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The life-span trajectory of visual 
perception of 3D objects
Erez Freud & Marlene Behrmann

Deriving a 3D structural representation of an object from its 2D input is one of the great challenges 
for the visual system and yet, this type of representation is critical for the successful recognition of 
and interaction with objects. Perhaps reflecting the importance of this computation, infants have 
some sensitivity to 3D structural information, and this sensitivity is, at least, partially preserved in the 
elderly population. To map precisely the life-span trajectory of this key visual computation, in a series 
of experiments, we compared the performance of observers from ages 4 to 86 years on displays of 
objects that either obey or violate possible 3D structure. The major findings indicate that the ability 
to derive fine-grained 3D object representations emerges after a prolonged developmental trajectory 
and is contingent on the explicit processing of depth information even in late childhood. In contrast, 
the sensitivity to object 3D structure remains stable even through late adulthood despite the overall 
reduction in perceptual competence. Together, these results uncover the developmental process of 
an important perceptual skill, revealing that the initial, coarse sensitivity to 3D information is refined, 
automatized and retained over the lifespan.

One of the major challenges confronting the visual system is the need to transform the two-dimensional (2D) ret-
inal information into a precise three-dimensional (3D) representation of the visual input. This 3D representation 
is critical for successful object recognition and visually guided interactions with objects. For example, the identi-
fication of a pair of scissors seen from a particular vantage point depends on the ability of the observer to interpret 
the 3D structure of the scissors. This interpretation supports the recognition of the scissors across a multitude of 
transformations, and permits the planning of the appropriate action. Remarkably, the visual system solves this 
computational challenge many thousands of times in the course of a day, and generates stable and accurate 3D 
representations of the world rapidly and effortlessly1.

Given the importance of 3D visual representations for perception and action, considerable research has been 
devoted to understanding the life-span trajectory of the ability to derive such a representation. Studies have 
shown that infants are sensitive to depth cues (for a recent review see ref. 2), and that this sensitivity might sub-
serve the representation of object 3D structure3, 4. However, most of these studies assess the derivation of a coarse 
3D volume in which case the infant need only derive a limited representation of the object 3D structure. Whether 
and when young children are able to represent a 3D shape, which encompasses the detailed description of the 
object’s planes and axes, and which is then engaged automatically in a task-independent fashion5, 6 as is the case 
in adulthood, remains to be determined. Although this particular question has not been addressed previously, 
empirical evidence that tracks the emergence of mature, complex visual perception reveals that visual computa-
tions are immature and evince a slow developmental trajectory: for example, both the ability to integrate contours 
over spatial distance and the ability to abstract viewpoint-invariant representations of objects are immature in 
young children, reaching maturity at approximately 14 years of age7–9. Whether this same age-related pattern 
holds for 3D visual derivation remains to be determined.

At the other end of the age continuum (for a recent review see, ref. 10), the consensus is that, while some 
aspects of 3D perception, mainly related to motion, are impaired in late adulthood, other aspects are pre-
served11–13. For example, Norman and colleagues found that older and young adults performed equally well 
when judging whether two depicted 3D objects, presented in different angular offsets, were instances of the same 
object12. Examining the ability to derive coherent 3D structure across the life span will therefore shed further light 
on the primacy of key visual computations.

Here, we examine age-related changes in the ability to derive 3D structural representations by presenting 
visual images of objects that obey (possible) or violate (impossible) 3D geometry to participants aged from 4 to 
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86 years (Fig. 1a). The two classes of objects require precise computation of the edges and angles5, 14 and share 
a high-degree of visual similarity. In contrast with possible objects, impossible objects contain inconsistencies 
between global and local structure: while the local cues are valid, the resulting 3D global structure is incoherent 
and does not respect the legality of the structure of real-world objects. Better performance on displays of possible 
over impossible objects reveals sensitivity to the laws that govern 3D representations. Furthermore, the perceptual 
advantage of possible over impossible objects even when participants are not explicitly required to derive this 
structural information, indicates that the 3D information is automatically and obligatorily derived5.

Evidence of sensitivity to object possibility by infants15 has been uncovered but because, only a single exemplar 
(a possible versus an impossible cube) was used in this study, the infants’ preferential looking may have reflected 
sensitivity to 2D novel line junctions embedded in the impossible (but not possible) cube rather than the differ-
ential perception of the two displays16. Indeed, a similar study reported limited sensitivity to object possibility 
in late childhood (6–11 years old), indicating that shape integration is immature in children17. Note, however, 
that this latter study required participants to classify the possibility/impossibility of the displayed objects, and 
such a judgment may engage immature non-perceptual processes rather than reflecting perceptual skills per se. 
Definitive conclusions about 3D perception in later adulthood have also not been reached, although possible/

Figure 1. Stimuli and experimental design (a) Examples of possible (left panel) and matched impossible objects 
(right panel). Note that there are minimal physical differences between the two object types, but the perceptual 
experience in viewing these two object sets is substantially different. (b) Experiment 1: Same-different 
discrimination of matched objects: Participants performed same/different discriminations on sequentially 
presented objects, which were physically highly similar even in the ‘different’ trials. (c) Experiment 2:  
Comparison of depth information: Participants judged which dot is closer in depth - the red or the green 
dot. (d) Experiment 3: Same-different discrimination of non-matched objects: Participants performed same/
different classifications on sequentially presented objects, which were physically different.
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impossible stimuli have been used previously to reveal impairments in long-term memory encoding of structural 
information18.

