer, and Johnson (2002) 

assessed whether temporal transitional probabilities served as a cue for segmentation in a 

contiguous visual stream where each frame depicted a single object. As in Saffran et al., the 

temporal transitional probability between two shapes that constituted a pair was greater (1.0) 

than the transitional probability between two sets of shape pairs (0.33). If a lack of variability 

favored integration not segmentation, then infants should perceive shapes with a high transitional 

probability as grouped. If the presence of variability favored segmentation, then shapes with a 

low temporal transitional probability should be ungrouped, or segmented. Tests showed that 

infants as young as 2 months used temporal transitional probabilities to segment the visual 

stream: they detected a violation in the learned statistical structure at test. Therefore, Kirkham et 

al. concluded that statistical learning facilitated the detection of temporal structure in the visual 

environment. (See also Bulf, Johnson, and Valenza, 2011, for evidence of this ability in 1- to 3-

day-old infants.) 

Here, as in Saffran et al. (1996), variability of surrounding shape pairs was critical for 

segmentation of a temporal stream. Here, unlike Saffran et al., segmentation involved detecting 
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boundaries between shape pairs, the individual shapes themselves were already segmented, and 

were shown in different frames. Repetition of the shape pairs was constrained such that adjacent 

repeats were not permitted; thus, over time the variability of shape pair order reduced the 

transitional probability at pair boundaries, signaling segmentation. Therefore, transitional 

probabilities can aid visual segmentation in a temporal stream of visual elements for newborn 

infants. Infants are sensitive to the highly regular nature of the environment; statistical learning 

supports the capacity to extract relevant information. If 5.5-month-old infants are sensitive to the 

spatial transitional probabilities present within a frame as they view our static displays in 

sequence, then they should perceive the central form as segmented from the surround when the 

surrounds vary but not when they remain constant.  

Evidence of visual statistical learning in static scenes comes from Fiser and Aslin (2002). 

Nine-month-old infants were familiarized with novel three element scenes composed of simple, 

colored geometric shapes presented on an imaginary 2 x 2 grid (Figure 2). The shapes were 

organized into “base pairs” that always occurred with a single noise element; each base pair 

consisted of two shapes arranged in a fixed spatial relationship, with the location of the noise 

element varying. For instance, in Figure 2, the yellow circle and blue hourglass shape formed a 

base pair and the orange moon was the noise element.  

 

Figure 2: Sample three element novel scene from Fiser and Aslin (2002). 
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The joint probability—the percentage of trials on with which any given base pair and its 

associated noise element occurred together in a given spatial arrangement was 0.25, because four 

base pairs appeared equally often throughout the experiment. (Thus, the frequency of the base 

pairs and associated noise element was controlled, which was unlike Saffran et al., 1996.) The 

conditional probability—the predictability of one element of a base pair given the presence of the 

other base pair element, was 1.0. At test, infants viewed pairs of elements that had occurred 

together during familiarization (base pairs) or pairs consisting of one element from a base pair 

and its associated noise element (non-base pairs), because the location of noise element varied, 

the appearance frequency of noise element with its base pair elements was low, 0.25. The 9-

month-old infants looked longer at the base pairs; demonstrating spatial statistical learning had 

occurred across repeated views of the static scenes. Note that, whereas Fiser and Aslin's study is 

informative about which elements are paired, but it does not shed light onto the question of 

whether statistical learning can aid segmentation in vision. 

Like Fiser and Aslin’s stimuli, the displays in our study depicted static scenes; thus, when 

the surround was constant the joint probability of the shaded form and the patterned surround 

was high. Indeed, it was 1.0 because infants were shown only one condition – constant or 

variable surround. Similarly, the conditional probability was 1.0 because the shaded form 

predicted the surround and vice versa. Whereas, when the surround was variable the joint 

probability of the shaded central form and a patterned surround was low (0.14 – see Methods). 

Similarly, the conditional probability was low because the shaded form did not predict any 

particular patterned surround. If joint and conditional spatial probabilities function in a manner 

similar to temporal transitional probabilities, then when the surround was constant, and co-

occurrence and predictability were high at the form/surround junction, integration was favored. 
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Whereas, when the surround was variable, and thus co-occurrence and predictability were low at 

the form/surround junction, segmentation was favored.  

The studies presented here ask whether an object is more likely to be segmented from its 

surround when the elements of the surround vary spatially and temporally versus when they are 

always the same. There are some previous investigations that are relevant to this question; 

however, they did not investigate segmentation (e.g., Robinson & Pascalis, 2004; Jones et al., 

2011). These studies will be discussed in the following section. 

 

1.3 Constant versus Variable Surrounds 

Using a Visual Paired Comparison (VPC) task, Robinson and Pascalis (2004) assessed 6- 

and 12-month-old infants’ ability to recognize a common object when encountered in a new 

context (See Figure 3 left side). Infants' initial encoding event took place in a single “context:” 

they viewed a picture of a common object with a solid colored surround; the surround color was 

the same throughout encoding. At test, recognition was assessed by presenting the common 

object in a new context (i.e. a different colored surround) alongside a new common object. 

Traditionally, with a VPC task, recognition is evidenced by longer looking times to the new 

object compared to the familiar object. Neither 6- nor 12-month-old infants exhibited 

recognition: They looked at the new object and the familiar object for approximately equal 

durations. Robinson and Pascalis concluded that at 6 and 12 months infants' object memories 

were not flexible across a change in context.  



21 
 

 

Figure 3: VPC task schematic. Left: Robinson and Pascalis (2004). Right: Jones, Pascalis, Eacott, and 

Herbert (2011). 

 

While this study did not set out to directly test segmentation or statistical learning; it is 

relevant for understanding whether infants established a representation of the object as separate 

from its surround. In order to recognize the familiar object at test infants must have segmented it 

from the constant surround during initial encoding. Therefore, an alternative interpretation of 

Robinson and Pascalis' (2004) results arises; when the surround is constant during learning, 6- 

and 12-month-old infants do not establish separate representations of the object and its colored 

surround. Rather, the infants represent the object and its surround as a single entity, because the 

likelihood of joint occurrence and conditional probabilities were high. If this were the case, then 

at test both objects would be novel, causing infants to spend equal amounts of time viewing each 

object. Under this hypothesis, statistical learning accounts for the lack of recognition; when 

common object and surround were integrated the object was not recognized independent of the 

uniform surround.  

There is yet another possible interpretation of Robinson and Pascalis’ (2004) results: the 

infants did segment the object from its surround during learning, but at test the introduction of a 
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second object, the use of a lateralized stimulus configuration, the presence of a different colored 

surround, and the black stripe in the middle of the display (see Figure 3) rendered the test display 

sufficiently novel that infants exhibited exploratory behavior across the whole array. If this 

alternative interpretation is correct, then it brings to the forefront methodological implications for 

other studies that failed to obtain evidence of learning assessed via recognition. Perhaps some 

studies reporting null effects introduced sufficient novelty at test that learning could not be 

assessed via typical visual preference.  

Regardless of which of the above is the proper explanation of their results, Robinson and 

Pascalis’ (2004) found no evidence that a common object was segmented from its surround when 

the surround lacked variability. Within the context of the literature examining the role of 

temporal transitional probabilities in speech stream segmentation and the pairing of visual 

shapes, this finding is not surprising, recall in both Saffran et al. (1996) and Kirkham et al. 

(2002) integration was favored when variability was lacking (e.g. when the transitional 

probability was 1.0), although neither had applied this approach to the spatial segmentation of 

objects and surrounds. 

Jones, Pascalis, Eacott, and Herbert (2011) conducted a follow-up study to address 

whether variability during encoding facilitates object recognition in a new context. During 

encoding, 6-month-old infants viewed a picture of a common object shown with a solid colored 

surround; surround color was different on all encoding trials (See Figure 3 right side). At test, 

recognition was assessed by presenting the common object alongside a new common object in a 

new context as in Robinson and Pascalis' (2004) study (a surround color never encountered 

during encoding). Now, infants preferentially fixated the new common object; therefore, visual 

recognition of an object was observed when viewed with multiple surrounds during encoding. 
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Based on their results, Jones et al. concluded that by 6 months, infants’ object representations are 

contextually flexible; infants were able to dissociate the object from its context when it was 

viewed in different contexts during encoding. We offer an alternative interpretation of this 

finding. When the surround varied during learning (i.e. during encoding), 6-month-old infants 

established separate representations of the object and surrounding color. Together, these studies 

demonstrated that an object was more likely to be segmented from its surround when the 

elements of the surround varied temporally versus when they were always the same, at least for 

pictures of common objects. It is also possible that the presence of surround variability during 

each encoding trial simply allowed infants to accommodate to the presence of novelty; as such, 

at test infants looking behavior was not dictated by the introduction of a second object, the lateral 

stimulus configuration, presence of a different colored surround, and the black strip down the 

middle of the screen, and they were able to show a novelty preference.  

The studies presented here investigated the role of spatial transitional probabilities in 

segmentation. In order to test this, 5.5-month-old infants were habituated to displays where a 

shaded central form appeared with patterned surrounds. The patterned surrounds were complex 

and necessarily introduced additional cues that were consistent with a segmented representation, 

and hence favored segmentation. Hence, it is imperative to consider whether the use of complex 

displays introduces other segmentation cues. What follows is a review of the cues that infants 

might use in our habituation displays. Note, however, that any cues will be present in both 

displays with constant and variable surrounds. Therefore, if differences are observed when the 

background is constant versus variable, then that difference cannot simply be due to the presence 

of other segmentation cues. 
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The sources of information available to infants that allow them to perceive depth 

relations and shape in the visual field can be grouped into four categories: figure cues, pictorial 

depth cues, motion cues, oculomotor cues, and binocular cues. In addition to the depth cues 

listed above, classic Gestalt grouping principles influence perceptual organization. In order to 

identify the information infants use to segregate objects from surrounds, we must establish the 

ages at which these cues influence infant depth perception. A review of research studies 

demonstrating the age at which infants become sensitive to the various sources of spatial 

information follows, with an emphasis on how the various cues might affect perception of the 

displays used here. Depth cues facilitate the interpretation of the near/far relationships, however, 

a single object can have surfaces located at different distances from the viewer. Hence, having 

information regarding near/far alone does not specify segmentation. On the other hand, figure 

cues facilitate the perception of shape; thus, a border is assigned as the shaping contour of a 

figure while the ground is perceived as locally shapeless. Therefore, figure cues facilitate the 

perception of the figure as segmented from the ground. A discussion of infants’ sensitivity to 

figure cues follows.  

The following sections will describe the cues and present the research assessing the ages 

at which infants show sensitivity. The discussions will focus only on cues that are relevant to our 

experimental stimuli. Each section is organized by cues that favor segmentation versus cues that 

favor integration. See Table 1 for information regarding the cue categories, whether they favor 

integration or segmentation, and the age at which infants become sensitive to each cue. 
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1.4 Figure Cues  

 Early work by Rubin and the Gestalt psychologist identified visual properties that were 

associated with figures more often than grounds. These properties, termed configural cues, 

predict which portions of the visual field are configured, i.e. shaped. Determining which regions 

of the visual environment are shaped is a critical aspect of figure-ground segmentation because 

shaped regions correspond to figures. Classic figure cues include: convexity, symmetry, small 

area, and enclosure. The discussion will be limited to cues present in our experimental stimuli: 

convexity, small area, and enclosure.  

 

1.4.1 Figure Cues Favoring Segmentation 

Convexity. Convex protrusions disrupt the continuation of a contour; these bulges 

correspond to object parts. It has been shown that object parts are critical for shape perception in 

adults; researchers have therefore posited that object recognition is “part-based.” Using a novelty 

preference procedure, Hayden, Bhatt, Kangas, & Zieber (2010) assessed 5- and 6.5-month-old 

infants’ sensitivity to convex versus concave parts of an object. During habituation, infants 

viewed a pair of identical rectangular shapes with a convex protrusion (which pointed outward) 

along the left vertical contour and a concave indention (which point into the object) along the 

right vertical contour. At test, infants were presented with the convex part and the "negative" 

shape of the concavity side-by-side; a vertical line was added to the rounded convex part and 

triangular concave part to create closed shapes. If the convex part were more salient than the 

concavity, then infants would be expected to perceive the convex part as a defining characteristic 

of the object. Thus, the prioritization of convexity rendered the shape of the concavity novel. As 

predicted, infants looked longer at the shape of the concavity; thus, Hayden et al. concluded that 
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for 5-month-old infants the shape of contours forming convex parts are more salient than the 

shape of contours forming concavities. In our displays, the contour created at the form/surround 

junction was convex; thus, convexity favored assigning that contour as shaping the shaded 

central form. Therefore, for the 5.5-month-old infants we tested, convexity operated as a figure 

cue that favored segmentation of the shaded form.  

 

Table 1: Summary of the age of onset for various cues and principles. 

 Small Area. For adults, regions that are small in area are more likely to be seen as figure 

than regions that are large in area. Needham (2000) assessed infants’ perception of displays 

composed of two adjacent forms with identical features. Needham’s study was designed to test 

whether infants segment two contiguous forms that have a similar surface appearance; however, 

because the sizes of the adjacent forms were different, it provides a test of sensitivity to area, all 

else being equal. Three- to four-month-old infants were familiarized to static displays containing 

a tall blue rectangular box abutting a smaller square box. At test infants viewed two events in 

which a gloved hand took hold of one part of the smaller box and moved it a short distance. In 

the move-apart event, the tall blue box remained stationary as the small box moved. Whereas, in 

the move-together event, the two shapes moved as a whole. If during familiarization infants 

perceived the tall rectangular box and small box as separate, then they should be surprised when 
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the tall rectangular box moves with the small box but not when it remains stationary in the move 

apart event. Infants spent equal amounts of time viewing the move-together and move-apart 

events; Needham took this result to indicate that, when the surface appearance of two abutting 

forms was identical, size alone was not sufficient for 3- to 4-month-old infants to perceive the 

smaller box as separate from the tall rectangular box.  

  In our displays, the shaded form was smaller in area than the larger patterned surround. 

The 3- to 4-month-olds Needham (2000) tested did not use small area to segment; thus, it is 

unlikely that the small size of the shaded form favored shape perception in the 5.5-month-old 

infants in our study.  

Enclosure. A form that is enclosed by a contour is more likely to be perceived as a 

shaped figure. Using a VPC paradigm, Bhatt, Hayden, Reed, Bertin, and Joseph (2006) 

conducted a study evaluating sensitivity to convexity and concavity in 5-month-olds; while this 

study did not set out to test closure it is relevant because Bhatt et al. used stimuli with open or 

closed contours. The infants were familiarized with arrays containing pairs of vertical bent line 

elements; the pairs of lines were convex (bends pointing outward). Line pairs were either closed, 

with horizontal lines connecting the vertical bent lines, or open, without horizontal connecting 

lines. If enclosure operates to organize lines into shapes, then the infants would be expected to 

perceive the closed, but not the open, line elements as a single shape. At test, infants were 

presented with two arrays, one identical to the familiarization arrays, and one in which direction 

of the bend was mirror reversed for the two pairs of lines. When the contours were closed, 

infants looked longer at the familiarization array than the array containing the mirror reversed 

elements; thus, contour closure facilitated infants’ perception of the lines as belonging to a single 

shape. Whereas, when the contours were open, infants looked equally at the test arrays; thus, 
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lack of closure did not lead to the perception of a shaped entity. Therefore, Bhatt et al. concluded 

that by 5 months, convexity and enclosure facilitate shape perception. As in Bhatt et al., in our 

displays, enclosure occurred in the context of convexity; likewise, because Bhatt et al.’s 

participants were the same age as our participants we expected enclosure to favor segmentation 

in our displays.  

The evidence reviewed above demonstrates that infants are sensitive to the configural 

cues of convexity and enclosure, but not to the configural cue of small area. Therefore, convexity 

and enclosure were expected to operate by favoring segmentation in both the variable and 

constant surround conditions of the present experiment. Thus, any differences observed when the 

surround is variable versus constant would support a role for statistical regularities in static scene 

segmentation. 

