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Abstract

Four experiments with unfamiliar objects examinee tremarkably late consolidation of
part-relational relative to part-based object redtgn (Juttner, Wakui, Petters, Kaur, &
Davidoff, 2013). Our results indicate a particufgstotracted developmental trajectory
for the processing of metric part relations. Schaboldren aged 7-14 and adults were
tested in 3-AFC tasks to judge the correct appearahupright and inverted newly
learned multi-part objects that had been manipdlatéerms of individual parts or part
relations. Experiment 1 showed that even the yosirtgsted children were close to adult
levels of performance for recognizing categoridarmges of individual parts and relative
part position. By contrast, Experiment 2 demonsttdhat performance for detecting
metric changes of relative part position was dethynreduced in young children
compared to recognizing metric changes of indivighaats, and did not approach the
latter until 11-12 years. A similar developmentialsdciation was observed in
Experiment 3, which contrasted the detection ofrimetlative size changes and metric
part changes. Experiment 4 showed that manipukdmetric size that were perceived
as part (rather than part-relational) changes ehied this dissociation. Implications for
theories of object recognition and similaritieshe development of face perception are

discussed.

Keywords: development, object recognition, face recognitmmfigural, relational, part,

geon, metric, categorical



Introduction

There is increasing evidence that it takes surggigilong for object recognition skills in
children to become fully adult-like. In the pasimgar claims have been made more
frequently for face perception. In that domainastbeen demonstrated that despite
indications of remarkable face recognition skiis/oung infants (Pellicano & Rhodes,
2003; McKone & Boyer, 2006; de Heering, HouthuysR@&ssion, 2007) such skills
continue to improve deep into the second decatitedk.g., Ellis, 1975; Carey &
Diamond, 1977; Carey, Diamond, & Woods, 1980; Moot Le Grand, & Maurer,
2002). Much of the late developing skills for faeeognition have been attributed to the
processing of spatial relations between facialuiest, and there is some evidence that
similarly protracted skills to process relationsaren object parts might also affect the
recognition of non-face objects in children (Davfd® Roberson, 2002; Juttner, Muller,

& Rentschler, 2006; Juttner, Wakui, Petters, K&Davidoff, 2013).

For example, Davidoff and Roberson (2002) examthedecognition of familiar
animals by children aged 6 to 16 years. In eaelh participants were shown three
variations of the same animal, the (correct) oagoepiction and two (incorrect)
distracters. The incorrect alternatives could eitheolve part changes, derived by
replacing one part of an animal with that from &eof or a part-relational change, here
defined by an alteration of the animal’s proporsipie. the relative size of its parts.
Manipulations of parts and part relations werebratied in such a way that adults found

them equally difficult to detect. The results shdvileat it was not until 11 years that



children were at adult levels for the correct reatign of a part change and not until 15—
16 years for the recognition of a part-relatiorfamge. Control experiments
demonstrated that these differences could notthibuged to a reduced ability in young
children to perceptually discriminate part-relabimage changes. Rather they indicate
dissociating trajectories for part-specific andtpatational processing in object
recognition, and motivate an analysis of developgalenechanisms in terms of

theoretical approaches that explicitly involve stasal object representations.

Several recent studies on object processing bgremland infants have been based on
Biederman’s Recognition-by-components (RBC) moB&derman, 1987; 2000). It
proposes that complex objects are encoded as Ispaingements, or configurations, of
basic parts that come from a restricted resenfaiedain elementary shapes, the so-
called geons. Geons are defined by categoricaboomtroperties (like “parallel” vs.
“nonparallel” or “straight” vs. “curved”). Theseggerties are non-accidental in the sense
that they are largely invariant to changes in vieilwp Similarly, the spatial configuration
of geons is encoded in terms of certain categoretations between geons (like “on top
of” or “larger”). Furthermore, Biederman contraskape differences in terms of
categorical, non-accidental properties with thassirgg from continuous, or metric,
variations of part and part-relations (for examfie, degree of non-parallelism within
the contours of a given object part, or the prediseance between two parts). Metric
properties tend to be viewpoint dependent and reqyire processing mechanisms that

differ from those involved in non-accidental compans (Biederman, 2000).