In the present study, we compared the performance of five groups of participants on three different experi-
ments, all involving images of possible and impossible objects. These stimuli and procedures have successfully 
uncovered adult observers’ sensitivity to structural information previously19. In all of the experiments, a large 
number of displays were used and perceptual demands were varied. Also, to circumvent the need for overt clas-
sification of the objects’ status (possible versus impossible), object status is always orthogonal to the demands of 
the task.

Results
Experiment 1- Same-different discriminations-matched objects. In Experiment 1, participants 
decided whether two possible and/or impossible objects displayed sequentially on a computer screen were the 

Figure 2. Results. (a) Experiment 1: Children and older adults performed poorly overall relative to young 
adults. While younger and older adults exhibited sensitivity to structural information with better performance 
for trials in which the first object was a possible object, children did not show this effect. Trial type (same/
different) did not interact with first object type and, therefore, the graph is collapsed across this factor. 
(b) Experiment 2: Children and older adults, performed poorly relative to young adults. In contrast with 
Experiment 1, all groups were sensitive to structural information with better performance for possible than 
impossible objects. (c) Children and older adults performed poorly overall relative to young adults. All groups 
exhibited similar performance for possible and impossible objects. Note that the analyses were conducted on 
transformed data (see Methods for details) but that, for the sake of clarity, data are presented in raw units. Error 
bars represent the standard error of the mean for each condition and asterisks indicate significant difference 
between the two object categories.
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same or different (see Fig. 1b and Methods for details). Half the trials were of the same objects and the remaining 
half contained objects that differed by a small local feature, requiring precise representation of the objects for cor-
rect performance. Previous findings have shown that if the first object is possible, performance is better than if the 
first object is impossible (a coherent representation could not be generated) even when the task does not require 
the observer to label the object status overtly14, 19, 20. The failure to show this signature first object advantage would 
indicate perceptual immaturity in children and decrement of this ability in later adulthood.

A repeated measures ANOVA with group (children, young adults and older adults; between subjects), object 
type (possible/impossible) and trial type (same/different) as independent variables, and inverse efficiency scores21 
(IE; mean RT/proportion of correct trials) as the dependent measure (taking both accuracy and speed into 
account), revealed that children and older adults performed significantly more poorly than young adults [main 
effect of group: F(2,50) = 29.04, ηp

2 = 0.53, p < 0.05, planned comparison: F(2,50) = 57.4, p < 0.05; Fig. 2a]. More 
importantly, the ANOVA revealed a significant two-way interaction between group and object type [F(2,50) = 3.13, 
ηp

2 = 0.11, p = 0.05]. As in previous studies14, 19, young adults evinced sensitivity to 3D structural information, 
with better performance for the trials primed by possible than impossible objects [F(1,50) = 4.17, p < 0.05, mean 
IE difference = 64]. While older adults do show such a pattern, indicating sensitivity to structural information 
[F(1,50) = 16.59, p < 0.05, mean IE difference = 355], this pattern was not present for the children [F(1,50) < 1, 
mean IE difference = 26] (Fig. 2a). An additional main effect was found for trial type [F(1,50) = 29, ηp

2 = 0.36, 
p < 0.05], with better performance for the “same” than “different” trials, but more importantly, no interactions 
of trial type with object type nor with group were found [Fs < 1]. Analysis of the accuracy score (d′) revealed 
only a main effect of group [F(1,50) = 13.1, ηp

2 = 0.33, p < 0.05] with no interaction between group and object type 
[F(1,50) = 1.2, ηp

2 = 0.04, p > 0.25]. Notably, when RT was used as the main dependent variable, a similar pattern 
to the IE scores analysis was found [Interaction effect: F(1,50) = 2.45, ηp

2 = 0.09, p = 0.09] with both old adults 
[F(1,50) = 9.18, p < 0.05] and young adults [F(1,50) = 8.37, p < 0.05] exhibiting faster RTs for possible objects com-
pared with impossible objects. No difference between object type was observed for the children’s group [F(1,50) < 1] 
(see Table 1).

These findings offer novel evidence for the immaturity of 3D structural representations even in later child-
hood, under conditions in which stimuli are similar to each other and precise perceptual encoding is required. 
This slow maturation is supported by recent findings that viewpoint invariant object representation, which also 
relies on a fine-grained description of 3D information, was both neurally and behaviorally immature in child-
hood9. Older adults, although performing more poorly overall than the younger adults, retained sensitivity to 
the legality of structural information, even when it was irrelevant to the task. The preserved sensitivity of older 
adults to this type of information is consistent with previous studies11, 12, and indicates that the processing of 
object 3D structure (based on monocular, stationary depth cues) in older adults is largely preserved and deployed 
automatically.

Importantly, the lack of sensitivity to 3D information in the children could not be attributed to a floor effect, 
because their average accuracy scores were substantially above chance (mean d′: 2.42 for possible and 2.31 for 
impossible objects), and the older adults, who were sensitive to structural information, had even lower accuracy 
scores (mean d′:2.11 for possible and 1.82 for impossible objects, see Table 1).