  

1.5 Pictorial Depth Cues  

Another category of cues that furnishes depth information in static 2D images is 

monocular pictorial cues. Monocular pictorial cues include interposition/occlusion, line 

junctions, shape from shading, atmospheric perspective, linear perspective, relative height, 

familiar size, and relative size. This discussion will focus on cues that were present in the 

displays used in our studies: interposition/occlusion, line junctions, and shape from shading. 

 

1.5.1 Pictorial Depth Cues Favoring Segmentation 

Occlusion. When an object hides the view of another object, the hidden object is 

occluded. The occluded surface is perceived as farther and the occluding surface is perceived as 

nearer. Experiments putatively investigating occlusion have tested whether or not good 
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continuation of the distant occluded surface occurs. When two or more objects intersect, good 

continuation supports the perception that each object is uninterrupted, allowing for the 

differentiation of visual elements even when they overlap.  

Bower (1967; Kellman & Spelke, 1983) used a conditioning paradigm to assess the 

perception of a partly occluded surface in 1-month-olds. Infants were trained to suck in the 

presence of a partially occluded wire-frame triangle, where good continuation (when a partly 

covered object is perceived as continuous and uninterrupted) served as a cue that the 

disconnected portions of the triangle were connected. The infants maintained a high rate of 

sucking when subsequently presented with an intact triangle, indicating that they perceived the 

triangle as a more distant object that continued behind the occluding bar. Given these findings, 

Bower claimed that good continuation is effective at 1 month. However, although the displays 

were static, the triangle and occluding bar were three dimensional, and infants were free to move 

– a combination of circumstances that introduces motion cues: inducing accretion/deletion, 

boundary flow, and motion parallax (see below). Thus, the infants were not just responding to 

occlusion; instead they were responding to occlusion within the context of motion cues. 

Critically, however, Bower demonstrated that by 1 month of age, infants perceive the distant 

occluded surface as connected. Therefore, occlusion was certainly operational in the 5.5-month-

old infants we tested. In our displays, occlusion supported a segmented representation, where the 

patterned surround was occluded and connected behind the shaded form. 

Line Junctions. The relationship between occlusion and line junctions is that junctions 

specify the spatial relationship between occluding and occluded surfaces. Another method of 

detecting sensitivity to depth cues is via reaching, a behavior that is reliable at 4 months (Gesell, 

Thompson, & Amatruda, 1934; White, Castle, & Held, 1964). Reaching is a spatial response, 
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therefore, there is a higher probability that this methodology is actually assessing depth 

sensitivity rather than detection of stimulus differences. Yonas and Granrud (1985) have shown 

that infants preferentially reach to the nearer of two surfaces if they perceive depth differences.  

Using a reaching study, Granrud and Yonas (1984) assessed 5- and 7-month-old infants’ 

sensitivity to pictorial interposition where surface depth order was specified by T-shaped 

junctions. With such a junction, the crossbar of the T is typically perceived as belonging to a 

nearer occluding surface and the stem as belonging to a more distant occluded surface. If infants 

are sensitive to T-junctions, then they would be expected to reach preferentially for the side of 

the display that T-junctions specified as the near, occluding surface. Seven-month-old infants 

reached preferentially for the pictorially nearer side of the interposition stimulus, whereas five-

month-olds did not show this preference. Consequently, the authors concluded that 7- but not 5-

month-old infants are sensitive to interposition, which specifies the relative distances of 

overlapping surfaces. Infants viewed the displays monocularly, which eliminated the influence of 

additional binocular cues, but left uncontrolled accommodation and motion parallax; both of 

which conflicted with the perception of depth (These cues will be discussed in upcoming 

sections). Therefore, reaching, in this study, provided evidence that when conflicting monocular 

cues are present, infants perceived depth from T-junctions at 7 months but not at 5 months. 

Using a preferential looking paradigm, Imura, Yamaguchi, Kanazawa, Shirai, Otsuka, 

Tomonaga, and Yagi (2008) arrived at a similar conclusion. Five- to 6-month-old infants and 7- 

to 8-month-old infants viewed pairs of displays containing shading, line junctions, and occlusion, 

which either worked in conjunction to specify a partly occluded 3D folded surface or in 

opposition to specify a partly occluded flat 2D surface. In adults, these displays created the 

impression of viewing a distant, flat (2D) surface or distant folded (3D) surface through a 
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serrated aperture in a nearer occluding surface. In 3D displays, the border between the 

illuminated and shaded sides of a fold was aligned with aperture peaks that introduced Y- 

junctions (Figure 4). While, in 2D displays, misalignment of the border and peak specified a flat 

2D surface that lacked junctions. Seven- to 8-month-old, but not 5- to 6-month-old, infants 

preferred looking at pairs that alternated between 3D and 2D surfaces rather than pairs that were 

both 2D. Therefore, Imura et al. concluded that sensitivity to shading and line junctions changes 

between 5-6 and 7-8 months. Although, it is clear that 7- and 8-month-olds can discriminate 

between the test displays, it is not clear whether the infants’ perceived depth in the 3D but no the 

2D displays or whether the alignment in the 3D displays was more salient than in the 2D 

displays. Moreover, infants sat unrestrained on their parents’ laps viewing the monitor 

binocularly at a distance of 40 cm, which introduced motion parallax, stereopsis, 

accommodation, and vergence; these cues specified that the gray aperture and black and white 

pattern were on the same depth plane. Furthermore, the shading used to specify 3D shape was 

artificial, lacking the gradient present in natural shadows. Therefore, it is not clear whether the 

infants perceived the solid black regions as shaded; thus, the type of “shading” used by Imura et 

al. was a weak pictorial depth cue. It remains possible, therefore, that 5-month-olds are sensitive 

to shading and Y-junctions, but that the ability to detect this sensitivity was masked by the 

presence of motion parallax, stereopsis, accommodation, and vergence that favored integration. 

Thus, a conservative conclusion is that by 7 months, infants’ sensitivity to Y-junctions is 

sufficient to overpower the conflict induced by motion parallax, stereopsis, and oculomotor cues. 
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Figure 4: Sample stimuli from Imura et al. (2008). Left: 3D folded surface. Right: 2D surface. 

Contrary to the evidence just described, Shuwari, Albert, and Johnson (2007), 

demonstrated sensitivity to interposition and line junctions in 4-month-olds. They habituated 

infants to a 2D depiction of a 3D cube with a single occluded junction. At test, infants viewed 

cubes in which the unoccluded junction was either consistent or inconsistent with depth 

information at other locations. Infants looked longer at the inconsistent junction, indicating that 

4-month-old infants are sensitive to junctions and interposition. It is not apparent, however, that 

infants perceived depth, or rather, merely detected the inconsistent relationship among the set of 

pictorial cues. The unoccluded portions of the cube were rich in pictorial depth cues, including 

three dimensionality from shading, cast shadows, and interposition specified by T-, arrow- and 

Y-junctions. Furthermore, full intersections and crossover of the cube’s structural bars were 

visible. Therefore, it is not clear how the rich assembly of depth cues worked together to support 

depth perception. Infants showed a preference for the inconsistent junction, in spite of freedom to 

move, which introduced conflicting binocular information: motion parallax, binocular rivalry, 

convergence, and accommodation.  

Using a visual paired comparison (VPC) paradigm, Bhatt and Waters (1998; Bertin & 

Bhatt, 2006; Bhatt & Bertin, 2001) assessed sensitivity to 3D cues in static arrays. Three-month-

old infants were familiarized with a pair of static 2D displays in which junctions, shading, and 

line combinations supported either a 3D or 2D interpretation. The arrangement of black and 
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white patches combined with particular junctions created the perception of either a 3D cube or a 

2D pattern. Three-dimensional arrays contained arrow- and Y-junctions, whereas two-

dimensional arrays contained only T-junctions. At test, infants were presented with two arrays, 

one that was identical to those viewed during familiarization, and one in which illumination, and 

thus shading, of a single pattern was inconsistent. Infants in the 3D condition looked longer at 

the inconsistent display; however, infants in the 2D condition looked equally at both. Bhatt and 

Waters concluded that 3-month-old infants are sensitive to 3D cues in static images. It is not 

clear, however, how this combination of cues supported 3D perception; in addition, it is not 

possible to tease apart the contribution of each cue. Thus, by 3 months, infants are shown to use 

arrow- and Y-junctions to perceive dimensionality, at least when these junctions are combined 

with shading. Hence, under certain conditions infants as young as 3 months can use pictorial 

depth cues.  

Shuwari et al. (2007), and Bhatt and Waters (1998; Bertin and Bhatt, 2006; Bhatt and 

Bertin, 2001) found sensitivity to line junctions at an earlier age than Granrud and Yonas (1984). 

There are some key differences among these studies. In Granrud and Yonas’ (1984) study, 

interposition was specified only by the presence of T-shaped junctions, whereas, in Shuwari et 

al. (2004) and Bhatt and Waters (1998; Bhatt and Bertin, 2001), T-, Y-, and arrow- junctions 

were present. Furthermore, the displays used by Shuwari et al. (2004) and Bhatt and Waters 

(1998; Bhatt and Bertin, 2001) contained shadows and shading information, which also 

contributed to depth perception. Bhatt & Bertin (2001) point out that since T-junctions signal 

occlusion, they are critical for determining the relative depth at a border—the type of depth 

involved in figure ground segmentation. In contrast, Y- and arrow-junctions allow the perceiver 

to extract the 3D shape and orientation of an object. As such, it seems that T-junctions are 
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critical for figure-ground segmentation because the stem signals that a distant surface continues 

behind the nearer surface. According to the results discussed above, sensitivity to Y- and arrow-

junctions is evident early in infancy (i.e., at 3 months), whereas, sensitivity to T-junctions is not 

apparent until 7 months. In the experiments presented here, only T-junctions were present where 

the patterned surround intersected with the shaded form. For an adult viewer, the crossbar of the 

T belonged to the shaded form, which indicated that the shaded form was nearer in depth than 

the patterned surround. However, given that the infants tested in our studies were on average 5.5 

months, it is unlikely that T-junctions supported ordinal depth perception.  

Shading. The presence of shading on an object supports the extraction of 3D shape by 

indicating surface curvature direction. Granrud, Yonas, and Opland (1985) assessed 5- and 7-

month-old infants’ sensitivity to shading as a depth cue using a reaching paradigm. Infants 

viewed a photograph monocularly, in which shading specified a bump (convexity) and a dent 

(concavity) in a surface. It has been shown that adults attribute the presence of shadows to 

illumination from a single light source; for example, from an overhead light source, shading on 

the bottom leads to the perception of a convexity, whereas shading on the top leads to the 

perception of a concavity. After infants looked at the photo display, it was moved towards them 

for the reaching phase. Only 7-month-olds reached preferentially for the apparent convexity; 5-

month-olds reached equally for convexity and concavity. Thus, Granrud et al. (1985) concluded 

that 7-month-olds, but not 5-month-olds, perceived depth from shading.  

Recall, however, that infants viewed displays monocularly which eliminated the 

conflicting influences of binocular disparity and vergence. While binocular factors were 

controlled, monocular cues were not: infants sat unrestrained in their parent’s laps, introducing a 

supporting interaction with motion parallax and accommodation cues. These cues conflicted with 
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the perception of the surface as curving outward toward the participant; on the other hand, they 

might have supported the perception that a flat surface was apparently convex. Regardless of 

whether infants fixated on shading above or below, the presence of motion parallax and 

accommodation supported the perception of shadows on a flat surface. It is possible that, for 5-

month-olds, the contradictory monocular cues were more effective in specifying depth than 

shading. If this were the case, 5-month-olds would not be expected to reach preferentially to an 

apparent convexity because all parts of the shape’s surface would be perceived as equidistant. 

Nevertheless, by 7 months infants used shape from shading as a depth cue, indicating that, by 

that age, the influence of shading dominates over that for motion parallax and accommodation.  

Shadows on a surface provide information about an object’s 3D structure, including 

orientation and curvature as the surface changes direction. Shading does not inherently favor 

segmentation; in our displays, shading was present on the central form and absent on the 

surround. Not only are figures perceived both as being in front of a background, they are also 

perceived as having shape. Shading helps the viewer extract the structure and establish a 

representation of an object. The absence of shading on a surround is a cue in and of itself, which 

signals to the brain that the pattern on the surround is flat. The shading used by Granrud et al. 

was naturalistic, containing a gradient transitioning from light to dark. Naturalistic shadows were 

present on the central form in our studies; thus, shading would cue the viewer to perceive the 

central form as a 3D entity extending outward in space. Infants in our studies were 5.5-month-

olds; given that Granrud et al. found sensitivity in 7-month-olds, our infants were not expected to 

use shading to perceive depth and dimensionality.  

The consensus based on reaching studies is that sensitivity to pictorial cues is evident at 7 

months. In contrast, habituation studies suggest sensitivity to pictorial cues is evident as early as 
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4 months. There is no reason to expect that all of the pictorial depth cues would come online at 

the same age. As discussed in the motion section below, there are tradeoffs between various 

methodologies in terms of the age at which they can be employed. In some cases, demonstrations 

of earlier sensitivity to pictorial depth cues used a combination of pictorial depth cues with 

motion information (See Kavsek, Yonas, & Granrud, 2012; Kavsek, Granrud & Yonas, 2009 for 

a review). In other cases, pictorial depth cues were combined with static, monocular, and 

binocular cues. The presence of additional cues, whether those cues were motion-defined or 

static, could have tipped the scales in favor of the 3D interpretation over a flat 2D interpretation.  

 

1.6 Grouping Principles 

The Gestalt psychologists asserted that visual input is organized by employing a 

fundamental set of rules, called Gestalt grouping principles. These principles are critical to 

perceptual organization; they operate by organizing disparate points of light stimulating the 

retina into coherent scenes with objects, depth, and distance. There are a number of classic 

grouping principles including: common motion, good continuation, proximity, similarity, and 

closure. With the exception of closure, the grouping principles operate by 3 months of age. 

 

1.6.1 Grouping Principles Favoring Segmentation 

Good Continuation. Good continuation governs the percept of a line or curve as 

continuing along on a smooth established direction. Recall, as discussed previously in the 

occlusion section, Bower (1967) demonstrated that 1-month-old infants perceive continuation of 

distant occluded surfaces in the context of motion. However, our displays were static, therefore it 

is critical to establish the age at which infants perceive continuation in stationary displays. Using 
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a familiarization-novelty preference procedure, Quinn, Brown, and Streppa (1997) assessed 

sensitivity to good continuation in 3- and 4-month-olds. While reclined in their parents’ laps, 

infants were familiarized to a complex 2D line drawing of a circle overlaying the upper left 

corner of a square (Figure 5, left panel). There were at least two possible ways to organize this 

compound pattern. If infants, like adults, perceive the pattern in accord with good continuation, 

they would group the rounded, smoothly curving line in to a circle and the straight, rectilinear 

lines in to a square. Alternatively, infants might not have perceived the complex pattern as two 

overlapping shapes, but rather, as two abutting shapes, each with a missing segment (See Figure 

5).  

 

Figure 5: Sample stimuli from Quinn, Brown, and Streppa, 1997. Left: Overlapping circle-square 

stimulus. Middle & Right: Two potential perceived organizations. 

 

At test, infants were presented with two pairs of shapes: one pair showed an intact circle 

and an intact square; the other pair showed the two abutting shapes with missing segments 

(Figure 5, middle and right panels, respectively). Infants spent a greater proportion of time 

viewing the shapes missing segments. Since infants usually spend a greater proportion of looking 

to the novel configuration, this result indicated that they perceived the compound pattern in 
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accord with good continuation. This finding led Quinn et al. to conclude that 3- to 4-month-old 

infants use good continuation to organize visual patterns. However, good continuation was not 

the only cue available; because the two shapes overlapped, interposition and line junctions were 

also present. Moreover, infants may be more familiar with regular shapes of circles and squares 

outside the laboratory, so their looking behavior at test may not reveal how they organized the 

familiarization shapes. Thus, by 3 months, infants group visual input in accord with good 

continuation, at least when closure, interposition, and line junctions are present (See also Quinn 

& Bhatt, 2005a; Quinn and Schyns, 2003; and Quinn, Schyns, & Goldstone, 2006; who arrived 

at a similar conclusion).  