Within the RBC framework, developmental differenémsdetecting part-specific and
part-relational changes could indicate differeajetctories for part and part-relational
processing, both of which may further dissociate different pathways for dealing with
non-accidental and metric attributes. Most previdegelopmental work considering the
role of structural object descriptions has focussethe status of individual parts. There
is substantial evidence that parts receive padicitention in the analysis and detection
of shape similarity (e.g., Tversky & Hemenway, 1988hyns & Murphy, 1994; Saiki &
Hummel, 1996; Rakison & Cohen, 1999), and thatphéference emerges very early in
life. Toddlers and even infants have been shovattemd selectively to parts when
categorizing or matching objects (Madole & Cohe393; Smith, Jones, & Landau,
1996; Rakison & Butterworth, 1998) even thoughais Ineen more contentious whether
the early primacy of parts in visual processindpiet a peculiar status of geons
(Abecassis, Sera, Yonas, & Schwade, 2001; butr-szaf, Fulkerson, Jablonski, Hupp,

Shull, & Pescara-Kovach, 2003).

Unlike for parts, until recently relatively few skes explicitly considered the processing
of object part relations within the RBC framewokkash (2006) examined similarity
judgements of novel object images differing by driogoart and a part-relational
property in children aged 5 years and 8 years,allsas in adults. Young children were
found to have a strong bias for classifying objectshe basis of part specific
information only. With increasing age participaogne to select both part-specific and
part-relational information in their classificatigpgdgements. Control experiments

showed that the bias in young children againsueeof part-relational properties could



not be explained by a reduced discrimination ahiRRather it suggests a retarded
processing of part-relational relative to part-sfieprocessing. However, in Mash’s
study it remained unclear whether the observedldpreental differences are confined

to tasks involving a perceptual online classifigat(i.e., of simultaneously available
objects) as opposed to those of recognition pr@per the matching of a sensory percept
to a stored object representation). Evidence feldtter was provided in a

comprehensive study by Juttner, Wakui, Pettersy ad Davidoff (2013).

Juttner et al. asked children aged 7 to 16 yeatsadults to judge the correct appearance
of familiar animals, artifacts and newly learnedltiqpart objects that had been
manipulated either in terms of individual partgart relations (here: relative size). For
animals and artifacts, even the youngest childrerewlose to adult levels for the correct
recognition of an individual part change. By costr& was not until 11 — 12 years that
they achieved similar levels of performance witharel to altered metric part relations.
The distinctly protracted development of part-rielaal relative to part-specific
processing was the same for both types of stirhub generalising Davidoff and
Roberson’s (2002) earlier observations made fanahiecognition. To further constrain
the origin of children’s difficulties with relati@h information, Juttner et al. then
introduced a set of novel objects that - unlikeickigns of natural objects - permitted a
more precisely controlled manipulation of parts pad relations at either non-accidental
or metric level, as defined within the RBC framelvdfor metric manipulations of the
spatial proportions of these objects, recogniticcusacy showed a similarly protracted

development as in case of animals and artefaets,demonstrating the ecological



validity of those stimuli (see also Petters et2014). By contrast, no such retardation

was observed in case of categorical relative-diamges of the object parts.