Experiment 2 – Depth comparisons. The lack of sensitivity of children to structural information might 
be accounted for by two explanations: the first is that children simply are unable to derive a fine-grained rep-
resentation of structural information. Alternatively, children may have the capability to derive 3D structural 
representations, but these representations are not engaged automatically, as is the case in adulthood. To adjudicate 
between these alternatives, Experiment 2 utilized a task that specifically instructed the participants to process the 
3D information of the image (see Fig. 1c) by judging which of two colored dots in the display was located closer 
in depth22. Better performance for structurally coherent objects relative to the impossible objects is indicative of 
underlying sensitivity of the visual system to 3D structural information. If children can derive 3D representations 
but differ from adults in the automaticity of this process, in contrast to Experiment 1, we predict that children 
would be sensitive to structural information in Experiment 2. Note again that in all experiments, whether an 
object is possible or not is orthogonal to the task at hand.

Group

Same-different 
(matched) Depth task

Same-different (non-
matched)

Possible Impossible Possible Impossible Possible Impossible

Children
d′ 2.42 (0.18) 2.31 (0.2) 3.53 (0.18) 3.22 (0.16) 3.64 (0.1) 3.76 (0.12)

RT 1757 (136) 1743 (115) 1855 (113) 2054 (118) 1336 (109) 1364 (128)

Young adults
d′ 3.27 (0.18) 3.26 (0.18) 4.1 (0.12) 3.7 (0.14) 3.94 (0.1) 4.03 (0.09)

RT 923 (55) 986 (60) 1117 (55) 1263 (96) 694 (42) 711 (42)

Old adults
d′ 2.11 (0.19) 1.82 (0.19) 3.53 (0.22) 3.24 (0.19) 4.22 (0.1) 4.17 (0.11)

RT 1698 (110) 1861 (144) 2421 (208) 2527 (215) 1144 (58) 1146 (56)

Children 
(instructed 
depth 
processing)

d′ 2.56 (0.16) 2.18 (0.18) 3.23 (0.26) 3.1 (0.25) 3.16 (0.19) 3.34 (0.14)

RT 1663 (108) 1712 (106) 1757 (91) 1888 (122) 1420 (79) 1390 (63)

Table 1. Average (and standard error) Sensitivity (d′) and RT (ms) as function of Experiment and group.
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As plotted in Fig. 2b, a main effect of object type was found [F(1,50) = 34.25, ηp
2 = 0.4, p < 0.05], and there 

was no interaction with group [F(2,50) < 1, ηp
2 = 0.03]. Sensitivity to structural information, with better dot depth 

classification located on possible than on impossible objects, was equally evident in the young [F(1,50) = 15.8, 
p < 0.05, mean IE difference = 201] and older adults [F(1,50) = 5.03, p < 0.05, mean IE difference = 222], as well as 
in children [F(1,50) = 15.5, p < 0.05, mean IE difference = 291]. As in Experiment 1, this sensitivity to the struc-
ture of the object was observed despite the relatively poorer overall performance in children and in older adults 
(see y-axis) [F(2,50) = 28.13, ηp

2 = 0.52, p < 0.05; planned comparison: F(2,50) = 57.4]. The sensitivity to object type 
across all groups was also found when accuracy [F(1,50) = 17.7, ηp

2 = 0.26, p < 0.05, Table 1] and RT [F(1,50) = 25.29, 
ηp

2 = 0.33, p < 0.05, Table 1] were tested separately, with no interaction between group and sensitivity to object 
type [Fs < 1].

Next, to compare between the two experiments directly, an additional ANOVA with IE scores as the depend-
ent variable, experiment, object type and group as independent variable was conducted. This analysis revealed a 
three-way interaction that confirms the differential pattern of results obtained in Experiment 1 (i.e. insensitivity 
of children relative to the other groups) in comparison with Experiment 2 (i.e. sensitivity of children, similar to 
the other groups) [F(2,50) = 4.07, ηp

2 = 0.14, p < 0.05].

Experiment 3- Same-different discrimination-non-matched objects. The results presented so far 
have shown that sensitivity to object 3D structure is preserved in older adults, but is immature in young children 
and relies on explicit depth processing. However, the observed differences between the two experiments could be 
related to the different task demands, and not to the degree to which fine-grained depth processing was needed. 
To rule out this alternative account, the participants performed a same-different task, but unlike Experiment 1, 
stimuli in the ‘different’ trials were obviously different (Fig. 1d). Hence, this task could be performed based on 
coarse differences between objects and did not require fine-grained processing of the 3D properties of the stimuli.

As plotted in Fig. 2c, a main effect for group was found [F(2,50) = 25.15, ηp
2 = 0.5, p < 0.05] and planned 

comparison confirmed that young adults performed better than the children and older adults [F(2,50) = 46.26, 
p < 0.05]. In contrast to Experiment 1 and 2, no effect of object type and no interaction between object type and 
group were found [Fs < 1], and planned comparisons showed that the performance in all groups was similar 
for the two object categories [Fs < 1]. Similar effects were observed in terms of RT and d′, with no effects of 
object type [Fs < 1, Table 1], no interaction between object type and group [d′: F < 1; RT: F(2,50) = 1.13, ηp

2 = 0.04, 
p > 0.3] and a main effect for group [d′: F(2,50) = 23.6, ηp

2 = 0.48, p < 0.05; RT: F(2,50) = 6.4, ηp
2 = 0.2, p < 0.05].