Good continuation supports the organization of intersecting contours as uninterrupted and 

continuing along an established path. In our displays, the discontinuity created where the shaded 

form abuts the patterned surround curves smoothly while changing orientation and direction; to 

an adult viewer this is perceived as a contour enclosing the shaded form. Additionally, 

information compatible with good continuation was present in the surround. Recall, the surround 

pattern contained vertical and horizontal, or obliquely oriented lines; T shaped junction were 

created where the surround pattern met the shaded form. The oriented lines in the surround form 

the stem of the T, which signals that surface as more distant. However, there is no evidence 

specifying that for infants good continuation supports the integration and completion of the 

pattern behind the shaded form in static displays (see Kellman & Spelke's research with static 

displays). 

Closure. A viewer perceives a figure as complete even if parts of it are incomplete, 

occluded, or missing. Further, elements forming a closed figure are perceived as a group. As 

described in the Enclosure section, Bhatt et al. (2006) observed that by 5 months infants shape 
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perception is enabled by convexity and closure. In our displays, closure specified that the 

elements composing the shaded form constituted a group. Given Bhatt et al.’s findings, it is clear 

that closure supported the perception of the shaded form as a group separate from the patterned 

surround.  

Similarity. Elements that physically resemble each other tend to be grouped together. 

Quinn and Bhatt (2005b) demonstrated that 3-4 month-olds group in accord with similarity. 

During familiarization, visual displays consisted of X-O, diamond-square, and H-I elements that 

could be grouped, based on element similarity, into columns or rows. At test, vertical and 

horizontal bars were presented side-by-side. If during familiarization the infants grouped 

elements with the same form into columns or rows, then they should look longer at the novel 

grouping at test. Quinn and Bhatt found that infants do look preferentially at the novel 

organization, indicating that they used form similarity to organize visual patterns. However, this 

ability was only observed when infants were familiarized with multiple exemplars of a particular 

organization, and not when infants were familiarized with a single exemplar. Therefore, Quinn 

and Bhatt confirmed that similarity functions by 3 months. In our displays similarity would 

support a segmented percept, because the fill and shape of the shaded form and the surround 

were dissimilar.   

 

1.6.2 Grouping Principles Favoring Integration 

Proximity. Near elements tend to be grouped together; transcending drastic deviations in 

element shape and size. Bower’s (1965) study assessed sensitivity to grouping by proximity; 

measuring sucking rate while 1- to 10-month-olds viewed compatible and incompatible films. 

During compatible proximity films, three stationary dots appeared, two dots were positioned 
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close and the third dot was distant. During the incompatible film, one of the close dots moved 

upwards while the others remained stationary. If proximity was an effective grouping cue for 

these infants, then they were expected to perceive the near dots as part of a group. This 

hypothesis was confirmed; infants’ declining sucking rate indicated they were surprised when 

one of the grouped dots moved during the incompatible film. (Berlyn, 1961 reported that 

cessation of suck rate indicated surprise). Diminished suck rate to incompatible proximity films 

was not observed until after 7 months. Therefore, Bower asserted that grouping by proximity 

becomes effective around 7 months.  

Using a novelty-preference procedure, Quinn, Bhatt, and Hayden (2008) revealed the 

ability to organize visual input by proximity at an age younger than Bower (1965). During 

familiarization, 3- to 4-month-old infants viewed pairs of visual displays composed of squares 

that could be grouped based on proximity into columns or rows. During the test phase, three 

vertical and three horizontal bars were presented side-by-side. If infants grouped the square 

elements based on proximity during familiarization, then they would be expected to look 

preferentially at the novel configuration at test. Indeed, this is what Quinn et al. observed; from 

this result they concluded that young infants (3-4 months) can organize visual information by 

proximity. The visual stimuli used in these studies by Bower and by Quinn et al. were quite 

different, as was the method used to evaluate proximity. In Bower’s study, proximity was 

violated when a grouped element moved independently; whereas, in Quinn’s study, organization 

by proximity was induced by near, static elements.  

Quinn et al. observed organization by proximity in 3- to 4-month-olds with static 

displays. In our study, the visual arrays were always static, and because we tested 5.5-month-

olds, proximity was operational in our study. However, in our displays, proximity would not 
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favor a segmented percept, because the shaded form and the surround were abutting. Therefore, 

grouping supported the perception that the contiguous regions were part of a single entity.   

Common Motion/Common Fate. Elements that move synchronously with the same 

trajectory and velocity are grouped by common motion (also referred to as common fate). This 

motion-induced grouping distinguishes a collection of synchronous elements. Bower (1965) 

investigated sensitivity to common motion in 1- to 10-month-olds by measuring changes in 

infants’ sucking rates. While reclining in a crib, infants viewed pairs of short films in which 

common motion was compatible or incompatible with the grouping of elements in the scene. In 

compatible common motion films, two vertical lines moved laterally for 20 sec, then while 

maintaining a constant distance and size, moved towards and away from the observer. In 

incompatible films, line separation was modulated in different directions while height remained 

constant. Adults perceive lines moving in the same direction as a group but do not perceive lines 

moving in opposite directions as a group. Infants sucked less when viewing films with 

incompatible motion than when viewing films with compatible motion. This reduction was even 

observed in 1-month-olds; however, the drop in sucking rate was not significant until 2.5 

months. Therefore, Bower concluded that common motion is an early determinant of perceptual 

grouping.  

Grouping cues play a vital role in determining which elements are part of a group; 

however, they do not convey information about the depth relations between groups. Our displays 

are static; as such, the absence of common motion might counter a grouping interpretation and 

thus segmentation. 
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1.7 Motion Cues  

Five general types of motion can provide information regarding depth perception: 

expansion/looming, monocular depth cues involving motion, in what follows each is discussed 

under a separate heading.  

 

1.7.1 Motion Cues Favoring Integration 

Expansion/Looming. Evidence of motion sensitivity soon after birth comes from studies 

during which infants view a rapidly expanding optic array. This type of array is perceived as 

indicating an impending collision because the stimulus appears to be approaching the infant. 

When viewing such displays, infants first show defensive behaviors, increased eye blinking and 

head withdrawal, between 3-6 weeks of age (Nanez, 1988; Yonas, Petterson & Lockman, 1979). 

As such, infants show sensitivity to this type of motion early in life. However, looming does not 

represent all types of motion, nor is it clear that looming plays a role in figure-ground perception. 

While it is evident that sensitivity to looming motion emerges early, between 3-6 weeks, 

sensitivity to ordinal depth-from-motion cues appear to have a later developmental trajectory, 

between 3-6 months (a discussion of Ordinal motion cues follows). Ordinal depth-from-motion 

cues transmit information specifying the arrangement, or order, of surfaces in the environment 

relative to the viewer. Infants perceive the differential depth between near and far surfaces; 

however, it is not clear that infants at this age represent the far surface as a background that 

extends behind the near figure, which is critical to figure-ground segmentation. Furthermore, 

reaching studies only demonstrate that infants perceived some parts of the dynamic display as 

closer than others. The ability to represent the spatial arrangement of the environment is a central 

characteristic of figure-ground perception, but it is not the only characteristic; a figure is shaped, 
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too. While the presence of motion cues bolsters a 3D interpretation of the visual environment, it 

also raises the question of whether the absence of motion cues constitutes evidence contrary to a 

3D interpretation. In our studies, 5.5-month-old infants viewed static 2D displays; thus, the 

absence of depth-from-motion cues may have provided evidence that the visual images were a 

uniform distance from the viewer (Peterson, 2011).  

 

Monocular, Ordinal Depth Cues Involving Motion  

One form of monocular depth perception is ordinal depth, in which the order of surfaces 

in the visual field relative to the observer is specified. Ordinal depth perception is a fundamental 

aspect of figure-ground perception because the figure is perceived as being in front of the 

background. Motion cues specifying ordinal depth relations have a slightly later developmental 

trajectory than optical expansion. These cues include accretion/deletion of a texture, boundary 

flow, motion parallax, and synchronous/common translation.  

Accretion/Deletion of a Texture. When a nearer surface is in motion, the texture 

elements of a farther surface are deleted at the leading edge and accreted at the trailing edge. 

This accretion/deletion cue supports adult perception of depth at an edge. Kauffmann-Hayoz, 

Kauffmann, and Stucki (1986) obtained evidence that accretion and deletion of a texture served 

as a depth cues in 3-month-olds using a habituation paradigm. They used random dot 

kinematograms to eliminate static cues that support segmentation; in the kinematograms, the 

near surface was revealed only when the dots comprising the figure move. At test, infants viewed 

a motion defined random-dot form and a static white form with black surround. Infants looked 

longer at the static form, but only after being habituated to the random-dot form. Note that in 

these visual displays, all elements within a group moved synchronously; hence common motion, 
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a Gestalt grouping principle, was not eliminated, and it is difficult to know whether the results 

reflect accretion/deletion alone. Moreover, a habituation paradigm only provides evidence that 

infants discriminate between two stimuli, which does not necessarily mean that the infants 

perceived ordinal depth relations. Therefore, a cautious conclusion from Kauffmann-Hayoz et 

al.'s results is that, when common motion is present, 3-month-olds may use accretion/deletion to 

discriminate between near and far surfaces. In our displays, the shaded form and patterned 

surround stationary, thus, depth information from accretion/deletion was absent; the absence of 

motion favors integration of form and surround. 

Granrud, Yonas, Smith, Arterberry, Glicksman, and Sorkness (1984) attained evidence 

that 5-month-olds use accretion/deletion as a depth cue using a reaching paradigm. Infants were 

presented with dynamic random-dot displays in which a rectangular surface moved horizontally 

in front of a textured surface moving in the opposite direction. Infants reached preferentially to 

the near surface; however, as in Kauffmann-Hayoz et al. (1986), common motion of the dots 

within the figure and within the ground were likely to contribute to the perception of different 

groups. Thus, by 5 months accretion/deletion cues specify which surface is nearer, at least when 

common motion is present.  

As discussed, one limitation of results obtained with random dot displays is that 

accretion/deletion was not isolated from common motion. Another limitation is that, prior studies 

did not test for accretion/deletion in isolation from boundary flow, which is present within 

typical accretion/deletion stimuli (Craton, 1989). Thus, the age at which infants become sensitive 

to accretion/deletion is not clear from either of these studies; however, evidence suggests that by 

3 months, infants are sensitive to accretion/deletion when these cues are paired with common 

motion and/or boundary flow.  
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Boundary Flow. Another ordinal depth cue is boundary flow, which is present at 

occluding edges, where the relative depths of two surfaces is specified by how their texture 

elements move in relation to the boundary between two surfaces. When a textured surface moves 

with the boundary, this motion supports the perception of that surface as part of the foreground, 

whereas, when the texture moves opposite to the boundary, this motion supports the perception 

of that surface as the background. In an attempt to rectify the problematic stimuli used to test 

accretion/deletion, Craton & Yonas (1988) assessed boundary flow with 5-month-olds using a 

reaching study. They showed infants displays with two regions of texture on the right and left 

sides of a stationary vertical border. Critically, the texture on either side of the border was 

separated by a blank space, which when in motion eliminated accretion/deletion information 

(Figure 6). Infants reached more frequently for the apparently nearer region specified by 

boundary flow. Additionally, the common motion of dynamic random-dot elements was shown, 

as with accretion/deletion, to support a segmented representation. Thus, evidence suggests that 5-

month-olds use boundary flow; supported by common motion to determine the relative depth of 

two surfaces, at least when no explicit dividing contour is present. In our displays, the absence of 

boundary flow favored integration of shaded form and patterned surround. 

 

Figure 6: Boundary flow stimuli used by Cranton and Yonas (1988).  
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Motion Parallax. Motion parallax is a monocular, movement-produced cue for object 

distance that is caused by the differential speed at which objects at different distances move 

across the retina. Parallax applies to objects at different distances that are moving at the same 

speed as well as to the displacement of stationary objects on the retina when an observer moves 

with respect to those objects. As an observer moves through the environment, near objects move 

at greater velocity than distant objects. The direction of motion on the retina depends on where in 

the visual field the observer is fixating; objects nearer than fixation move opposite to the 

observer, whereas, father objects move in the same direction as the observer. 

Using a habituation paradigm, Von Hofsten, Kellman, and Putaansuu (1992) provide 

evidence of sensitivity to motion parallax in 3.5-month-olds. Infants were habituated to three 

fronto-parallel aligned rods; movement of the central rod was contingent on the infants’ motions. 

The hypothesis was that if the infants were sensitive to motion parallax, then they would 

perceive the middle rod as more distant than the flanking rods. Two stationary displays were 

viewed at test; three aligned rods (spatially identical to the habituation display) and three rods 

where the central rod was displaced backwards (perceptually identical to the habituation 

display). Infants looked longer at the aligned rods, indicating that during habituation motion 

parallax specified the central rod as more distant. Note, however, that infants viewed the displays 

with both eyes; therefore, convergence and binocular disparity were operational during 

habituation. Regardless of whether infants fixated on the central or flanking rods during 

habituation, binocular disparity and convergence would specify that the three rods were 

equidistant. In this case, the perception of contingent motion was sufficiently strong, and thus 

overpowered the conflicting cues. Recall, however, that the motion of the central rod was 

contingent on the infant’s movements; thus, this study is limited to infants’ perception of 
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contingent motion. Therefore, the conservative conclusion is that by 3.5 months, infants are 

sensitive to contingent motion.  

Nawrot, Mayo, and Nawrot (2009) conducted a longitudinal study in an effort to 

determine when sensitivity to motion parallax first develops. Infants, age 2 – 7 months, were 

habituated to a random-dot stimulus that depicted a 3D corrugated surface that undulated in 

depth. One advantage of these displays is that observer movement is not required to extract depth 

from motion parallax. However, depth perception does depend on smooth-pursuit eye 

movements; absence of pursuit leads to the perception of ambiguous depth. In order to eliminate 

conflicting binocular cues, researchers had the infants view the displays monocularly. At test, 

infants were presented with depth-reversed and flat stimuli. On average, infants dishabituated to 

the depth-reversed stimulus between 3.5 - 4 months, suggesting sensitivity to motion parallax. 

Given the use of random-dot stimuli, the same pitfalls discussed in previous motion sections 

apply here. Additionally, the stimulus was a corrugated surface; thus, both near and far portions 

of the surface belonged to the same entity. Hence, motion parallax specified which portion of the 

surface was nearer, but lacked information regarding surface order because there was only a 

single surface. Likewise, Nawrot et al. (2009) used a habituation paradigm, the results of which 

demonstrated that infants discriminated between the visual stimuli, but did not provide firm 

evidence that they actually perceived depth.  

Using a reaching study, Condry and Yonas (2013) assessed whether, by 6 months, motion 

parallax would guide infants’ action behaviors. During the viewing phase, common children’s 

toys were presented in front of a black-and-white striped background surface. Retinal 

displacement of the toys was yoked to the infants’ movements, where the phase of motion 

specified one toy as nearer than the other. At test, the infants were moved within reaching 
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distance of the two toys. If during viewing, infants had perceived one toy as nearer, then they 

would be expected to reach more for that toy at test. Indeed, infants reached preferentially to the 

toy specified by motion parallax as nearer. However, motion parallax was not the only depth cue 

present. Recall that there were black-and-white stripes on the background surface; therefore, as 

the infants translated side-to-side, the background pattern was accreted and deleted. Hence, by 6 

months, motion parallax specifies depth and effectively guides infants’ reaching behavior, at 

least when accretion/deletion cues provide evidence of consistent depth ordering.  

Motion parallax is important for determining depth order, which is a critical component 

of figure-ground segmentation, because figures are nearer than backgrounds. In our studies, the 

5.5-month-old infants sat unrestrained in their parents’ laps, moving frequently. Consequently, 

motion parallax cues were present while infants viewed the experimental stimuli. Yet, in this 

case, motion parallax specified that the shaded central form and surround were at the same 

distance when fixated by the infants. For this reason, motion parallax opposed segmentation cues 

and instead supported a flat percept.  