Juttner et al.’s results provide the first evidetita late developing object recognition
skills might be the consequence of a generic diffycto process metric spatial relations
in early adolescence. However, this evidence dlibbstseen as limited in the sense that
only a single part-relational attribute - namellatioe size - was being tested, and that
the critical experiment contrasting metric part ametric relative size changes employed
a single group of children aged 7 — 8 years thosiging only a coarse indication of the
developmental trajectories concerned. The presgmenreports four experiments that,
based on Jittner et al.”s paradigm, aimed to sydieatly test and extend the generality
of their findings: First, by tracing the developrhehpart-relational object processing in
children aged 7 to 14 for the attribugative position — a key attribute used to describe
part relations in the original RBC model (e.g.,deman, 1987) and all later variants
(e.g., Hummel & Stankiewicz, 1996; Hummel, 2001 arpulations of this attribute
were compared with those for individual parts batkeategorical (Experiment 1) and
metric level (Experiment 2). Furthermore, a simdasessment was performed for metric
relative size changes (Experiment 3) thus perngitirtomparison of the developmental
trajectories for the two core part-relational étiites size and position within the RBC
framework. Finally, manipulations of relative siwere considered within a perceptual
context where they were perceived as part (ratiesr part-relational) changes
(Experiment 4), as a further test of the hypothebis distinctly protracted development

for part-relational relative to part-specific olj@ecocessing in adolescence.



A generic protracted development of metric par&dtrehal processing would have
implications for current theories of object recdgmi in adults. Here there has been a
long-standing debate between proponents of straicipproaches (e.g., Marr, 1977,
Biederman 1987, 2000) on the one hand and those-célled image-based approaches
(e.g., Ullman, 1989; Poggio & Edelman, 1990; TamB&thoff, 1995; Riesenhuber &
Poggio, 1999) on the other. Image-based models lbeae proposed in various forms
(e.g., Ullman, 1989; Poggio & Edelman, 1990; TamB&thoff, 1995; Riesenhuber &
Poggio, 1999) but their common denominator is tleaiof a view-like, non-analytic
representation where object features are storesnms of their literal position within a
pictorial, two-dimensional coordinate system. Reéestidence from behavioural (e.g.,
Hummel, 2001; Forster & Gilson, 2002; Hayward, 2008oma et al. 2004) and
neuroimaging (e.g Vuilleumier et al., 2002; Thom&l&nson, 2011) studies suggests
that structural and image-based representationstraigen co-exist in the visual system,
but their relative contribution to object recogoitiremains unclear. With regard to our
change detection paradigm, image-based modelscpeedifferent developmental
trajectory as degraded object views in children idawecessarily favour the detection of
part-relational manipulations over those involvepgcific parts due to the lower spatial
correlation between target and distracter featunesontrast to the above predictions of
the RBC model. Thus, by explicitly testing thedatbur study offers a novel perspective
to implicitly assess the primacy of structural amelv-based object recognition during

the transition from adolescence to adulthood.



Experiment 1

Visual representations necessarily require theaingoof positional information of
image features and therefore have an intrinsidapatality (Marr, 1982). In the context
of the RBC model spatial relationships are expieegséerms of the relative location of
adjacent object parts. Biederman (1987) referhitodarticular spatial property as
verticality. Verticality is assumed to be a categorical aitelthat attains one of three
values: for any two parts P1 and P2, P1 can eltbéabove”, “below” or “to the side of”
P2. In this paper we will refer to this coarseibiite characterizing spatial relationships
as “categorical’ relative position, in order tofdrentiate it from its continuous
counterpart, “metric” relative position (cf. Expment 2). Categorical relative position is
a nonaccidental relational property in the senaettiat it is invariant to most changes in
viewpoint. In addition to verticality (or categaaicrelative position), Biederman (1987)
also considers other potential relational non-aauidl properties (NAPs). However, as
with NAPs characterizing individual parts, the ¢tagae of part-relational NAPs has
shown certain variability over time. Slightly difent lists of NAPs have been proposed
for later part-based models that were inspirechieyRBC approach (cf. Hummel &
Biederman, 1992; Hummel & Stankiewicz, 1996; HumreD1). Nonetheless, all of

these variants share twore part-relational NAPsrelative size andrelative position.

Categorical relative size coarsely describes tbpgtions between two adjacent parts as

being “much smaller”, “approximately equal” or “mutarger” (cf. Biederman, 1987).