Finally, the sensitivity to object type (i.e., the lower IE scores for possible objects) across the three experi-
ments was compared. Given the differential sensitivity of the children group in Experiment 1, this analysis was 
conducted separately for this group. These analyses revealed an interaction between Experiment and object type 
(adults: F(2,70) = 20.62, ηp

2 = 0.37, p < 0.05, children: F(2,34) = 4.43, ηp
2 = 0.2, p < 0.05), reflecting the lack of sen-

sitivity to object type in Experiment 3, and the sensitivity to object type in Experiment 1 (old and young adults) 
and Experiment 2 (all groups). Note that similar interaction was found when all groups were included in the same 
ANOVA (F(2,100) = 7.84, ηp

2 = 0.13, p < 0.05).
Hence, Experiment 3 suggests that the better performance for possible over impossible objects, observed 

in Experiment 1, are not the product of decision making or response demands, but, rather are related to 3D 
fine-grained representations which were required in Experiment 1 and 2, but not in Experiment 3. Notably, it is 
still plausible that the 3D information was automatically processed even in Experiment 36, but that the lack of 
sensitivity to object type suggests that this processing was coarse and limited. Finally, the equivalent performance 
for the two object types in this last experiment, might be interpreted as a result of a ceiling effect; however, similar 
high sensitivity scores were also observed in Experiment 2 and sensitivity to object type was still evident in this 
experiment. Moreover, a between-groups main effect was found in Experiment 3, further suggesting that the 
performance of at least the older participants and children groups were not at ceiling.

Two main conclusions emerge from the experiments presented above. First, despite the infants’ sensitivity 
to 3D information observed in previous studies2–4, here, children showed reduced sensitivity (i.e., reduced dif-
ferences in response to possible versus impossible objects) to fine-grained 3D structural information compared 
with young and older adults. Intriguingly, even patients with visual agnosia, who have a profound impairment 
in object recognition, still exhibit sensitivity to structural information in the task employed in Experiment 119. 
When required to engage in explicit processing of depth information to solve the task, however, children exhib-
ited preserved sensitivity to object type (Experiment 2). This finding suggests that, despite the immaturity of 
object 3D structure processing in children (aged 7.5–13 years old in that experiment), fine-grained descriptions 
of the 3D structure can be derived when children are explicitly instructed to take depth information into account.

Second, despite a general reduction in perceptual abilities, older adults maintained sensitivity to object 3D 
structural information. These results are compatible with previous investigations11, 12, and extend the findings by 
showing that this preserved sensitivity is obligatorily evoked (even when the task does not require consideration 
of the 3D structure of the object) and can support fine-grained representations of object type. The observed per-
ceptual sensitivity contrasts with the reported impairment in which memory-based representation of structural 
information and contextual knowledge about object type, is compromised in older adults18.

Engagement with depth processing enhanced depth sensitivity in children. If it is indeed the 
case that young children are able to represent 3D structural information but that, in the immature system, left to 
its own devices, this ability is not automatically engaged, then we might expect that children instructed specifi-
cally to use this information might show the advantage for possible over impossible objects in the fine-grained 
same-different task used above (Experiment 1). To explore this, we recruited a new group of children to com-
plete Experiments 1 and 2. To emphasize the processing of object 3D structural information, we (a) specifically 
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instructed the children to use depth information for their judgments and (b) altered the order of the experiments 
so that the depth comparison task (Experiment 2 that explicitly engages 3D representations) is completed before 
the task of same/different object discrimination. We compared the performance of this ‘instructed depth’ group 
with the data from the previous ‘non-instructed’ group of children.

As expected, in Experiment 2 (depth task), a main effect of object type was found [F(1,31) = 18.56, ηp
2 = 0.37, 

p < 0.05], with no interaction with group (non-instructed/instructed) [F(1,31) = 1.19, ηp
2 = 0.03, p > 0.25], and 

planned comparisons validated that children in the instructed depth processing groups were as sensitive to struc-
tural information as the non-instructed group [F(1,31) = 13, p < 0.05, mean difference = 200] (Fig. 3b). The anal-
yses of accuracy and RT data also revealed main effects of object type [d′ - F(1,31) = 6.39, ηp

2 = 0.17, p < 0.05; 
RT - F(1,31) = 14.56, ηp

2 = 0.31, p < 0.05] with no interaction with group [d′ - F(1,31) = 1.11, ηp
2 = 0.03, p > 0.2; 

RT – F(1,31) < 1].
The critical comparison between the instructed and non-instructed children is in Experiment 1 

(same-different task). Repeated measures ANOVA with group, object type and trial type (same/different) revealed 
a main effect of object type [F(1,31) = 7.31, ηp

2 = 0.19, p < 0.05], but this effect was qualified by a two-way interac-
tion between group and object type [F(1,31) = 4.93, ηp

2 = 0.13, p < 0.05]. In contrast with the non-instructed chil-
dren, the children in the instructed depth group revealed sensitivity to object structural information [F(1,31) = 13, 
p < 0.05, mean difference = 265] (Fig. 3a). A main effect for trial type was found [F(1,31) = 29, ηp

2 = 0.49, p < 0.05], 
and there were no interactions with any other factor [Fs < 1]. Thus, by simply manipulating the instruction 
and order of experiments, sensitivity to 3D information became evident in children. The interaction between 
group and object type was not found when d′ and RT served as dependent variables [d′ - F(1,31) = 1.91, ηp

2 = 0.06, 
p = 0.17; RT – F(1,31) < 1]. However, simple comparisons showed that accuracy was greater for possible object 
over impossible objects for the instructed depth group [F(1,31) = 8.53, p < 0.05] and not for the first children group 
[F(1,31) = 1.31, p > 0.25].