Synchronous/Common Translation. Using a habituation paradigm, Kellman and Spelke 

(1983) showed that 4-month-olds perceived an occluded object as connected when its ends 

moved synchronously. This unitary perception persisted even when the ends of the object were 

misaligned or differed in shape and color. Kellman and Spelke claimed that static configural 

properties do not influence connectedness; therefore, common translational motion serves to 

unify and connect the visible portions of the object. This is a provocative claim, however; the 

perception that the rod’s ends were connected was also supported by accretion/deletion and 

boundary flow as the rod moved in front of a farther peg-board. Additionally, the presence of T-

junctions (see below) at the intersections of the rod and occluder enhanced the perception of 
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continuity. Furthermore, infant’s heads were unconstrained while seated in an infant seat 

therefore, motion parallax would specify that the rod sections were connected because the retinal 

displacement of visible portions of the rod were equal as the infant moved. Likewise, oculomotor 

cues, convergence and accommodation, would also specify that the disconnected rod sections are 

at the same distance. Given these caveats, common, translational motion supports the perception 

that a partially occluded object is continuous by 4 months of age.  

Interestingly, Kellman and Spelke (1983) showed that, when both rod and occluder were 

stationary, infants failed to perceive the rod as a single entity connecting behind the occluder, but 

instead perceived the rods as extending slightly behind the occluding surface. Perception of 

ground continuation behind a nearer surface is integral to figure-ground segmentation; however, 

it is not clear whether this perception necessarily leads to connection. Our displays were static; 

thus, infants might not have perceived the surrounding pattern as connecting behind the 

occluding object but, given Kellman and Spelke’s results, would be expected to perceive the 

pattern as continuing behind in some unspecified manner. 

 

1.8 Oculomotor Cues  

 When the eyes simultaneously fixate on an object, the ocular muscles provide feedback to 

the brain about the object’s location in space. Oculomotor cues include vergence and 

accommodation. Vergence and accommodation synchronize to maintain focus on a fixation point 

and to fuse binocular input.  
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1.8.1 Oculomotor Cues Favoring Integration  

Vergence (Convergence and Divergence). When the two eyes focus on a near object, 

they converge; when they focus on a far object, they diverge. Therefore, an object’s distance is 

specified by the angle between the two eyes, termed “vergence.” Vergence eye movements 

require binocular fixation and involve intention on the part of the viewer, as in motion parallax. 

However, unlike parallax, vergence does not involve motion on the retina. Using the corneal 

reflection technique to measure vergence, Slater & Findlay (1975) assessed whether newborns 

(median age: 6 days) fixated binocularly, a necessary prerequisite for stereopsis. Infants viewed 

vertical arrays of lights placed 5, 10, or 20 inches away while sitting upright on the 

experimenter’s knee (luminance and retinal size of target equated at different distances). Slater 

and Findlay found that the average angle of divergence did not differ for targets located 5 and 10 

inches away, whereas, the angle of divergence was significantly greater for targets located at 20 

inches than for targets located at 10 inches. Slater and Findlay raised the possibility that the lens 

of a newborn’s eye might be unable to accommodate to a target distance of less than 10 inches, 

positing that the distance over which they can focus is fixed. See discussion of Haynes, White, 

and Held (1965) below for evidence that the accommodative system does not respond flexibly to 

changes in target distance until the 2nd month. This argument assumes, however, that the 

synchronous relationship between convergence and accommodation is present at birth. Slater and 

Findlay’s findings do, however, demonstrate that an infant’s oculomotor system is capable of 

coordinating accurate binocular fixation for targets located at a distance between 10 and 20 

inches. Therefore, the ability to fixate binocularly is present at birth, but within a limited range.  

In an attempt to more precisely map the developmental trajectory, Aslin (1977) used 

corneal photography to assess binocular eye alignment in 1- to 3-month-olds. Infants were 
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presented with a luminous target that moved towards and away from them at a constant speed. 

Accurate alignment on the visual target is maintained through convergent or divergent eye 

movements. Results demonstrated that 1- to 2-month-old infants exhibit appropriate vergence 

eye movements, only infrequently; their eye movements tend to lag behind the target’s motion. It 

was not until 3 months that consistent convergence occurred without delays. By measuring 

binocular eye alignment with a moving target, Aslin was able to gauge adjustments to alignment 

in real time. On the other hand, Slater and Findlay (1975) measured convergence with only a 

static target, at a specific distance. Aslin’s method introduced optical expansion (looming motion 

which infants are sensitive to by 3 weeks), because target size increased when approaching the 

observer and decreased when moving away from the observer. The presence of optical expansion 

provides supplementary information for the target’s location in space. Thus, by 3 months infants 

are capable of coordinating binocular eye alignment for moving targets, at least when target 

distance is between 12 and 57cm. However, it is not clear from these studies the age at which 

infant vergence eye movements are accurate for distances greater than 57cm.  

Aslin (1977), like Slater and Findlay (1975), confirmed the emergence of vergence eye 

movements early in life, although neither study ascertained when vergence reaches adult levels. 

For the adult visual system, convergence is an effective distance cue at distances less than 2 

meters (200 cm; roughly arm’s length). In our studies, infants sat 117 cm from the projection 

screen, a distance well within the range over which vergence operates in adults. However, given 

the results presented above it is not clear whether convergence is effective in specifying depth in 

5.5-month-olds with a viewing distance of 117 cm. Regardless of whether this cue operates in 

our studies, no difference in convergence angle would occur when the infant fixated the shaded 

central form versus the patterned surround. Therefore, vergence eye movements would support 
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the perception of a flat surface; opposing segmentation of the form and surround instead favoring 

integration of the form and surround.  

Accommodation. The lens of the eye changes shape in order to focus on objects at 

varying distances; this dynamic adjustment is referred to as accommodation. This change is 

accomplished via the contraction or relaxation of the ciliary muscle, which relaxes when focused 

on a far object and contracts when focused on a near object. In adults, accommodation is an 

effective monocular cue between 10 cm and optical infinity.  

Hanes, White, and Held (1965) used dynamic retinoscopy with infants, aged 6 days to 4 

months, to assess acquisition of accommodative capacity/ability. During the study, a spot of light 

was projected through the pupil; this method allowed the researchers to measure shifts in the 

reflected image. Centered on the aperture through which the spot of light was shown, was a red 

target annulus with black marks and dots randomly distributed. As a means to grab the infant’s 

attention, the retinoscope and attached target were moved forwards and backwards between 8 

and 100 cm. Hanes et al. found that the refractive state of the lens did not adjust to various target 

distances for infants younger than 1 month. Flexibility of the lens was observed beginning 

around 2 months, with accommodative response reaching adult levels by 4 months. Based on 

these results, Hanes, et al. concluded that flexible, accommodative capacity begins to emerge 

during the 2nd month of life. Recall, however, that the entire display was moved towards and 

away from the infants; thus, optical expansion of the target stimulus provided complementary 

evidence regarding absolute target distance relative to the viewer.  

Using photorefraction, Braddick, Atkinson, French, and Howland (1979), found evidence 

of accommodative capacity at an earlier age than Hanes et al. (1965). Braddick et al. tested 

infants ranging in age between birth and 1 year while seated on their mother’s or the 
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experimenter’s knee. The photorefractive camera operator served as the target on which infants’ 

accommodative focus was measured at 75 cm; whereas, a rattle served as the target when 

measured at 150 cm. Unlike Hanes et al., Braddick et al. found evidence of accommodative 

focus in infants less than 1 month for targets located at a distance of 75 cm. By 6 months, infants 

correctly accommodated to targets at 150 cm and closer; some infants even showed this capacity 

between 2-3 months. Thus, Braddick et al. demonstrated accommodative capacity in newborns 

for targets located at 75 cm. The infants in our studies were on average 5.5-months-old; thus, 

accommodation was an effective cue for object distance because infants sat 117 cm from the 

screen. However, no differences in accommodative focus occurred when infants focused their 

eyes on the shaded form and the surround. Therefore, accommodation indicates that the two 

regions of the display were located at the same distance from the viewer. 

 

1.9 Binocular Cues  

In binocular vision, a coordinated movement of both eyes occurs, such that by fixating 

the eyes on a single item, the visual system can extract depth information. Binocular depth cues 

include disparity and convergence. 

 

1.9.1 Binocular Cues Favoring Integration 

Disparity/Stereopsis. As a consequence of the distance between the two eyes the image 

projected onto each eye’s retina is slightly different. In turn, the amount of disparity between 

each eye’s view specifies depth in the visual field, where disparity is greater for nearer objects 

than distant objects. It has been shown that, at least within a range of 0 – 30 meters, binocular, 
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more than monocular, vision results in more veridical perception of depth and distance between 

objects for infants (Granrud, Yonas, & Pettersen, 1984).  

Evidence that disparity provides depth information in young infants comes from Bower 

(1971; Bower, Broughton, and Moore, 1970) who reported that 7-day-old infants reach to the 

location of a virtual object and then become fussy when they do not experience tactile feedback. 

This finding is questionable, however, as Gesell, Thompson, and Amatruda (1934) and White et 

al. (1964) had previously demonstrated that reaching behavior is not reliable until 4 months of 

age. Additionally, Gordon and Yonas (1976) pointed out that if infants are unable to fuse the two 

eyes views binocular rivalry and/or diplopia result; furthermore, the conflict between 

accommodation and convergence could explain infants agitated states.  

Another study sought evidence that disparity functions as a depth cue at an early age 

using a habituation paradigm. Appel and Campos (1977) found that 2-month-olds’ heart rates 

dishabituated to stereoscopic displays (depicting a familiar form) after non-stereoscopic displays 

were viewed, but this response did not occur when displays were viewed in reverse order. This 

finding suggests that 2-month-olds can detect changes in disparity; however, it is not clear 

whether these infants actually perceived depth because both monocular and binocular cues were 

present in the displays. Therefore, while 2-month-old infants appeared to detect changes in the 

displays, they might not have perceived depth-related changes.  

Using a visual tracking study, Fox, Aslin, Shea, and Dumais (1980) presented dynamic 

random-element stereograms to 3.5-month-olds. The stereoscopic form, a rectangle, began 

centered on the screen. After infants directed their attention to that location, the rectangle moved 

either left or right. Infants’ successful tracking of the stereoscopic form indicated stereoscopic 

sensitivity. While dynamic stereograms eliminated the contribution of monocular cues and 
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engaged infants’ attention, they also introduced supplementary depth cues: boundary flow, 

common motion, and accretion/deletion of a texture. Therefore, Fox et al. revealed supporting 

evidence of stereopsis by 3.5 months of age, at least when supplemented by depth-from-motion 

cues. 

Using a stereoscopic shadow caster, Gordon and Yonas (1976) observed reaching 

behavior in order to assess stereopsis in 5- to 6-month-olds. Infants viewed a stereoscopically 

projected virtual object at different distances. When the virtual object was projected near, the 

infants reached, patted, grasped, or brought their hands together more often than when the virtual 

object was far (out of reach), indicating that, for 5- to 6-month-olds, disparity is an effective 

depth cue for guiding prehensile actions. However, as a means to attract infants’ attention the 

object was slowly rotated during viewing; thus, dynamic motion of the object contained pictorial 

depth cues, which supported the determination of the virtual object’s relative location in space. 

Additionally, because infants sat on their parents’ laps and were free to lean in all directions, 

clues to the object’s location in space were also specified by motion parallax, convergence, and 

accommodation. Given the evidence described above, emergent sensitivity to binocular disparity 

begins around 3.5 months of age, although it has not been tested in isolation.  

Stereopsis is a static cue: the observer need not be in motion for the visual system to 

coordinate fixation of the eyes on an object. The visual stimuli infants viewed in this paper were 

static; therefore, stereopsis was operational. Regardless of which region an infant fixated on, the 

amount of disparity between the two eyes was identical. Therefore, in this context, disparity 

served as a cue that the shaded form and the surround were located at the same depth and 

distance from the viewer. Consequently, the lack of disparity difference in our displays mitigated 

segmentation. 
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1.10 Summary 

The discussion above reviewed research regarding the developmental timeline for 

sensitivity to various types of depth information, some of which favor a segmented percept of 

our displays; others favor an integrated percept (for a summary, see Table 1).  

 

1.10.1 Summary of Cues Favoring Segmentation 

Figure cues specify which parts of the visual field correspond to bounded objects with a 

definite shape. The perception of a configured form is critical for figure-ground segmentation, as 

figures are shaped. The average age of infants in our studies was 5.5 months; therefore, because 

convexity and enclosure are operational by 5 months, those cues favor segmentation. However, 

given the lack of studies testing small area, it is unknown when this cue is sufficient in predicting 

shaped figures in the visual environment. 

Monocular pictorial depth cues specify depth relations in static, 2D, images; informing 

the viewer which surface is in front. The determination of a surface as lying in front is an 

essential factor in figure-ground segmentation. As can be seen in Table 1, sensitivity to the 

pictorial cues present in our displays emerges between 4 and 7 months. The infants in our studies 

were 5.5 months; therefore, while occlusion might have been operational to specify a 3D scene, 

the T-junctions and shading in the scene were probably not taken as evidence for a 3D scene.  

Grouping principles are rules via which bits and pieces of the visual environment are 

grouped into the organized world we experience. Knowing which parts of the visual environment 

belong together is important for figure-ground segmentation. Investigations demonstrated that, 

sensitivity to grouping principles is evident between 3 and 5 months. For our displays, the 
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principles of good continuation, closure, and similarity favored segmentation; whereas, the 

principles of similarity and proximity favored integration.  

 

1.10.2 Summary of Cues Favoring Integration 

Ordinal motion cues dictate depth relations at an edge; a foundational feature of figure-

ground segmentation. Studies measuring learning via looking unveil sensitivity to ordinal depth-

from-motion cues beginning around 3.5 months; guiding manual response at 5 months. Each 

category of motion works in synchrony to support and amplify the perception of depth at an 

edge. In our displays, motion cues are absent, this absence provides evidence in favor of a 2D 

representation. 

Oculomotor feedback provides information about an object’s distance from the viewer. 

Vergence eye movements are necessarily binocular; specifying the angle formed when the two 

eyes fixate on a single object. This ability is evident in newborns, but speed and coordination are 

immature. However, 3-month-old infants are able to make vergence eye movements consistently; 

facilitating visual tracking in real-time. Accommodative adjustment of the lens facilitates the 

ability to focus on objects located at different distances. Like vergence, accommodation was also 

observed in newborns; reaching adult levels by 4 months. The dynamic action of the oculomotor 

system supports the perception of depth; as the eyes make coordinated movements around the 

visual field they fixate different points, adjusting to maintain focus. Oculomotor cues work in 

concert to support the differential depth between a figure and its background. Infants in our 

studies viewed displays binocularly; as such, vergence specified that the shaded form and 

surround were at the same distance from the viewer. Similarly, the operation of accommodation 

supported the perception of a 2D surface. 
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Stereopsis and vergence are fundamentally intertwined; both rely on two coordinated, 

functioning eyes. The bilateral positioning of the eyes necessarily dictates that the input to each 

eye is shifted slightly; fusion of the two eyes views contributes to the experience of 

dimensionality in the visual field. Evidence of stereopsis was ascertained by the third month with 

visually tracking; dictating reaching behavior by 5 months. A greater amount of disparity is 

present for near figures than distant grounds. Binocular viewing during our study specified an 

equivalent amount of disparity when infants fixed the shaded form and the patterned surround; 

hence this cue also supported the perception of our test display as a flat 2D surface.  

Some of the cues introduced by the use of complex displays favor segmentation while 

others favor integration, and 5.5 month old infants are sensitive to all of the cues I have 

reviewed. Critically, all the cues that were present in our displays occurred both when the 

surround pattern was constant and when it was variable.  

 

1.11 The Experiments 

Our studies investigate whether surround variability enables infants’ perception of figures 

as separate from the background. The question of how infants learn to segment objects from 

their backgrounds is an important one because object learning is critical for interacting with the 

world. In previous studies testing object memory in infants, the regions surrounding the objects 

were uniformly colored (i.e., unpatterned). To provide a test that better simulates the complex 

real world, the studies presented here used patterned surrounds, a strategy that necessarily 

introduced depth cues and grouping principles as factors to consider (See Table 2 for a list of 

cues favoring integration versus segmentation of form and surround). Moreover, the objects used 

in previous studies were either simple, flat geometric shapes that were grouped or segmented 
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temporally (Kirkham et al., 2002; Fiser & Aslin, 2002) or objects that the infants may have seen 

multiple times outside the laboratory (Robinson & Pascalis, 2004; Jones et al., 2011). We were 

interested in observing object learning as it unfolds in real time, under conditions similar to those 

that infants encounter in the real world. Therefore, we used novel gray forms modeled after 

Brady and Kersten’s (2003) digital embryos, although they were simplified to accommodate 

infants’ developing vision.  