Juttner et al. (2013, Exp. 2) found that childresbgity to detect changes of this
relational NAP develops early and follows a trapegtthat does not significantly differ
from that for detecting NAP changes of individualg. In Experiment 1 we tested the
generality of this finding by contrasting positibshanges at categorical level with NAP

manipulations of individual object parts.

Following the paradigm introduced by Juttner etnad.employed a set of six novel
objects for which manipulations of parts and palations could be carefully controlled.
We first trained the participants to associate edgjhct with a label (here given by the
object number). Subsequently, we assessed thectdajowledge in a one-in-three (3-
AFC) selection task, where they had to choose ¢hect depiction among the original
and two distracters, both of which had been derbwethtroducing either a part-relational

change or a part-specific changes.

As an additional manipulation, half of the stimulithe recognition task were presented
upside down. Impairment of performance by inversiaa frequently been used as one
indicator for part-relational (configural) procasgi in particular in the context of face
recognition (Carey & Diamond, 1977). While suchisraption is more pronounced for
objects that have — like faces — an internal gautture (Yin, 1969) it has been also been
demonstrated for many other types of stimuli ingigdhose without internal features
(e.g., de Gelder et al., 1998; Bruyer & Crispe#@92; McLaren, 1997). Thus, in the

context of the present experiments, we used antew@resentation to validate our two



types of stimulus manipulation, predicting a stnignpact of inversion on the detection

of part-relational changes than on part-specifieson

Method

Participants

Four age groups took part in the experiment, eaoisting of 32 participants: The
groups were adult volunteers (17 females and 1&snatean age 19 years 11 months),
7- to 8-year-olds (17 females and 15 males; mear8agears O months), 9- to 10-year-
olds (16 females and 16 males; mean age 9 yearofths), and 13- to 14-year-olds (15
females and 17 males; mean age 13 years 11 momtiesghildren were drawn from
state schools in Birmingham, UK. The adults wemued among undergraduate

Psychology students at Aston University. They neegticourse credit for participation.

Materials

The experiment employed a set of six compound ¢bpaopted from Juttner et al.
(2013). Each object consisted of three parts (igur The parts were taken from a
reservoir of three-dimensional shape primitive(g with unigue combinations of non-
accidental contour properties. We constrained tpesgerties to a subset of the attributes
suggested by Biederman (1987) and Hummel (200 &yackerizing the type of cross
section (straight vs. curved), the shape of thenraais (straight vs. curved), and the

surface along the main axis (parallel vs. expandgigonvex vs. concave). For example,

10



the NAP signature of a cube would be a straighgsssection, a straight axis and parallel
surfaces; the signature of a cone would be a curk@sb section, a straight axis and

expanding surfaces.

Within each object, parts were uniquely arrangecbinfigurations that could be
characterized by the relational NAP propertigsative position “above” vs. “below” vs.
“beside”) andrelative size (“larger” vs. “equal” vs. “smaller”). For examplebject 3
could be described as consisting of a curved cglih@side a smaller truncated cone,

with the latter sitting above an equally-sized cube

Within the learning set, objects 1 and 2 and obj8ct 6 formed two subsets, referred to
asfacilitator objects angbrobe objects, respectively. Objects 3 - 6 consistethefsame
three parts (either two bigger and a smaller oneyo smaller and a bigger one),
employed the same spatial structure (involving ‘tr@side” plus one “above” or “below”
relation). Thus, these objects could not be idextibn the basis of a single (diagnostic)
part but required consideration of their overadsh, i.e., the spatial configuration
formed by all three geon components. By contrdgeats 1 and 2 consisted of a different
set of geons arranged in a distinctive horizontalestical configuration. During the

learning phase of the experiment (cf. secpoocedure), the inclusion of the (relatively
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easily discriminable) facilitator objects served ghurpose of maintaining motivation in
children during the supervised learning procedDreging the recognition test (cf.
procedure), facilitator objects were used in practice trialbereas experimental trials

only included the four probe objects.