To compare between the two experiments, an ANOVA with group, experiment and object type as independent 
variables revealed a significant three-way interaction [F(1,31) = 6.05, ηp

2 = 0.16, p < 0.05], and planned compari-
sons confirmed that this interaction stemmed from differences in the effect of object type on the two children 
groups in Experiment 1 [F(1,31) = 4.92, p < 0.05], but no difference in the effect of object type in Experiment 2 
[F(1,31) = 1.18, p > 0.25]. Moreover, no main effect for group was found [F(1,31) < 1] and this was also true in terms 
of accuracy [F(1,31) < 1]. Finally, a trend of a three-way interaction was also found when d′ served as the dependent 
variable [F(1,31) = 3.35, ηp

2 = 0.1, p = 0.07]. That the sensitivity to fine-grained 3D information is evident when 
depth information is engaged suggests that children are indeed capable of representing 3D information but that 
this ability is not evoked under standard perceptual conditions. Note that the instruction to refer to depth infor-
mation did not facilitate overall perceptual performance, but, rather, selectively increased the sensitivity to struc-
tural information in the children aged 7.5–13 years of age.

Figure 3. Results of the comparison of the two groups of children. (a) Experiment 1: When instructed to 
process depth information explicitly, and when this experiment was completed as the second experiment, 
children in the instructed depth group demonstrated sensitivity to structural information. On the other 
hand, children not instructed to attend to depth were not sensitive to structural information (data repeated 
from Fig. 2). Note that the overall level of performance was similar between the two groups. Trial type 
(same/different) did not interact with object type and, therefore, the graph is collapsed across this factor. (b) 
Experiment 2: The two groups performed equivalently on this task in which depth information is explicitly 
taken into account. Error bars represent the standard error of the mean for each condition and asterisks indicate 
significant difference between the two object categories. The key finding is that the instructed depth children 
who performed Experiment 2 before Experiment 1 now showed the advantage for possible over impossible 
objects in Experiment 1.
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Explicit processing does not support structural information sensitivity in younger children.  
These findings indicate a certain amount of competence in the young children, which does not manifest in their 
performance unless specifically instructed. Of course, this raises the question as to whether this latent compe-
tence is present at even younger ages than those tested thus far. To address this question, in this last experiment, 
we examined whether younger children (aged 4–6.5 years old) are able to interpret fine-grained depth informa-
tion when explicitly directed to take depth into account. We explored this in the context of the red-green dot 
depth comparison task. To ensure that any observed failure is not a function of fatigue or non-compliance, we 
shortened the original experiment (now only 42 trials).

The analysis was focused on accuracy (d′) data, as these young children responded verbally and their RT data were 
therefore not comparable to that of the older children. ANOVA with group (older children-non-instructed group (7.5–
13 years old) and younger children (4–6.5 years old)) as a between-subjects factor and object type as a within-subjects 
factor revealed a significant interaction between object type and group [F(1,35) = 10.63, ηp

2 = 0.23, p < 0.05]. Planned 
comparisons showed significantly better performance for possible over impossible objects in the older children 
[F(1,35) = 11.9, p < 0.05], while no sensitivity was apparent in the younger children [F(1,35) = 1.27, p > 0.25] (Fig. 4a). A 
main effect of group, with better performance for the older than younger children was found [F(1,35) = 19, ηp

2 = 0.35, 
p < 0.01]. Importantly, in this experiment in which the use of depth information is part of the task requirements, young 
children still do not evince sensitivity to 3D possibility even though overall performance was above chance (d′ was well 
above 0 (chance level)), and only two out of 19 children exhibited an overall d′ that was lower than 0.3. Therefore, the 
absence of an advantage for the possible over impossible objects cannot be attributed to the misunderstanding of the 
instructions or the inability to perform the task more generally. Note that we equalized the number of stimuli presented 
to the groups based on two different methods: we extracted the responses of the older children for the first 42 trials, or, 
in the second method, we extracted the responses to the exact same stimuli from the older children’s’ data. The results 
presented here are based on the first 42 trials comparison, but similar results were observed for the same stimuli subset.

Finally, together, these two groups included 37 children of different ages (4–13 years old), and, therefore, we 
were able to explore whether sensitivity to object 3D structure (an advantage for possible over impossible objects) 
might be correlated with the age of the participants. To do so, for each participant, we first calculated a selectivity 
index (d′ possible – d′ impossible) in which positive values indicate that possible objects had better accuracy 
compared to impossible objects while negative values indicate the opposite. Next, we calculated the Pearson cor-
relation of this index with participants’ age in years and months. This analysis revealed a significant correlation 
between these two variables [r = 0.44, t(35) = 2.95 p < 0.01], such that the older a child, the greater the sensitivity to 
structural information (Fig. 4b), reflecting the developmental trajectory of sensitivity to 3D information.