Our aim was to determine whether 5.5-month-old infants could establish a representation 

of a static novel form as separate from a stationary surround based on Saffran et al. (1996). To 

provide a better test of segmentation, we used habituation displays consisting of a gray, shaded 

form that appeared centrally on every trial surrounded by a 2D pattern. Based on findings from 

the lexical segmentation literature, we predicted that repeated presentations of the shaded form 

with a constant surround would cause the two regions (form and surround) to be bound, such that 

infants perceived the display as depicting only one thing. We also predicted that presenting the 

shaded form with different surrounds on different trials would cause the two regions to be 

segmented, such that infants perceived the display as depicting two things – an object and 

surround. Our conditions were analogous to those tested in lexical segmentation studies; in our 

displays, the transitional probabilities were 1.0 when the shaded form and surround were paired 

constantly, whereas; they were 0.14 (there were eight potential surrounds; all surrounds viewed 

before any surrounds repeated; hence, there were 7 possible following surrounds) when the 

shaded form was paired with varying surrounds. In this context, the scene segmentation we 

examined was a direct analogue of lexical segmentation. 

To begin, we tested whether statistical segmentation cues identified in language studies 

extend to another type of segmentation—scene segmentation. The results of Experiments 1 and 2 
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confirmed that statistical learning does indeed extend to scene segmentation; as in the language 

studies, segmentation was only observed when the transitional probabilities were low – here, the 

transitional probabilities at the contour separating the shaded form and the surround pattern. Our 

findings extend previous demonstrations of segmentation via statistical learning to static scene 

segmentation. In addition, Experiment 3 allowed for an investigation into the hypothesis that 

visual search behavior is observed when differences exist between learning and test.  

2. Experiment 1 

Experiment 1 investigated whether 5.5-month-old infants perceived a novel scene as 

depicting two things—an object and a patterned surround —when a static form was presented in 

the same location with the same surround on each trial (Figure 8 left). The statistics favored the 

interpretation of the display as depicting one thing – because the spatial transitional probabilities 

between the central form and the patterned surround were high. However, segmentation cues 

were also present. Experiment 1 investigates whether high transitional probabilities favoring 

integration can overcome segmentation cues. If the presence of these supplementary cues is 

sufficient for segmentation when the surround is constant during habituation, then when the 

shaded habituation form was presented alongside the other shaded form surrounded by white at 

test, infants should recognize and look longer at the habituation form. However, if the lack of 

variability signals unification of elements (as in lexical segmentation), then infants should not 

recognize the shaded habituation form without its surround and will look equally at each of the 

shaded forms.  

A labeling phrase accompanied the presentation of the shaded form during habituation 

and post-test trials (Ferry, Hespos, & Waxman, 2010). Ferry et al. found that 3-month-old infants 

demonstrated category learning when exemplars were paired with a labeling phrase, but not 
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when they were paired with a tone sequence. In our displays, the verbal label may increase 

infants’ attention to displays or increase the likelihood of temporal integration of the visual array 

and labeling phrase. The auditory stimulus was always coincident with the onset of the display. 

Gogate and Bahrick (1998) showed that 7-month-olds integrate temporally synchronous auditory 

and visual stimuli, but only when an object’s motion was coincident with a spoken vowel. 

Therefore, in Experiment 1, the synchronous onset of the label with the form and surround might 

have indicated that the label should be mapped to part or all of the visual array. We cannot 

conclude with certainty how the label is mapped under these conditions; perhaps the label maps 

onto the entire habituation scene, rather than just the shaded form. If this were the case, then at 

test, when infants viewed the shaded form with a white surround, they would not be expected to 

show evidence of recognition. This is because the label would not have been mapped onto the 

shaded form per se during habituation, but perhaps was mapped to the combination of the shaded 

form and surround. Alternatively, perhaps the label was mapped to the experience of the 

habituation array; thus, the presence of the phrase at test, led infants to look at what was familiar 

from their prior experience with the habituation arrays (the habituation form). 

A priori preferences for the two novel shaded forms were assessed prior to habituation 

trials. During a single pre-test trial, infants viewed the two shaded forms side-by-side with a 

white surround in silence. The presence of a pre-test allows us to examine changes in preference 

within each individual subject. Furthermore, by exposing infants to the same configuration they 

would encounter at post-test was expected to reduce the novelty of the test displays, thereby 

reducing a general exploratory response at post- test.  

Next, during the habituation phase, one of the shaded forms was presented repeatedly 

with its paired labeling phrase. On all trials, this form was located centrally and surrounded by a 
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constant pattern; thus, the transitional probabilities of the patterned surround with the shaded 

form were 1.0. Based on the lexical segmentation literature, we expected these high likelihoods 

(low variability) to bind the surround and shaded form into a single entity. However, if depth 

cues and grouping principles present in the display were sufficient for object/surround 

segmentation regardless of these probabilities, then infants should segment the scene into object 

and surround.  

 

2.1 Statistical Learning Predictions 

Lexical segmentation studies have demonstrated that statistical learning supports the 

integration of neighboring syllables into a word when those syllables occurred together 

frequently. In our displays, when variability was low, statistical cues supported the perception of 

the shaded form as conjoined with the surround. Because newborns exhibit the ability to track 

statistical relationships (Teinonen, et al., 2009); it was, expected that the 5.5-month-olds who 

participated in our studies would be capable of extracting statistics from static novel scenes.  

 

2.2 Evaluating Statistical Learning 

Segmentation during habituation can be assessed either by directly comparing infants' 

LTs to the habitation form with the other form on post-test trials or by comparing each infant's 

LTs to the habituation form on post-test trials to their LTs on pre-test trials. The latter is more 

sensitive than the former because it uses each individual's LTs to the two shaded forms as their 

baseline.  

During post-test, infants viewed four trials in which the two shaded forms were presented 

side-by-side with a white surround while they heard the labeling phrase. If the central shaded 
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form was segmented and mapped to the label during habituation, then the presence of the label at 

test should cue infants to look for the shaded habituation form. Note that here a familiarity 

preference indicates recognition, which is unlike Jones et al. (2011), where a novelty preference 

indicated recognition. Our design is a cross between a habituation design and a learning 

paradigm. Habituation trials are exploited to teach the pairing of shaded form and label. As a 

consequence, the presence of the phrase during post-test trials is predicted to lead to longer 

looking times (LTs) to the shaded habituation form rather than shorter LTs, but only if infants 

segmented the shaded form. On the other hand, if infants do not segment, then statistical learning 

might instead predict that infants perceived the label as referring to the joint presence of the 

shaded form and patterned surround; therefore, infants would not be expected to show a 

preference for either shaded form at test because the label does not refer to either of them. 

If, as we have hypothesized, the lack of spatiotemporal variability favors integration, and 

the shaded form viewed repeatedly on habituation trials is not recognized independent of its 

surround, then there should be no differential increase in infants’ LTs to their habituation form 

versus the other form. Whereas, if infants can segment the shaded form from the surround 

despite the lack of spatiotemporal variability, then their LTs to the shaded habituation form 

should increase following habituation and their LTs to the other shaded form either would not 

change or might even decrease because attention is directed towards the habituation form. Thus, 

evidence of segmentation would be indexed by an interaction between Experiment Phase (pre- 

and post-test) and Shaded form (habituation and other).  
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2.3 Methods 

2.3.1 Participants 

Sixteen healthy, full term infants (8 males, 8 females) who were 5.6 months old (average 

age of 5 months, 20 days; range: 5.0 – 6.3), recruited from the Tucson area, participated in the 

experiment. None of the infants was born more than 4 weeks prematurely, weighed less than 5 

pounds, 8 ounces, or had experienced birth complications. An additional 21 infants were tested 

but excluded due to failure to habituate (9), fussiness (4), difficulty determining where infant was 

looking (2), significant looking bias to one side during post-test trials (2), and LTs at pre-test 

greater than two standard deviations above group mean (4). High attrition rates are common with 

studies utilizing static displays (Yonas, Arterberry and Granrud, 1987; Kaufmann-Hayoz, 

Kaufmann, and Sticki 1986). Informed consent was obtained and this study was conducted 

according to The University of Arizona IRB protocol for the projection of human subjects.  

Infants were recruited via a computer database. Names in the database were collected 

from birth announcements published in the Arizona Daily Star newspaper; from volunteers 

recruited at events at local businesses, local children’s festivals, an annual local baby fair, and 

parent groups; and through brochures and advertisements posted around the Tucson area. Infants 

were given one of the following for their participation: a toy, an infant UA t-shirt, or $20.  

 

2.3.2 Stimuli 

Visual Stimuli: The gray shaded forms viewed by the infants were modeled after Brady 

and Kersten’s (2003) digital embryos; they were simplified to accommodate infants' developing 

vision. One set of two novel gray, shaded forms was created using Digital Embryo Workshop 

(Brady & Kersten, 2003). Each shaded form was composed of two parts: a central “body” and 
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one part emanating from it (Figure 7). Digital Embryo Workshop grows novel "objects" by 

simulating aspects of embryological development, such that the "objects" mimic organic forms 

without being too similar to existing organisms. The shaded forms were medium gray (RGB: 

185, 185, 185; luminance = 12.26 fL) with shadows cast on some portions (light source from 

above left). The shadows were naturalistic; the gradation of shading was similar to that of 

shadows in the natural environment. The number of pixels within the two shaded forms was 

roughly equated such that the difference in surface area between them was less than 2.5% of the 

total surface area. The luminance of the shaded forms was 7.4 fL near the edge and 9.8 fL at the 

maximum distance from the edge. (Luminance measurements were taken using Tektronix J16 

Digital Photometer on a 21-in Sony CRT monitor with personal computer.) 

 

Figure 7: Simplified novel shaded forms based on digital embryos from Brady & Kersten (2003). 

Form 1 is located on the left and form 2 on the right. 

 

The surrounding patterns were composed of high (RGB = 222, 219, 219; luminance = 

17.7 fL) and low luminance gray (RGB = 102, 100, 100; luminance = 3.43 fL) lines. The gray 

lines were either 1 or 3 cm thick, with an 8 cm gap between lines. The lines were oriented either 

horizontally and vertically, or tilted 45º to the left and right of vertical. The orthogonally oriented 

lines formed a 2D plaid patterned surround. There were four unique patterned surrounds, each 

infant viewed only one surround pattern. Sample surround patterns can be seen in Figures 1 and 

8. The Michelson contrast for the medium gray shaded forms was 0.56 compared to the low 
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luminance gray lines of the surrounding pattern and 0.18 compared to the high luminance gray 

lines of the surrounding pattern. 

 
Figure 8: Experiment Schematic: During the pre-test infants viewed two shaded forms (form 1 & 

2) side-by-side in silence. Then, Infants habituated to either form 1 or 2. Habituation trials were 

accompanied by a labeling phrase “Look at the Modi(Toma). Do you see the Modi(Toma)?” Half 

of the participants heard “Modi” as the label and the remaining half heard “Toma” as the label. 

During four post-test trials, infants viewed the shaded habituation form and the other shaded 

form side-by-side, while hearing the habituation labeling phrase. 

 

Auditory Stimuli: Two labeling phrases (“Look at the Toma(Modi). Do you see the 

Toma(Modi)?”) were spoken by a female in infant-directed speech and were recorded for 

presentation (Labeling phrase identical to that used by Ferry, Hespos, and Waxman, 2010). 

Pairing of the labeling phrases (Modi or Toma) with forms 1 and 2 was balanced across infants. 
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2.3.3 Apparatus 

 Infants sat centered on their parent’s lap in a small, enclosed booth in front of a 

projection screen measuring 32.3⁰ H x 39.4⁰ W (74 cm high by 96 cm wide). The visual stimuli 

were projected onto a white screen via a projector mounted to the ceiling. The auditory stimuli 

were presented through a speaker centered above the projection screen. Infants were videotaped 

via a video camera mounted above the projection screen. An observer outside the testing booth 

monitored the infants looking behavior using a keyboard connected to a personal computer. The 

infants viewed the screen from an approximate distance of 117 cm. At this distance, form 1 

subtended 16.2⁰ H x 13.0⁰ W and form 2 subtended 14.5⁰ H x 13.0⁰ W, the patterned surrounds 

subtended a mean visual angle of 32.3⁰ H x 39.4⁰ W. Visual stimulus presentation was 

controlled by a Mac computer and visual stimulus presentation was controlled by Habit X 1.0 

program. 

 

2.3.4 Procedure 

A familiarity-preference task included a pre-test, a habituation phase and post-test (Figure 

8). All infants viewed the same visual stimuli during pre- and post-tests. What differed was 

which form (1 or 2) they viewed during the habituation phase, and which label was paired with 

that form (“Modi” or “Toma”). Parents were instructed to try not to interact with their infant; 

they wore a visor to block their view of the visual stimuli and wore headphones with music 

playing to prevent them from hearing the labeling phrase. Every trial began with an orienting 

stimulus (black and white bull’s eye) paired with a tone (a single beep that coincided with 

initiation of the orienting stimulus). This orienting stimulus was used before each trial to ensure 

that the infant’s attention was directed at the projection screen before the visual stimulus was 
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presented. A trial was ended when the infant looked away from the projection screen for 2 

consecutive seconds or when 80 seconds had elapsed. An observer outside the testing booth 

monitored the infants looking behavior using a keyboard connected to a personal computer. A 

trained observer, unaware of the identity and location of the habituation form and other form 

coded infants looking behavior online. Later, an independent observer coded six of the 16 

participants. Coding reliability between observers was 0.88. 

 Pre-test. A single pre-test trial was initiated when infants fixated the orienting stimulus. 

Infants were presented with the two shaded forms side-by-side on a solid white background in 

silence to measure any a priori preferences for one of them. The location of the forms on the left 

and right sides of the screen was balanced across infants. LTs were recorded for each of the two 

forms. Infants whose LT to either of the shaded forms was two standard deviations above or 

below the group mean were removed from the analysis. 

 Habituation Phase. Each habituation trial began with the orienting stimulus and infants' 

fixation on the orienting stimulus initiated the trial. On each habituation trial, infants were 

presented with the same form (1 or 2) located centrally with a single 2D plaid patterned 

surround. (Four surrounds were used across infants; individual infants viewed only one). Infants 

heard the labeling phrase as they viewed the visual display (“Look at the Toma(Modi). Do you 

see the Toma(Modi)?”). The pairing of the label "Modi" or "Toma" with each shaded form was 

balanced across infants. The labeling phrase was played once at the onset of the visual stimulus. 

LTs to the visual display were recorded for each trial; LTs at the shaded form and the surround 

could not be distinguished. Trial duration was controlled by each infant’s looking behavior; this 

phase continued until infants reached the habituation criterion or a maximum of 24 trials were 

presented. The habituation criterion was met when the summed LTs for the most recent four 
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trials was half that of the initial four trials. If the habituation criterion was not met, habituation 

was considered unsuccessful and that infant’s data were not included in the analysis. 

 Post-test.  Each trial during the post-test began with the orienting stimulus; the test trial 

was initiated when the infant fixated the orienting stimulus. All infants saw the same two test 

stimuli: forms 1 and 2 side-by-side on a solid white background, paired with the same labeling 

phrase they heard during habituation. Infants viewed four test trials with the shaded forms 

located on alternating sides of the screen in an AB, BA, AB, BA or an BA, AB, BA, AB order. 

The left-right positioning of the two forms on the first trial was balanced across infants. Left-

right positioning at post-test was randomized with respect to the left-right positioning viewed at 

pre-test. LTs to each of the shaded forms were recorded and averaged over the four post-test 

trials.  

 

2.4 Results 

2.4.1 Main Analysis 

Pre-test 

Infant’s a priori preference for the shaded forms were assessed during a single pre-test 

trial. A repeated measures ANOVA conducted on pre-test LTs showed no significant differences 

in LTs to the habituation form (Mean: 1.26 sec, SE: 0.15) versus the other form (Mean: 1.28 sec, 

SE: 0.22), F(1, 15) = 0.003, p > 0.95 Four infants were removed as outliers. 