For each object in the learning set, two manipdlakstracter versions were created. The
manipulations either involved a part change orr&igdational change at categorical
level (Figure 2). Part changes consisted in thetgukion of the original part with that
taken from another object. More specifically, isea@f probe objects, part substitutions
involved geons from the facilitator objects to eresthat altered parts had no novelty
advantage and had received a similar amount ofsxpaluring the acquisition phase of
the experiment. Part-relational changes were cedfto systematic manipulations of the
position of object parts relative to each other. &ach part-relational distracter, a given
spatial relation was altered into one of the twoaing alternative values (for example,
the relation “above” between two parts in the eragiobject would become “below” in
one distracter and “besides” in the second). Uliegprocedure of Juttner et al. (2013),
part and part-relational manipulations were catdutaacross the set of probe objects for

equal difficulty [t(31) = -.16, p = .87; pairedddt] in adult observers.
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Objects and distracters were designed as virtuah8Bels using a graphics design
software package (POV-Ray version 3.63, Persistehésion Raytracer Pty. Ltd.). For
each object the rendered 3D model was convertediigrey-level image (resolution 300
x 300 dpi), using a fixed light source and a pettige preserving the visibility of all
object components. The object images were showulmetparticipants at a mean size
(height x width) of 15.6 x 10.8 deg of visual andleing the familiarization and learning
phase of the experiment. During the recognitiohy taseach trial the three images (the
original and the two distracters) were presentatzbotally, each image appearing at a
mean size of 10.3 x 7.1 deg of visual angle andexpat a centre-to-centre distance of
11.5 deg. Viewing distance was 50 cm throughouettperiment. Stimulus presentation
and response collection were controlled by an Epiimi (Psychology Software Tools,

Inc.) script running on a laptop computer.

Procedure

The experiment consisted of three parts: familaran, learning and recognition test.
Given the novelty of the objects the first two pasérved to train participants to associate
each object with a label (represented by the oljectber) before their object knowledge
was assessed in the final part. The three parts wepduced to children as a series of

computer games of increasing difficulty to mainttair interest and motivation.

Familiarization. Participants were first introduced to the objécta so-called “Add-Me-

Up” task to motivate the children. Here in eachlttihe observer was shown two objects

on the computer screen, separated by the symbolTRe task was to respond by typing
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in the sum of the numbers used to label the objé&tts two objects remained on the
screen until a response had been made. No menonizeas required as this stage, as
subjects were encouraged to use a printed hantowutirsg all six objects and their

labels. Feedback was given on each trial aboutdhectness of the answer.

Learning. Here participants were systematically trainedstsoaiate each object with its
label, employing a modified version of a superviteatning paradigm (Rentschieral.,
2004; Juttneet al., 2006). The training procedure was partitioned learning cycles,
each consisting of a learning phase and a tesepbasing the learning phase each
object of the current learning set was presenteg éor 250 msec and in random order,
followed by the corresponding object label dispthj@ 1s. During the test phase, each
object of the set was presented twice and assignisl label by the observer. Upon
completion of the test phase, participants recefgedback concerning their percent
correct value of their responses. The series ohieg cycles continued until the observer
had reached a criterion of 90% in the recognitest.tFor the current study, this standard
paradigm was modified by using an expanding legrset. The learning started with a
set of (randomly chosen) two objects. Once thegectsbhad been learned the learning
set was expanded by a third object (randomly ch&sen the remaining four) and the
subject re-trained to criterion. In this way, tearning set was gradually expanded until
all six objects had been included and successiedigned to criterion. The gradual
expansion of the learning set from 2 to 6 impliedinimum number of five learning