Notably, at very young ages there was an unpredictable trend toward a negative sensitivity to object possibility 
(i.e., better performance for impossible objects; see left bars in Fig. 4a and bottom left of graph in Fig. 4b). One 
possibility is that this negative sensitivity might simply reflect noise in the data in the youngest children. However, 
if it is the case that the youngest children are more sensitive to impossible than to possible objects, it might suggest 
that sensitivity to structural information does not increase with age, but, rather, that, at young ages, a qualitatively 
different processing style is employed. For example, it plausible that young children adopt a more piecemeal 
processing style (which is easier for impossible objects that do not have a global coherent solution). This effect 
was not evident at the group level, perhaps because of the averaging of the participants, and could not explain the 
overall positive correlation between age and sensitivity to object possibility. The trend deserves further explora-
tion to evaluate its reliability and significance.

Figure 4. Results of the comparison of younger and older children. (a) Comparison between younger (4–6.5 
years old) and older, non-instructed children (7.5–13 years old) in the depth classification task. The data 
from the older children are based on a subset of the stimuli (first 42 trials). Greater sensitivity to possible than 
impossible objects was observed only in the older children. (b) Correlation between age and sensitivity to object 
type. Sensitivity to object type increased as function of age.
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Discussion
Overall, the findings from the experiments described here provide novel evidence elucidating the life-span 
trajectory of the perception of 3D structural representations. We revealed that whereas young children (aged 
4–6.5 years), as a group, were unable to compute a fine-grained depth description of an image from a 2D display, 
children aged roughly 7 years and older were able to do so. Intriguingly, however, even in these older children, 
left to their own devices, this structural information was not engaged unless specifically triggered top-down by 
explicit instructions. In sum, the perception of 3D object structure is not adult-like even in late childhood. In con-
trast, and notwithstanding the general decline of perceptual abilities, the sensitivity to 3D structural information 
was preserved in older adulthood.

Importantly, our experimental design enabled us to disentangle any reduction in overall perceptual com-
petence from the sensitivity to structural information. Unsurprisingly, in light of previous studies showing a 
generalized slowing in older adults versus younger adults23 and in children, as well24, younger adults performed 
better in all experiments than did the other groups. This main effect of group, however, was dissociated from the 
differential sensitivity to structural information, as reflected by the advantage for possible over impossible objects 
in older adults but not in the children.

To capture both increased speed but also differences in accuracy across the groups, we primarily used inverse 
efficiency (IE) as the dependent measure and did so for a host of reasons. First, the utilization of IE21 as the main 
dependent variable is consistent with a large body of developmental and cognitive literature (e.g., refs 9, 25–27) 
and is considered to be particularly effective in situations in which different groups exhibit robust differences in 
accuracy (as evident in the present study)28. IE also has the potential to uncover effects that might not be easily 
observable when using just RT or accuracy scores. IE has, however, been criticized in the past and some have 
argued that it is not advisable to utilize IE when there is a speed-accuracy tradeoff29. Preliminary analysis revealed 
that in all experiments, there was a weak-moderate positive correlation between RT and error rate (Experiment 1 
r = 0.54; Experiment 2: r = 0.1 Experiment 3 r = 0.25), providing no evidence for speed-accuracy tradeoff, which 
would be manifested as a negative correlation between RT and error rate.

Nonetheless, in addition to the IE, we also analyzed and presented the RT and accuracy data. For the compar-
isons between children and adults (i.e., Experiment 1), the RT analyses were largely consistent with the IE results. 
In particular, even though the interactions in RT between the group of children and the other groups (young and 
older adults) was only marginally significant, the simple comparisons replicated the results observed for the IE 
scores. The same holds for the comparisons between the children groups (i.e., instructed and non-instructed), in 
that the d′ simple comparisons showed a similar pattern to that observed when IE served as the dependent varia-
ble, even though the d′ interaction was not significant. Together, these additional analyses further suggest that the 
utilization of IE as the main dependent variable enabled us to compare between groups with seemingly different 
biases to reveal the developmental trajectory of the sensitivity to structural information.

Based on our findings, we have argued in favor of a change in perceptual competence over age. Age, however, 
is not necessarily the key factor in and of itself. It remains possible that some other visual, cognitive or develop-
mental factor is the key that unlocks the perceptual skills. Age, here, serves only as a proxy and further research to 
explore the contribution of other possible factors would add greatly to the findings we have presented.

The development of visual functions - from coarse to fine-grained representations. What plau-
sible mechanisms might account both for the findings of early sensitivity to depth information observed in infant 
studies and the reduced sensitivity in young children reported here? One possible reconciliation of these seem-
ingly contradictory findings is that the maturational sequence of the visual system depends on experience, and 
that more critical functions mature earlier8. Hence, early coarse sensitivity, which is crucial for perception and 
action, develops early, while more refined sensitivity emerges later in-life.