 

Habituation 

Mean habituation time was 72.30 seconds (SE = 10.43). On average infants viewed 12.56 

trials (SE = 1.23) during habituation, (min = 6, max = 20). (Table 3).  
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 Exp 1 Exp 2 Exp 3 

  
Constant 
Surround 

Variable 
Surround 

Variable 
Surround No 

Pre-test 

Mean Time to 
Habituate (SE) 

72.30s (10.43) 71.22s (9.31) 54.30s (5.68) 

Mean # 
Habituation 

Trials (SE) 
12.56s (1.23) 13.63s (1.36) 12.75s (0.99) 

 

Table 2: Habituation data for Main Analyses of Experiments 1-3. 

Post-test 

Figure 9A graphs infants’ average LTs and Figure 9B graphs average post-test minus pre-

test LT differences. An ANOVA with the factors of Experiment Phase (pre-test and post-test) 

and Shaded form (habituation and other) revealed a marginal main effect of Experiment Phase, 

F(1, 15) = 4.069, p < .07, indicating infants showed a trend to look longer overall during post-

test than during pre-test (Figure 9A). There was no significant main effect of Shaded form, F(1, 

15) = 0.391, p > 0.54, and no significant interaction between Experiment Phase and Shaded 

form, F(1, 15) = 0.568, p > 0.463. Therefore, no evidence of segmentation was observed. 
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Figure 9: A: Average looking time (LT) results. Errors bars are standard error of the mean difference 

(post- minus pre-test). B: Average post-test minus pre-test looking time (LT) differences in Experiment 1. 

Errors bars are standard error of the mean difference (post- minus pre- test).  

  

Infants who looked at 24 trials without being fussy yet did not reach the habituation 

criterion were not included in the main analysis. In order to be sure that excluding those infants 

did not change the pattern of results, a follow-up analysis was conducted that included those 

infants.  
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2.4.2 Analysis Including Infants Who Did Not Reach Habituation Criterion 

Pre-test 

A t-test conducted on pre-test LTs to the habituation form (Mean: 1.60 sec, SE: 0.23) and 

other form (Mean: 1.34 sec, SE: 0.17) showed no significant differences in LTs to the shaded 

forms, t(24) = 0.95, p > 0.35. 

 

Habituation 

Mean habituation time was 83.02 seconds (SE = 8.02). On average infants viewed 16.68 

trials (SE = 1.37) during habituation, (min = 6, max = 24).   

 

Post-test 

 A t-test was conducted to investigate the change in LT to each shaded form at post-test 

compared to pre-test, which revealed no significant differences, t(24) = 1.69, p > 0.11. Post-test 

LTs to the habituation form (Mean: 1.71 sec, SE: 0.16) and other form (Mean: 1.94 sec, SE: 

0.22) revealed no significant differences, t(24) = -1.33, p > 0.20. Thus, the pattern of results did 

not change when infants who did not habituate were included. A final analysis was conducted 

including only those infants who did not habituate.  

 

2.4.3 Analysis of only Infants Who Did Not Reach Habituation Criterion 

Pre-test 

An ANOVA conducted on pre-test LTs to the habituation form (Mean: 2.18 sec, SE: 

0.56) and other form (Mean: 1.46 sec, SE: 0.24) showed no significant differences in LTs 

between the shaded forms t(8) = 1.24, p > 0.25. 
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Habituation 

Mean habituation time was 102.09 seconds (SE = 10.09). On average infants viewed 24 

trials (SE = 0) during habituation, (min = 24, max = 24). 

 

Post-test 

 A t-test conducted to investigate the change in LT to each shaded form at post-test 

compared to pre-test, revealed no significant differences, t(24) = -1.57, p > 0.16. Post-test LTs to 

the habituation form (Mean: 1.99 sec, SE: 0.31) and other form (Mean: 2.23 sec, SE: 0.39) 

revealed no significant differences, t(24) = -0.77, p > 0.46. 

 

2.5 Discussion 

The aim of Experiment 1 was to assess whether repeated presentations of a shaded form 

with a constant surround would cause the two regions to be integrated as in the lexical 

segmentation literature. No differences in LTs to the habituation form and other form were 

observed at post-test. Infants did spend more time looking during post-test than pre-test; 

however, the increase in looking was not restricted to the habituation form, increased looking 

was also observed for the other form. This pattern of results is consistent with a statistical 

learning interpretation; constant pairing of center with surround established high transitional 

probabilities between them. Therefore, the synchronous onset of the shaded form with surround 

resulted in binding of the form and its surround. Our findings are consistent with the results of 

Saffran et al. (1996) and Robinson and Pascalis (2004). Our results, however, go beyond those of 

Robinson & Pascalis because we used a novel shaded form with a patterned surround rather than 
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a common object with a uniformly colored surround. The use of patterned surrounds introduced 

depth cues and grouping principles that might have encouraged segmentation of the central form 

and the surround, but we did not find any evidence of segmentation. Furthermore, because our 

study included a pre-test in which the two forms were shown side by side on a white surround as 

n the post-test, it cannot be argued that, the post-test was sufficiently novel to encourage 

exploratory behavior. Moreover, Robinson and Pascalis were interested in memory development, 

not scene segmentation. Our results strongly suggest that the high transitional probabilities 

linking the central form and its surround were extracted during habituation, thus strengthening a 

unitized percept that prevailed at test despite the presence of monocular pictorial cues, figural 

cues, and grouping cues that favored segmentation. 

Of course, null results such as those obtained in Experiment 1 cannot form the basis for 

strong conclusions. What is needed is an experiment showing that infants can establish separate 

representations of a shaded form and its surround when the surround varies across trials, but the 

central form remains the same. Variability of surrounding syllables matters for word learning: 

Saffran et al. (1996) showed that 8-month-old infants can form a representation of a word as 

separate from the surrounding words when the surround words varied. It also matters for pictures 

of common objects; Jones et al. (2011) showed that 6-month-olds can form a representation of a 

common object as separate from the surround when the color of the surround varied across trials 

during encoding. Experiment 2 will explore whether variability of the surround matters for the 

segmentation of complex scenes. If it does, that will mean that the same segmentation cues that 

operate in lexical segmentation extend to static scene segmentation. Experiment 2 tested whether 

infants established a representation of the shaded form as separate from the surround when the 

surround varied on each trial. If variability supported segmentation of the shaded form from the 
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background, then infants should look longer at that shaded form during post-test trials because it 

can be recognized independent of the surround. Here, as in Experiment 1, the presence of the 

phrase cued infants to look for something familiar that they encountered during the habituation 

phase; accurate recognition was dependent upon segmentation and mapping during habituation. 

As in Experiment 1, evidence of segmentation will also be indexed by the change (from pre- to 

post-test) in looking to the shaded habituation form; pre-test LTs serve as a baseline against 

which post-test LTs can be compared. Segmentation should systematically increase LTs to the 

shaded habituation form only; LTs to the other shaded form would not be expected to change or 

might even decrease because attention will be directed towards the shaded habituation form. 

Thus, a significant interaction between Experiment Phase (pre-test and post-test) and Shaded 

form (habituation and other) would indicate that variability aided segmentation.  

3. Experiment 2 

 During the habituation phase in Experiment 2, the shaded form was viewed with multiple 

patterned surrounds (Figure 8 right). Thus, surround variability mirrored the conditions tested by 

Saffran et al. (1996) and Jones et al. (2011). If surround variability can support the establishment 

of a segmented representation, then infants would be expected to look longer at the shaded 

habituation form than at the other form at post-test in Experiment 2. Furthermore, LTs to the 

shaded habituation form should be greater after learning compared to baseline. 

 

3.1 Methods 

3.1.1 Participants 

Sixteen healthy, full term infants (8 males, 8 females) who were 5.6 months old (average 

age 5 months, 18 days; range: 5.0 – 5.9), recruited from the Tucson area, participated in the 
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experiment. An additional 22 infants were tested but excluded due to failure to habituate (7), 

fussiness (5), computer software error (8), parent interference (1), and experimenter error (1). 

 

3.1.2 Stimuli 

Visual Stimuli: The same shaded forms used in Experiment 1 were used in Experiment 

2. During the habituation phase, infants viewed one shaded form (1 or 2) with a set of eight 2D 

plaid patterned surrounds (including the four surrounds used in Experiment 1). The average 

luminance across the entire set was 44.09 fL, as measured in the habituation booth with an 

ambient light level of 0.25 fL.  

Auditory Stimuli: The same labeling phrases used in Experiment 1 were used in 

Experiment 2. 

 

3.1.3 Apparatus 

 The apparatus was identical to that used in Experiment 1 with the exceptions that the 

experiment was controlled by a PC computer and visual stimulus presentation was controlled by 

DMDX (Forster & Forster, 2003). 

 

3.1.4 Procedure 

The pre- and post-test were identical to those used in Experiment 1. The only difference was that 

during habituation, infants viewed the shaded form (1 or 2) with a set of eight 2D plaid patterned 

surrounds. Presentation order of each surround pattern with the shaded form was randomized; 

each array was viewed once before any repeats occurred. A trained observer, unaware of the 

identity and location of the habituation form and other form coded infants looking behavior 
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online. Later, an independent observer 15 of the 16 participants. Coding reliability between 

observers was 0.94. 

  

3.2 Results 

3.2.1 Main Analysis 

Pre-test  

  An ANOVA conducted on pre-test LTs to the shaded forms showed no significant 

difference, F(1, 15) = 1.032, p > 0.32, indicating infants showed no a priori preference for either 

the habituation form (Mean: 1.46 sec, SE: 0.20) or other form (Mean: 1.81 sec, SE: 0.34). This 

was true both when the forms were coded simply as form 1 versus form 2, and when they were 

coded according to the form presented during habituation versus the other form. No infants were 

removed as outliers. 

 

Habituation 

Mean time to habituate was 71.22 seconds (SE = 9.31). On average infants viewed 13.63 

trials (SE = 1.36) during habituation (min = 6, max = 22). (See Table 2).  

 

Post-test 

Figure 10A graphs infants’ average LT and Figure 10B graphs mean post-test minus pre-

test LT differences. Given our prediction that statistical learning will systematically increase LTs 

to the shaded form presented during habituation, a one-tailed test was conducted comparing LT 

difference scores (Figure 10B). A t-test was conducted on the mean difference between pre- and 

post-test LTs (post- minus pre-test) for the habituation form and other form, which revealed a 
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significant difference, t(15) = 1.75, p = 0.050. Therefore, evidence of segmentation was evident. 

(Average LTs are included in Figure 10A for completeness).  

 

Figure 10: A: Average looking time (LT) results. Errors bars are standard error of the mean difference 

(post- minus pre-test). B: Average post-test minus pre-test looking time (LT) differences in Experiment 1. 

Errors bars are standard error of the mean difference (post- minus pre- test). 

 

Follow-up tests comparing LTs showed infants looked significantly longer at the shaded 

habituation form than the other shaded form at post-test, t(15) = 1.92, p < 0.038 (one tailed; 
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Benjamini and Hochberg correction), but not at pre-test, p > 0.32. A one tailed comparison of 

LTs from pre- to post-test for the shaded habituation form was significant t(15) = -1.85, p < 

0.042 (Benjamini and Hochberg correction), revealing infants looked longer at the shaded 

habituation form at post- compared to pre-test. This indicates that infants’ initial, baseline 

preferences were modulated as a function of which shaded form they viewed during habituation. 

In contrast, a comparison of LTs from pre- to post-test for the other shaded form showed no 

change in LTs, t(15) = 1.09, p > 0.293 (a two-tailed test was used given no directional prediction 

for LTs to the other form).  

 

3.2.2 Analysis Including Infants Who Did Not Reach Habituation Criterion 

Pre-test  

A t-test conducted on pre-test LTs to the habituation forms (Mean: 1.49 sec, SE: 0.18) 

and other form (Mean: 1.72 sec, SE: 0.28) showed no significant differences in LTs between the 

shaded forms, t(21) = -0.76, p > 0.46 

 

Habituation 

Mean habituation time was 83.60 seconds (SE = 10.59). On average infants viewed 16.45 

trials (SE = 1.40) during habituation, (min = 6, max = 24).   

 

Post-test 

 A t-test was used to investigate the change in LT to each shaded form at post-test 

compared to pre-test, which revealed no significant differences, t(21) = 1.10, p > 0.28. Post-test 

LTs to the habituation form (Mean: 1.58 sec, SE: 0.16) and other form (Mean: 1.46 sec, SE: 

0.18) revealed no significant differences, t(21) = 0.74, p > 0.47. Thus, when infants that did not 
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habituate were included in the analysis, evidence of segmentation was eliminated. Therefore, 

those infants were different than infants who successfully habituated.  

 

3.2.3 Analysis of only Infants Who Did Not Reach Habituation Criterion 

Pre-test  

A t-test conducted on pre-test LTs to the habituation forms (Mean: 1.57 sec, SE: 0.42) 

and other form (Mean: 1.50 sec, SE: 0.54) showed no significant differences in LTs between the 

shaded forms, t(5) = 0.11, p > 0.92. 

 

Habituation 

Mean habituation time was 102.09 seconds (SE = 10.09). On average infants viewed 24 

trials (SE = 0) during habituation, (min = 24, max = 24).   

 

Post-test 

 A t-test was used to investigate the change in LT to each shaded form at post-test 

compared to pre-test, which revealed no significant differences, t(5) = -1.03, p > 0.35. Post-test 

LTs to the habituation form (Mean: 1.14 sec, SE: 0.24) and other form (Mean: 1.56 sec, SE: 

0.50) revealed no significant differences, t(5) = -1.12, p > 0.31. Thus, when evaluated alone, 

infants who did not habituate did not show evidence of segmentation during the habituation 

phase. 

 

3.2.4 Comparison of Experiment 1 and Experiment 2  

An ANOVA was conducted comparing average post-test minus pre-test LT differences, the 

within subjects factor Shaded form (habituation and other) and a between subjects factor of 
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Experiment (Experiment 1 and Experiment 2) revealed a marginal interaction between 

Experiment Phase x Shaded form, F (1, 30) = 3.499 p = 0.071 (Figure 11). Indicating that in 

Experiment 2, when the surround varied, infants looked longer at the habitation form than the 

other form at post-test, consistent with the hypothesis that they were successful in setting up a 

representation of the shaded form as separate from the surround. Whereas, in Experiment 1, 

when the surround was constant, infants did not look longer at the habituation form than the 

other form, consistent with the interpretation that they did not establish a representation of the 

shaded form separate from the surround. The main effects of Shaded form was not significant, p 

> 0.31.  

 

Figure 11: Average post-test minus pre-test LT differences in Experiments 1 and 2. Errors bars 

are standard error of the mean difference (post- minus pre- test). 

 

A follow-up ANOVA comparing post-test LTs to the habituation form and other form 

Experiments 1 and 2 revealed a significant interaction between Shaded form (habituation and 
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other) and Experiment (Experiment 1 and Experiment 2), F (1, 30) = 4.155, p = 0.050. Indicating 

that constant and variable surrounds interact with object repetition differentially. The main effect 

of Shaded form was not significant, F (1, 30) = 0.183, p > 0.670. 

There were no differences in mean time to habituate or the number of habituation trials 

between Experiment 1 and Experiment 2, F (1, 30) = 0.006, p > 0.93 and F (1, 30) = 0.335, p > 

0.56, respectively.  

3.3 Discussion 

The aim of Experiment 2 was to test whether surround variability facilitated the 

establishment of a representation of the shaded form segmented from the surround, such that 

infants could recognize it in the context of a new surround. As predicted, at post-test LTs to the 

habituation form were greater than to the other form, suggesting that our 5.5-month-old infants 

segmented the habituation displays into object and surround. Furthermore, increased looking at 

post-test was limited to the habituation form. This pattern of results is consistent with a statistical 

learning interpretation; the infrequent appearance of the habituation form with each surround 

established low transitional probabilities, enabling segmentation, a finding consistent with the 

results reported by Saffran et al. (1996) and Jones et al. (2011). However, Jones et al. were not 

interested in segmentation; they were interested in memory. Given that they used pictures of 

familiar objects, for which infants presumably had pre-established representations, their results 

might simply indicate that memory is context dependent in young infants. (This is the conclusion 

they reached.) By using novel objects, we tested whether a representation of a form separate 

from its background could be established when it was viewed in a variable context rather than a 

constant context. Memory is certainly involved at test, but we show here for the first time that 

variable surrounds enable segmentation whereas constant surrounds do not. Infants in our study 
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learned to recognize the shaded form independent of its surround after viewing that form with 

varying surrounds.  