A similar coarse-to-fine profile is noted in age-related changes in other visual functions, such as contour 
integration8 and derivation of viewpoint-invariant9 representations of objects as mentioned in the introduction. 
Another domain in which a similar maturational trajectory is reported is that of face processing. Whereas new-
borns exhibit a looking preference for face-like over non-face like patterns30, 31, this bias may be based on coarse 
information such as spatial frequency or upright-heavy features and the representations derived are far from 
adult-like. Indeed, infants’ face sensitivity appears to rely on low-spatial-frequency information that provides 
a coarse description of the face32, and this ability may even be mediated by subcortical neural mechanisms33. 
Consistently, notwithstanding how essential face recognition is in day-to-day interactions, fine-grained face pro-
cessing abilities develop slowly and reach maturity only in late adolescence34 or, as some have argued, even later, 
around 30 years of age35. Taken together, there may be a general principle that governs the emergence of com-
plex visual pattern recognition in which an initial coarse ability suffices and then is followed by a coarse-to-fine 
trajectory that is relatively extended in time. This principle of ‘starting small’36 may cut across many domains of 
development including language and perception and the initial developmental restrictions may be critical for 
subsequent mastery in complex domains.

Conclusions
In sum, by directly examining visual perception across the lifespan from age 4 to age 86, we have provided novel 
evidence for the preservation of 3D structural information representations in late adulthood alongside the slowly 
emerging skills in childhood. The initial perceptual abilities may suffice to bootstrap the system with subsequent 
mature skills emerging in a fine-grained but also automatic fashion. Once in place, these skills persistent even to 
older adulthood. Whether this signature of life-span development holds for other complex perceptual computa-
tions and whether this profile applies in other domains in which mastery of complex domains is required, remains 
to be investigated.
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Methods
Participants. Data were analyzed from eighteen children (ages: 7.5–12.8 years, mean age: 9.68, SD: 1.66, 9 
females), eighteen young (ages: 18.3–21.6 years, mean: 19.7, SD: 0.98, 9 females) and seventeen older adults (ages: 
61–86, mean: 74.5, SD: 8.2, 12 females). An additional fifteen children (ages: 7.5–11.75 years old, mean: 9.32, SD: 
1.19, 5 females) and nineteen young children (ages: 4–6.5 years old, mean: 5.44, SD: 0.75, 10 females) participated 
in the follow-up experiments.

Ten additional participants were excluded. The data from five participants (two young adults, one older adult 
and two older children) were not analyzed because the participants did not follow experimental instructions. Five 
additional participants (two older children and three older adults) were excluded as their accuracy was more than 
2.5 standard deviations below that of their own group mean.

Participants were not tested if they had a history of psychiatric or neurological illness. All of the participants 
possessed normal, or corrected-to-normal visual acuity. Older participants did not report any eye or retinal prob-
lems (e.g., macular degeneration, glaucoma, cataracts, etc.), and travelled independently to the site of the exper-
iment. In all experiments, adults provided informed consent and, prior to participating in the study, children’s 
legal guardians provided written informed consent. All the experimental procedures complied with the protocol 
approved by the Carnegie Mellon University Internal Review Board.

Stimuli. Stimuli were 71 pairs of grayscale line-drawings of possible and impossible objects, all of which have 
been used in previous studies14, 19. For each possible object, an impossible object was derived by altering one or a 
few features, resulting in a modification of the object’s global structure from possible to impossible (Fig. 1). There 
were no obvious differences in image statistics of the possible and impossible classes as demonstrated by compar-
isons showing equivalence in the overall number of pixels [37,323 vs. 37,365 for possible vs. impossible objects, 
respectively] and the number of pixels that defined the object’s edges [3738 vs. 3730 for possible vs. impossible 
objects, respectively]. Finally, the average pixel-wise correlation between matched possible and impossible objects 
was r = 0.96, while the average correlation of the non-matched objects was r = 0.22, further reflecting the high 
visual similarity between the matched objects.

Procedure. General Procedure. Testing took place at the participants’ home (children), at Carnegie Mellon 
University (older adults, younger adults) or at a local community center (older adults). Stimuli were presented 
using the E-prime 2.0 software (Psychology Software Tools, Inc., Pittsburgh, PA, USA) and projected on a 14 inch 
laptop screen (Lenovo, T450s). In all experiments, an example was presented initially to ensure that partici-
pants understood the instructions of the specific task. In addition, practice was given prior to the experimental 
trials and feedback was provided. During the experiment, trials were self-initiated and no feedback was pro-
vided. Participants responded using the computer keyboard: a green sticker was stuck on the letter K (‘same’ 
– Experiment 1 and 3; ‘green is closer’ Experiment 2) and a red sticker stuck on to the letter F (‘different’ - 
Experiment 1 and 3; ‘red is closer’ - Experiment 2).

Experiment 1- Same/different fine-grained classification – matched objects. Experiment 1 was designed to test 
whether fine-grained 3D representation is automatically derived, even when irrelevant to the task at hand. 
Participants made speeded same/different judgments on displays in which two objects were presented sequen-
tially. Half of the displays (40 trials) contained pairs of the same object (possible or impossible) and the remain-
ing half (40 trials) contained different objects. Critically, to enforce fine-detailed processing, the ‘different trials’ 
include a possible object paired with a matched impossible object that differed from the possible object by just a 
few features (i.e. changes in one or two edges of the object) (Fig. 1b).

On each trial, the first object was presented for 1000 ms, followed by a mask (500 ms) that was composed 
of scrambled (400 fragments) objects. The second object was then presented until the participant provided a 
response.

To the extent that 3D structural information is processed in the course of deriving a precise representation 
of the input, better performance is predicted for trials in which a possible object was presented as the first object 
compared to trials in which the first object was impossible and a coherent representation could not be generated 
easily14, 19, 20. In addition to the standard instructions (see above), children in the instructed depth group were 
told that ‘‘the objects you will see are similar to each other but sometimes they may differ because some parts of 
the objects look further away or closer to you. If the objects look different in their depth - how near or far parts 
are - you should press the ‘different’ button but if the parts look the same distance from you, you should press the 
‘same’ button.’’

Experiment 2- Depth comparison of spatial information. The aim of Experiment 2 was to examine whether 3D 
representations could be derived in children and older adults when 3D information was explicitly processed. One 
green and one red dot were superimposed on a single object (possible or impossible) that was displayed on the 
computer screen. Participants were required to judge which of the two dots was located closer in depth by press-
ing the green or red button22 (Fig. 1c). The assignment of the dots was done based on the following logic. First, the 
dots were located on different surfaces to encourage the processing of the object as a whole. Second, the dots were 
located on the same position for the possible and matched impossible objects, to maximize the similarity between 
object categories. Third, the dots were not placed on the junctions the induce object impossibility, to allow an 
objective “correct” decision in the depth task for the two object categories. Finally, the assignment of the dots was 
counterbalanced across stimuli such that, for half of the stimuli, the closer dot was lower in the vertical plane and, 
for the other half, the closer dot was higher in the vertical plane and on half the trials the closer dot was red and 
on the other half, it was green.
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This experiment required the derivation of a precise 3D structural description of the objects. Participant 
agreement about the close/far spatial location of the dots was validated in a prior pilot study, in which 8 partici-
pants (21–43 years old) preformed the task under unconstrained time limitation. High agreement of classification 
(Possible, 98.1%, SE = 0.5%; Impossible 96.8% SE = 1%) was achieved in this pilot experiment, which reflected the 
reliability of the perceptual measure used in the current task. Yet, even in the pilot experiment, an advantage was 
found for possible objects, that were classified faster compared to impossible objects [t(7) = 2.71, p < 0.05]. The 
experiment included 142 stimuli (half possible and half impossible) that were randomly presented. Each stimulus 
was presented for an unlimited duration until the participant responded.

For the youngest group of children, an alternative form of Experiment 2 was designed with only 42 trials. 
Because not all the children in this age were sufficiently trained in using a computer keyboard, the children 
responded verbally (“red”/“green”) and the experimenter pushed the button for them. Hence, the analysis was 
restricted to the d′ data. Finally, to ensure that the children were attending to the stimuli and not responding 
randomly, we included six catch trials in which two blue dots were superimposed on the stimulus, and for these 
trials, the participant was required to respond that there was neither a red nor green dot in the display. All chil-
dren successfully identified the catch trials.

Experiment 3- Same/different fine-grained classification – non-matched objects. Experiment 3 serves as a control 
experiment that was designed to rule out an alternative account according to which the observed differences 
between Experiments 1 and 2 could be related to the different task demands, and not to the degree to which 
fine-grained depth processing was needed. The procedure was similar to Experiment 1, however the “differ-
ent” trials consisted of two objects, that were obviously different from each other. The two objects, in each “dif-
ferent” trial, were assigned as a pair based on a pseudo-randomized selection (similar across all participants). 
Importantly, since “different” trials are so easily discriminable as being different, there is no need to compute 
fine-grained 3D structural representations of the objects.

Data analysis. For each condition, RTs longer or shorter than 2.5 standard deviations from the participant 
mean were excluded from further analysis (3.1% of correct trials, no differences between the three experiments 
or groups), and were not replaced by other values. Sensitivity scores were adjusted for classification designs37:
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where p(c) stands for proportion of correct decision, and z is the inverse of the normal distribution function. 
Note that we also calculated the d’ based on the more common equation (i.e., d′ = z(hit) − z(false alarms)) and the 
results reported along the manuscript were fully. reproduced.

Similar to previous developmental studies9, 25, 38, the main dependent variable was the inverse efficiency scores 
(IE) that were calculated by dividing the Reaction Time (RT) by accuracy scores separately for each condition and 
participant39. The IE allows us to merge RT and accuracy into a single measure to provide a basis for processing 
efficiency21, and to directly compare between groups that usually exhibit effect in terms of RTs (e.g., young adults) 
to groups that tend to exhibit the behavioral effect in term of accuracy (e.g., children). Note that RT and d′ data 
are also reported in the manuscript.

Prior to the main between-group analysis, the data were subjected to the Bartlett test of homogeneity of var-
iance40. Since this test yielded significant results for IE scores and RT data of Experiment 1 (i.e., the groups have 
different variances, p < 0.05), we transformed the data so as to ensure a normal distribution. The IE scores and RT 
data were transformed by taking the log10 of the mean score of each participant and each condition41. Parametric 
analyses (repeated measures ANOVA with group and Experiment as between-subject variables) were then con-
ducted using the transformed dependent measures.

To compare the younger and older children in the depth task, we equalized the number of stimuli. We ana-
lyzed the data from the older children based only on the first 42 trials. Since objects were randomly presented, we 
could not ensure that the number of possible/impossible objects for the first trials subset was equal. However, item 
analysis validated that, on average, similar numbers of possible and impossible objects were presented (Possible: 
21.12, SD: 3.14; Impossible 20.87, SD: 3.14).
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