Experiment 2 provides a substantial contribution toward understanding infants’ 

segmentation abilities. Infants’ perceptual systems are highly attuned to the statistical 

relationships in their environments. In Experiment 2, these cues facilitate the perception of the 

shaded form as separate from the surrounds. Variability and constancy are two sides of the same 

coin; low transitional probabilities at the border of the shaded form and the surround, as in 

Experiment 2, signal segmentation of the shaded form and its surround, whereas, high 

transitional probabilities, as in Experiment 1, signal integration of the shaded form and its 

surround. Low statistical probabilities embody variability; in our displays, this variability 

facilitates the representation of the shaded form as separate from the surround.  

Taken together, Experiments 1 and 2 demonstrated that infants are capable of segmenting 

the repeated shaded form from the surround when the surround varied across habituation trials, 

but not when it remained constant. A parallel can be drawn between the results of Saffran et al. 

(1996) and the results of the experiments reported here: word boundaries are signaled by lower 

transitional probabilities (created because surrounding words varied), object boundaries can also 

be signaled by low transitional probabilities (created because the surrounding patterns varied). In 

our habituation displays, the spatial transitional probability within the shaded form always 

remained high, as they did in the temporal domain for syllables within a word used by Saffran et 

al. (1996). In Experiment 2, transitional probabilities of the variable surround can only be 

extracted across multiple habituation displays. Across displays, the transitional probability was 

low at the junction between the shaded form and the surrounding pattern. Thus, the transitional 

probabilities built up over the temporal stream of habituation trials enabled scene segmentation. 
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Hence, although we are investigating segmentation in the spatial domain, the temporal 

component was important in our experiments as it was in the experiments reported by Saffran et 

al. (1996). The statistics of the environment are necessarily extracted over time, both for speech 

perception and for object perception. 

Transitional probabilities were not the only statistical cues present in our displays; joint 

and conditional probabilities were also present due to the simultaneous presentation of the 

shaded form and surround. On average, infants viewed approximately 12 trials during 

habituation; therefore, the likelihood that the shaded form occurred jointly with each of the eight 

unique surround patterns was low (range = 0.09 to 0.14). Further, the infrequent co-occurrence of 

the shaded form with each unique surround pattern lowed conditional probability, and thus, 

predictability because the presence of the shaded form did not predict a particular surround 

pattern (or vice versa). If these statistical cues work similarly to transitional probabilities, then 

the low joint and conditional probabilities favor segmentation. 

Statistical learning might constitute one type of segmentation that facilitates the 

formation of object knowledge. This knowledge is derived form a viewer’s experience 

segmenting scenes. This particular type of past experience has not been investigated before with 

infants in the context of scene segmentation. When a scene is segmented, object representations 

are formed, those objects in turn become familiar and facilitate segmentation the next time that 

object is encountered. Familiar configuration, which has been studied extensively in adults, is an 

object property that predicts, with high probability, where a figure lies with respect to a border 

(Peterson, Harvey, & Weidenbacher, 1991; Peterson & Gibson, 1994a&b; for reviews, see 

Peterson, 1994; Peterson & Skow-Grant, 2003). Adults bring to bear an extensive amount of 

high-level object knowledge that aids scene segmentation. Infants lack this object knowledge 
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when they are born; early in their lives every object they encounter is novel. Our results indicate 

that segmentation via statistical learning could underlie the formation of object representations. 

This study provides evidence that infants are indeed able to use statistical cues to segment visual 

scenes; the mere repetition of the shaded form with variable surrounds allowed infants to 

segment the shaded form and establish a representation of it independent of the surrounds. In our 

displays, the ability to recognize the shaded form at test depends upon past experience 

segmenting that shaded form during habituation. The segmentation and later recognition 

observed in Experiment 2 demonstrates that statistical learning constitutes a segmentation cue 

that could underlie the emergence of familiar configuration in 5.5-month-old infants. Statistical 

learning is one of many cues that could underlie the establishment of object memories. Thus, the 

segmentation cue identified here depends on past experience with a particular shape combined 

with different surrounds. Hence, statistical learning enables segmentation, which is necessary for 

establishing an object memory. Once the object memory is established it can act independently 

as a segmentation cue. This discussion raises the question of why object memories didn't operate 

in Pascalis and Robinson's (20xx) experiment to segment the familiar objects from the constant 

surrounds. Perhaps the young infants they tested didn't have sufficient past experience with the 

object they used to favor a segmentation interpretation over an integration interpretation. 

Alternatively, another factor may have prevented them from showing evidence of segmentation 

at test. The other factor is the novelty of the post-test trials in the context of and experiment 

lacking pre-test trials.    
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3.3.1 Role of Pre-test Trials 

One question is whether the single brief exposure to the shaded forms on an unpatterned 

surround on the pre-test trials was sufficient to facilitate segmentation during habituation in 

Experiment 2. Did the experience of the shaded forms with a white surround enable infants to 

then segment them when viewed with patterned surrounds? However, if this account were 

correct, then segmentation should have been observed in Experiment 1 when a pre-test was also 

present. 

A related question is whether the presence of the pre-test trials, where infants viewed the 

two shaded forms side-by-side on a white background, reduced the novelty of the post-test trials, 

and therefore reduced infants' tendency to engage in novelty exploration on the post-test trials. 

Perhaps without the pre-test, it would have been impossible to observe the LT differences 

indicating segmentation in Experiment 2 because the novel post-test displays would induce 

global exploration, which might make it impossible to observe a preference to look at the 

habituation display. Note that Robinson and Pascalis (2004) did not use pre-tests, and we have 

already discussed the novelty of their test displays.  

In Experiment 3, we investigate the methodological hypothesis that substantial 

differences between learning and test conditions induce examination of the entire display at test, 

which is capable of swamping learning dependent differences that might otherwise be observed. 

Experiment 3 was the same as Experiment 2, except the pre-test trial was omitted. As in 

Experiment 2, during habituation, a single shaded form appeared centrally surrounded by 

patterns that varied across trials. At post-test, the habituation form appeared alongside the other 

form; both appeared with a uniform white surround. Robinson and Pascalis (2004) presented the 

familiar common object alongside a new common object at test; both appeared with a uniform 
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colored surround. Thus, in our displays, like Robinson and Pascalis’ the configuration of the 

arrays at test differed from those viewed during learning. Under the novelty hypothesis, the novel 

test display surprised infants causing them to investigate the entire visual array. If this 

methodological hypothesis holds, then it is possible that this exploratory behavior swamped all 

indications that infants recognized the common object in Robinson and Pascalis’ study. Because 

Robinson and Pascalis used common objects, prior experience favored a segmented 

representation, but the repeated presentation of the common object with a constant surround 

instead favored integration; thus, familiar configuration conflicted with statistical cues. However, 

it is not known how statistical cues interact with familiar configuration. Whereas, in Experiment 

2, by the time infants advanced to the post-test they had already experienced the side-by-side 

configuration with the undifferentiated white surround during pre-test, thus allowing for the 

detection of segmentation. 

4. Experiment 3 

Addressing this methodological hypothesis is worthwhile; if research studies are to 

accurately assess infants’ abilities, then stimulus factors must be considered. In Experiment 3, a 

shaded form was presented with variable surrounds during habituation; however, the single pre-

test trial was omitted. Thus, by omitting the pre-test our design mimicked the conditions tested 

by Robinson and Pascalis (2004), where the divergence between learning stimuli and test arrays 

might have created an unexpected mismatch that led to increased visual exploration of the test 

array. If stimulus discrepancies surprise infants, and thus impede the measurement of learning 

(even if not the learning itself), then in Experiment 3, infants would be expected to spend equal 

amounts of time looking at the shaded forms at post-test. Given that the pre-test was excluded, it 

was not possible to assess how habituation modulated infants’ initial preference. Thus, the only 
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means to assess segmentation will be to compare LTs to the habituation form with the other form 

at post-test.  

 

4.1 Methods 

4.1.1 Participants 

Sixteen healthy, full term infants (8 males, 8 females) who were 5.5 months old (average 

age of 5 months, 15 days; range: 4.8 – 6.4, recruited from the Tucson area, participated in the 

experiment. An additional 12 infants were tested but excluded due to fussiness (1), looking bias 

to one side of the screen at post-test (5) and difficulty determining where the infant was looking 

(6).  

 

4.1.2 Stimuli 

Visual Stimuli: The same shaded forms used in Experiments 1 and 2 were used in 

Experiment 3.  

Auditory Stimuli: The same labeling phrases used in Experiments 1 and 2 were used in 

Experiment 3. 

 

4.1.3 Apparatus 

The apparatus was identical to that used in Experiment 1. 

 

4.1.4 Procedure 

 Habituation and post-test phases were identical to Experiment 2. The only difference was 

the omission of the pre-test. A trained observer, unaware of the identity and location of the 
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habituation form and other form coded infants looking behavior online. Later, an independent 

observer coded all 16 participants. Reliability between observers was 0.94. 

 

4.2 Results 

4.2.1 Habituation 

 Mean time to habituation was 54.30 seconds (SE = 5.68). On average infants viewed 

12.75 trials (SE = 0.99) during habituation (min = 8, max = 21). (See Table 3). While these LTs 

are numerically lower than those in Experiments 1 and 2, there were no significant differences in 

mean time to habituate, F(2, 45) = 1.342, p > 0.27, or number of habituation trials, F(2, 45) = 

0.222, p > 0.80, across the three experiments. 

 

4.2.2 Post-test 

Figure 12A graphs infants’ average LT results to each form at post-test and Figure 12B 

graphs average habituation minus other form LT differences. An ANOVA conducted on average 

LTs at post-test, with the factor of Shaded form (habituation and other), revealed a non-

significant main effect, F(1, 15) = 0.001, p > 0.969: Infants spent equal amounts of time viewing 

the habituation form (Mean: 1.81 sec, SE: 0.39) and the other form (Mean: 1.82 sec, SE: 0.37) at 

post-test (Figure 12A). 

An ANOVA was conducted comparing average habituation minus other form LT differences 

at post-test in Experiments 2 and 3 revealed no significant differences between experiments, F(1, 

30) = 1.381, p > 0.24.  
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Figure 12: A: Average looking time (LT) results. Errors bars are standard error of the mean difference 

(post- minus pre-test). B: Average habituation minus other form LT differences in Experiment 3. Errors 

bars are standard error of the mean difference (post- minus pre- test). 

 

 

 



91 
 

4.2.3 Comparison of Time to Habituate 

 The time to habituate in Experiment 3 variable surround without a pretest did not differ 

statistically from that in either Experiment 1 constant surround condition, t(15), p > 0.14, or 

Experiment 2 variable surround condition, t(15), p > 0.13. 

 

4.3 Discussion 

The aim of Experiment 3 was to assess whether infants exhibited exploratory behavior 

when test and learning configurations were substantially different. When there was not a pre-test 

trial to familiarize infants with the test trial format, this exploratory behavior prevented the 

observation of segmentation. Indeed, consistent with this hypothesis, infants did not look longer 

at the habituation form than at the other form at post-test, even though they had seen the 

habituation form with varying surrounds on habituation trials. Thus, in Experiment 3, unlike 

Experiment 2, there was no evidence that infants recognized the habituation form. The fact that 

infants did not look differentially at the habituation form versus the other form supports the 

hypothesis that the nature of the test displays is very important. Test displays that differ too 

much from the displays infants have seen previously can initiate visual exploration that swamps 

the differential looking times due to segmentation. This lack of evidence for recognition suggests 

the interesting possibility that Robinson and Pascalis’ (2004) null findings were a consequence 

of methodological differences that evoked exploratory behavior at post test. This finding is 

significant: null effects existing in the literature may not provide an accurate reflection of 

infants’ ability to learn, but rather may reflect stimulus configuration differences during learning 

and test might impede the measurement of learning. This postulation has far reaching 

implications; some publications claiming a failure to learn could be attributed to novelty of the 
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test displays. Authors may have erroneously attributed null effects to an inability/failure to learn; 

however, the lack of evidence could simply be attributed to exploratory behavior inducted by the 

novel test configuration interfering with the measurement of learning.  

 

5. General Discussion 

The experiments presented here attempted to identify whether statistical learning  can 

support spatial segmentation in static visual scenes as it supports temporal segmentation in 

sequential streams of speech (Saffran et al., 1996) and visual objects (Kirkham, et al., 2002). 

Specifically, we investigated whether infants could establish a representation of a static novel 

form as separate from a stationary pattern surrounding it. Experiment 1 demonstrated that when 

surround was constant, infants did not segment the form and the surround. Whereas, Experiment 

2 demonstrated that when the surrounding pattern was variable, infants segmented the form from 

the surround. Taken together, Experiments 1 and 2 revealed that infants did establish a 

representation of the static novel form as separate from the stationary surround, but only when 

the surrounding pattern varied. Moreover, the ability to segment via surround variability 

prevailed over conflicting binocular and oculomotor cues, and grouping principles. This research 

is the first to demonstrate that surround variability contributes to the segmentation of static 

scenes. Furthermore, it is the first to show that a static novel form is not segmented when the 

surrounding pattern remains constant, even when other cues for segmentation are present 

(although other cues conflicting with the segmentation cues were present as well). Lastly, in 

Experiment 3 we explored a related methodological question, whether including a pre-test with 

arrays identical to those that will be seen at test allowed us to observe the effects seen in 

Experiment 2 by reducing infants’ tendency to explore the test array rather than to look at the 
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familiar object. In what follows, I will present a thorough discussion of Experiments 1 and 2, 

discuss their relation to the previous literature, and explore their implications. A discussion of 

Experiment 3 will follow. 

In the present experiments a familiarity preference procedure was used to assess 

statistical learning; habituation trials established the statistical relationships among elements in 

static novel scenes. The statistical probabilities in Experiments 1 and 2 had an inverse 

relationship; in Experiment 1, the shaded form and surround always occurred together. Whereas, 

in Experiment 2, the shaded form and surround patterns were occurred together on less than 14% 

of trials. When transitional probabilities were high infants perceived the scene as depicting one 

thing, but when transitional probabilities were low infants perceived two things – an object and 

surround. Therefore, our results are consistent with the lexical segmentation studies. We show 

the same cues that signal segmentation in word learning also signal segmentation in object 

learning. Importantly, however, our findings go beyond previous studies by showing that infants 

simultaneously track statistics over space and time. We extend Fiser and Aslin’s (2002) evidence 

of visual statistical learning obtained using flat, geometric shapes with uniform black surrounds 

to novel organic form with complex, patterned surround(s). Moreover, Fiser and Aslin did not 

investigate segmentation at a border; they investigated associations between separated objects. 

Our results show that visual statistical learning is a mechanism for the segmentation of static 

visual scenes. Before now, static scene segmentation has been attributed to depth cues and 

variety of figural cues (e.g., convexity, symmetry, small area, closure, lower region, base width, 

and familiar configuration). Here we show that statistical regularities extracted across static 

scenes also constitute a segmentation cue. 
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Experiments 1 and 2 add substantially to our understanding of object perception in young 

infants. We have revealed that the statistical nature of the visual environment plays a vital role in 

scene segmentation. Our studies suggest that while infants spend time passively observing their 

environment, the visual system extracts statistical relationships present in the visual field; the 

knowledge gained can aid scene segmentation. Therefore, statistical learning allows infants to 

perceive a novel form as separate when it is experienced in multiple contexts. Statistical learning 

is not the sole segmentation cue; even under controlled conditions it is difficult to eliminate all 

sources of information that specify depth relations. Thus, statistical learning most likely works in 

concert with other cues that support a consistent interpretation, whether it be integration or 

segmentation, but that is true of all depth cues, grouping principles, etc. This research 

demonstrates that statistical learning must be added to the repertoire of cues that 5.5 month-old 

infants’ use to segment scenes. 

In Experiment 2, infants demonstrated the ability to recognize the shaded habituation 

form when presented in a new context at test. While recognition at test is evidence of 

segmentation during habituation, the shaded form not need to be perceived as in front of the 

patterned surround in order to be perceived as separate from it. Our experimental design did not 

assess depth perception, but rather segmentation. Therefore, we cannot be certain whether infants 

perceived the patterned surround as a distant background that continued behind the near shaded 

form. By four months, infants perceive an occluded object as connecting behind an occluder 

(Kellman & Spelke, 1983); however, infants perceived the two parts of the occluded object as 

connected only when the occluded object moved. When the occluded object was static, infants 

did not connect the two parts, although they did perceive the object as continuing a short distance 

behind the occluder. As in Kellman and Spelke's displays, continuation of the surround pattern in 
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the displays used here was also supported by good continuation and T-junctions indicating the 

shaded form was in front of the patterned surface; however, it is not clear that either supported 

the connection of the pattern elements behind the static form. Prior assessments of good 

continuation with 3-month-olds involved the integration of contours that bounded overlapping 

familiar forms; those studies cannot speak to the type of good continuation present in the 

patterned surrounds utilized here. Furthermore, infants do not show sensitivity to T-junctions 

until 7 months. Thus, the 5.5-month-old infants in our study might have perceived the surround 

as continuing for a short distance behind the shaded form but not as a background that connected 

behind it. In order to assess whether infants perceived the shaded form and surrounding pattern 

as separated in depth a method that is informative regarding near/far perception is needed. A 

reaching study is the ideal method because infants reach toward the nearer of two objects (Yonas 

& Granrud, 1985). If infants’ perceive the shaded form as nearer and in front of the surround 

pattern in our displays, then they would be expected to reach more often to the shaded 

habituation form than the other shaded form at test. 

While the literature has shown that by 5.5 months infants are sensitive to occlusion, good 

continuation, and similarity (Table 1), in our displays, those cues were not sufficient for 

segmentation when the shaded form was viewed repeatedly with the same surround. Perhaps this 

finding is not unexpected, inasmuch as tests demonstrating sensitivity to occlusion contained 

synchronous, translational motion, whereas our test arrays were static. Likewise, the displays 

used to establish the developmental trajectory of good continuation and similarity used very 

simple displays composed of line drawings, letters or flat geometric shapes presented with 

uniformly color surrounds, whereas, our displays were more complex, containing novel organic 

forms with patterned surrounds. Additionally, these previous studies did not investigate grouping 
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in relation to scene segmentation and object learning, but rather considered the emergent 

organization of elements based on grouping principles. While previous studies suggest that 

grouping cues are operative in simple displays, where test trials were similar to training trials, the 

present experiments show they are not operative here, or if they are operative they are 

overpowered by statistical, binocular, and oculomotor cues in Experiment 1. These results bring 

to the forefront the difficulty of generalizing from simple displays to complex displays. 

Furthermore, the conclusion that 3-month-olds group similar elements has been criticized. As an 

alternative explanation, Peterson (2011) proposed that infants’ perception of rows or columns 

during training reflected content in the low spatial frequency range of input rather than grouping 

by similarity. It is conceivable that the infants did not detect the identity of individual, 

equidistant elements, but instead relied on low spatial frequency to organize into rows or 

columns. Therefore, evidence in the literature might not accurately reflect the age at which 

infants group by similarity.  

 

5.1 Experiment 3 

In Experiments 1 and 2, the two forms were shown side-by-side on a white background in 

a single pre-test display that was used to assess infants' a priori preference for the two forms 

before the familiarization trials. This pre-test array was identical to the post-test arrays used to 

assess learning. In Experiment 3, we investigated infants' ability to express learning at post-test, 

without a pre-test before the familiarization phase. As the learning phase progressed, infants 

adapted to the global configuration of the habituation scenes (central form with patterned 

surround). Then, the post-test arrays appeared depicting the two forms side-by-side surrounded 

by white. Without a pre-test, the configuration shown at post-test was novel after the repeated 
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exposures to the habituation displays. The novel post-test arrays may have surprised the infants 

and triggered exploration of the entire array, which in turn may have prevented us from 

observing evidence of learning. Indeed, when test arrays were rendered novel within the 

experimental setting (by the removal of the pre-test array), infants showed no evidence of 

recognizing the shaded form at test, despite the fact that it had been shown with variable 

surrounds. This finding highlights how critically important it is to consider whether test displays 

are sufficiently novel that an exploration response prevents observation of a familiarity response.  

The extent to which novelty has contaminated others studies is unknown. It is possible, 

however, that novelty of the test arrays contaminated Robinson and Pascalis’ (2004) results. 

Their study was presented as an investigation of object memory rather than segmentation; they 

failed to find evidence of recognition when 6- and 12-month-old infants viewed repeated 

presentations of a common object (toy phone, toy clock, Ugg boot, or roller skate) with a 

constant, uniformly colored surround. This finding was surprising, because by 6 months, and 

certainly by 12 months, infants are likely to have encountered many or all of these common 

objects repeatedly outside the laboratory. Thus, familiarity with the objects garnered outside the 

lab, would have been expected to facilitate segmentation during learning trials. It seems that 

there are two possible interpretations of this null finding. Perhaps, as Robinson and Pascalis 

conclude, learning occurred during their experiment, such that the repeated occurrence of the 

object with a uniform surround was adequate to overcome infants' experience with the objects 

before arriving at the laboratory and other cues such as small area and closure such that 

segmentation did not occur. A second possible interpretation is that, because the configuration of 

the stimuli shown on the post-test trials was very different from that used during the learning 

trials, and Robinson and Pascalis did not use a pre-test showing objects in the same 
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configuration, the novel configuration shown on test trials may have surprised infants, and 

generated a novelty exploration response.  

Given that Robinson and Pascalis (2004) utilized common objects it is difficult to 

disentangle how prior knowledge impacted their findings. We suggest two follow-up studies that 

could help resolve some of these remaining questions. In the first experiment, different test 

arrays would be used with the same global configuration as the displays shown during learning 

trials. This can be done at test by presenting the learned object versus another object sequentially 

in the center of a uniform surround of a different color than used on familiarization trials in an 

ABBA design. If the statistical learning hypothesis is correct then, no evidence of recognition 

would be observed with this design (i.e., Robinson and Pascalis' results would be replicated). 

Whereas, if instead, the novelty of the test displays hindered the detection of recognition at test 

then, this new methods should allow evidence of recognition to emerge. In the second potential 

experiment, a pre-test with a configuration like that Robinson and Pascalis used for the post-test 

would be added. If a novelty response to the post-test displays was contaminating Robinson and 

Pascalis’ results, then the inclusion of pre-test would reduce the novelty of the post-test and 

potentially eliminate exploration at post-test. However, if infants are learning to pair the object 

with a surround of one color, as Robinson and Pascalis' suppose, then inclusion of the pre-test 

should not matter for recognition (as it did not in Experiment 1 in this dissertation). Our findings 

have uncovered how imperative it is for scientists to consider whether null results in a 

preferential viewing post-test might be due to differences between learning and test displays. 

This is an important point because in the infant literature, the absence of preferential looking at 

test has been taken to indicate that infants have not yet developed a certain capacity. 
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Is another interpretation of the importance of the pre-test displays in our experiment 

possible? Could the single exposure to the novel form on the pre-test trial prior to habituation 

enable the formation of a weak memory trace that was reactivated when that form appeared 

during habituation? Perhaps when the surround varied, the memory of the form was reactivated 

repeatedly (independent of the surround), but when the surround was constant, the memory of 

the form was gradually overridden by a new memory—form plus surround. Under this 

hypothesis, the initial memory trace established during the pre-test was sufficient to bootstrap 

segmentation on the first habituation trial. When the surround changed across trials this memory 

was incrementally replaced by a memory of the form as a single entity, independent of the 

surround. The research by Robinson and Pascalis (2004) and Jones et al. (2011) can speak to this 

point because they showed infants objects they were likely to be familiar with; therefore, the 

infants’ should have a memory for those objects prior to habituation. (Although, it is hard to be 

certain, we assume they were familiar with the objects used because, for the most part, they were 

common objects.) For the moment, presume the infants were familiar with the objects used in 

those previous studies. If a pre-existing object memory favors segmentation, then memory 

should operate by facilitating recognition both when the surround was constant and when it was 

variable. However, the addition of memory was not sufficient to facilitate segmentation when the 

surround was constant, even though many other segmentation cues to which 5.5 month old 

infants are sensitive were present. Therefore, the evidence for segmentation observed in the 

variable condition is likely due to differences in the surround across trials. 

The results of Experiment 3 were interpreted as evidence that novel test displays may 

encourage exploratory behavior causing infants to overlook the familiar object; rather than as a 

failure to replicate Experiment 2. It will be important to replicate Experiment 2, however, 
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because although, the findings were predicted on a statistical learning account that has been 

applied to many experiments examining segmentation in the speech literature (i.e., Ellis, 2002; 

Kuhl, 2004; Kirkham, et al., 2002; Marcus, Vijayan, Rao, Vishton, 1999; Saffran, et al., 1996; 

etc), and to some examining pairing of objects in the visual literature, they are novel in revealing 

that statistical learning can support segmentation in static visual displays. We note that even in 

Experiment 2, infants might have exhibited some exploratory behavior because the overall 

luminance of the white test surround diverged from the average luminance of the gray-scale 

habituation displays. Furthermore, the Michelson contrast between shaded form and surround 

certainly differed during learning trials when the surround pattern was different shades of gray 

and at test when the surround was uniform white. Therefore, a replication utilizing test arrays 

that better match the learning arrays would provide an assessment of segmentation free of 

contamination from exploration. It is beneficial to include a pre-test trial for reasons other than 

the one new have raised regarding novelty exploration at test when pre-test trials are not used: 

That is, a pre-test trial allows us to evaluate how each individual infant’s looking preferences 

changed as a function of the habituation trials. Thus, both pre- and post-test trials would have to 

be redesigned to match learning arrays. To further match the pre- and post-test displays to the 

learning displays, the shaded forms would be presented sequentially, as described previously. If 

variability of surround enables segmentation, then infants would be expected to look longer at 

the habituation form than the other form at test in this replication experiment.  

 

5.2 Is Language Necessary for Segmentation?  

In our experiments, a labeling phrase was used to draw and maintain infants’ attention on 

the visual display. Is it possible that the labeling phrase itself contributed to segmentation or 
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unitization? Other investigators have used sounds to cue participants to the presence of a single 

object or of objects in a category during learning. For instance, Brady and Kersten (2003) 

investigated whether adults can segment single objects from scenes composed of overlapping, 

highly similar, novel objects, such that at the outset it was impossible to perceive where one 

object began and the next ended. Each scene was different, but across scenes, three different 

novel objects were repeated roughly centered in the display. Thus, their conditions were similar 

to our variable background condition. On each trial, the sound of an animal or a vehicle 

accompanied the display; a particular sound was played each time a particular object was present 

in the scene. Brady and Kersten investigated whether their subjects could use the sound cue 

together with repetition to segment the repeated object in the scene. They were instructed that 

different sounds accompanied different objects; thus, subjects were explicitly looking for unique 

elements that covaried with the sound. Brady and Kersten found that some participants could 

learn to recognize a novel object paired with a sound, at least when instructed to look for it and it 

was shown repeatedly against varying static. Both recognition and segmentation ability were 

assessed; segmentation was tested before and after training. During the segmentation assessment 

participants were asked to view novel scenes and trace what they believed to be the target 

object’s boundaries. Prior to training, subjects tracing was inaccurate; some participants missed 

the target object completely or erroneously included portions of the background. Segmentation 

and recognition performance improved significantly after training, however perfect segmentation 

was not always achieved. Therefore, the results demonstrated that the auditory cue was important 

in allowing participants to distinguish which target object was present in a given scene. 

However, inasmuch as adults participated in an object finding task, it is not clear whether the 

auditory cue simply alerted participants to look for certain features repeated across trials when a 
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particular sound was present. Moreover, participants were not particularly good at segmentation 

even though they achieved perfect recognition. 

The labeling phrase we used was taken from an experiment by Ferry, Hespsos, and 

Waxman (2010), who investigated whether human speech versus nonlinguistic stimuli facilitated 

category formation. They found an advantage for the former over the latter. On each trial, the 

labeling phrase (“Look at the Modi (Toma). Do you see the Modi (Toma)?”) accompanied a 

colored line drawing of a dinosaur (a different dinosaur was presented on each trial). Three-

month-old infants successfully mapped the auditory cue to a category of objects (“Dinosaurs” or 

“fish”), but only when the auditory cue was a labeling phrase it was a sequence of tones. Thus, 

Ferry et al. found that speech impacted conceptual development and object categorization in 3- 

month-olds. It is not clear whether the labeling phrase was simply better at attracting infants' 

attention to the displays or whether the linguistic nature of the cue was necessary for learning 

with attention held constant.  

It has been shown that infants integrate synchronous cross-modal input by 2 months 

(Gogate, 2010). Therefore, in our experiments, we expected infants to integrate visual and 

auditory information because the visual display and spoken label always onset simultaneously. 

However, if language is necessary for segmentation, then perhaps the presence of the label 

facilitated the detection of the novel form by drawing infants’ attention to the fact the something 

was repeating. If this were the case, language only aided segmentation when the surrounding 

pattern varied but not when the pattern was constant. On the other hand, perhaps infants 

indiscriminately map synchronous cross-modal input. If this were the case, then the labeling 

phrase was mapped to the conjunction of shaded form and patterned surround in Experiment 1 

because they always occurred together. However, we cannot be certain what the label was 
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mapped to in Experiment 1, if anything, it might have simply drawn infants’ attention to the 

displays. It is not immediately evident how indiscriminant mapping would apply to Experiment 2 

however, because our results suggested that when the form was segmented the label was mapped 

to that form. Perhaps instead the labeling phrase worked as an additional cue that depending on 

the context of the experiment, was either consistent with an integrated representation or a 

segmented representation. When the shaded form, constant surround, and label occurred together 

with a high likelihood, the repeated occurrence of the label with the visual array favored an 

integrated representation. Whereas, when only the shaded form and label occurred together with 

a high likelihood, the repeated occurrence of the label with only the shaded form favored a 

segmented representation.  

Our current design cannot directly assess the role of language in our studies. Therefore to 

investigate whether the labeling phrase contributed to segmentation when the surround varied, a 

study is currently underway in which no label ever occurs. If the label is necessary for 

segmentation, then no evidence of recognition will be obtained when the label is omitted; 

whereas, if instead the function of the label depends on the context instantiated during learning 

then we should replicate the findings from Experiments 1 and 2.  

 

 

5.3 Depth Segregation as well as Segmentation? 

 

We interpreted recognition of the shaded habituation form in Experiment 2 as evidence 

that infants successfully segmented the novel form when it was viewed repeatedly with variable 

surrounds. Adult viewers perceive the background as continuing behind the central form, but we 

don't know whether infants segregated the form and surround in depth. A reaching study would 

allow us to ascertain whether statistical cues also support the perception that the shaded form 
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was in front of the surround. Infants exhibit the tendency to reach when they perceive parts of the 

visual field as near; thus, if infants perceived the shaded habituation form as in front of the 

surround, then infants would be expected to reach for that form more often than the other shaded 

form. Whereas, if infants only perceived the shaded region as separate from the surround but not 

in front of the surround they would be expected to reach to each form equally. 

 

5.4 Conclusion 

The present experiments demonstrated that by 5.5 months infants can use transitional 

probabilities across a border in a scene to either segment or unitize stationary displays. 

Supplementary segmentation cues were present in our habituation arrays. However, those same 

cues were present with both constant and variable surround displays. Therefore, the only 

difference that existed between our conditions was the constancy or variability of the patterned 

surrounds across trials. Critically, when the surround was constant, the transitional probabilities 

overpowered the segmentation cues; whereas, when the surround was variable, the transitional 

probabilities enabled segmentation. The view that segmentation in young infants is based only on 

motion cues has pervaded the literature. However, we found evidence of segmentation when 

motion was absent. Moreover, segmentation via statistical variability overcame conflicting 

grouping principles, motion parallax, stereopsis, and oculomotor cues, whereas in the absence of 

variability we observed no evidence for segmentation. 
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