cycles to be performed by each participant.
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Recognition test. In the final part of the experiment participantsrevtested on the
previously learned objects using the one-in-thedecsion task (Davidoff & Roberson,
2002). In each trial, three images labelled A, By&e presented on the screen, one
original and two distracter stimuli (both involvimither a part or a part-relational
change). The observer had to choose the “corragiction of the object by pressing the
appropriately marked button (A, B, C) on the keyllodhe stimulus remained on the
screen until the participant had responded. Regpime and accuracy were measured as
dependent variables. The recognition test was ed/idto blocks involving either a part
or a part-relational change, and either an upglan inverted stimulus presentation.
Each block was preceded by two practice trialsIwviag the facilitator objects (objects 1
and 2, cf. sectiomaterials), whereas experimental trials only involved thel@ objects
(objects 3 - 6) from the learning set. Each obyears shown once in each block. The

order of the four presentation conditions (“paraiche — upright”, “part change —
inverted”, “part-relational change — upright”, “paelational change — inverted”) was
counterbalanced across subjects. Participants insirected not to attempt to rotate their

head to see the rotated pictures.

Results

During the learning part of the experiment, chifdesd adults acquired the set of six
objects with relative ease. Five participants (twithin the age groups 7 —8 yrsand 8 - 9
yrs, one within age group 13 — 14 yrs) did not clatgthe learning procedure and had to
be replaced. On average, participants required @B11.5) learning cycles to reach the

target criterion of 90% correct responses — malgit@nger than the minimum of 5
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cycles implied by the expanding learning set. Thesis a weak trend of young children
using more cycles than older ones [F(3,124) = 3)1:0,09,np2: .05; one-way

ANOVA].

Performance in the recognition test was analyséers of the accuracy and the latency
preceding a correct response. To check whethaadtwracy data had been affected by
any extreme values for individual stimuli, the distitions of scores were checked for
outliers. No outliers (defined by the group mearstghdard deviations) were observed in
any of the age groups. Regarding response timesnstouctions did not promote fast
responses, therefore a few participants showedpkty long latencies. Three
participants with latencies classified as outligese removed from the data set prior to

the statistical analysis (one participant in agaigr7 — 8 yrs and two in age group 9 — 10

yrs).

Accuracy

Means and standard errors of the recognition acguoa each age group and for each of
the two manipulation conditions (Part vs. Part Refes) and orientations (Upright vs.
Inverted) are shown in Figure 3A. The accuracy dagee analysed in a 4 (Age: Adults
vs. 13— 14 yrs vs. 9 — 10 yrs vs. 7 — 8 yrs) Ma2arfipulation: Part vs. Part Relation) x 2
(Orientation: Upright vs. Inverted) mixed ANOVA WitAge as the between factor. The
analysis yielded significant main effects for Mangtion [F(1,121) = 8.77, p < .Oﬁ]pzz

.07], Orientation [F(1,121) = 35.74,p < .O(Dﬂg?= .23] but not for Age [F(3,121) = 1.77,

16



p = .16]. The only significant interaction was beem Manipulation and Orientation

[F(1,121) = 16.39, p < .00%,” = .12].

A separate ANOVA for the Upright condition showemisignificant main effects for Age
[F(3,121) = .85, p = .47], Manipulation [F(1,121)G¥, p = .79], or for their interaction
[F(3,121) = .35, p =.79]. A similar analysis faverted stimuli only gave a significant
effect for Manipulation [F(1,121) = 19.07, p < .omzz .14]. Thus, inversion negatively

affected recognition significantly more in caseaft-relational than for part changes.

Latency

Response times were analysed for the correct respmf each observer. Figure 3B
shows means and standard errors of the latengiesadh age group, manipulation
condition and orientation. In analogy to the accig®, the latencies were analysed in a 4
(Age) x 2 (Manipulation) x 2 (Orientation) mixed ANA with Age as between factor.
The analysis yielded a significant main effectAge [F(3,115) = 9.39, p < .Oomp2=

.20], with adults and older children (13 — 14 ye3ponding faster than the children in
the two youngest age grougss (< .05; Tukey HSD test). Orientation also proved
significant [F(1,115) = 8.53, p < .Orii,,i)2 = .07], with latencies to inverted stimuli being

longer than to upright ones. All other main effeatsl interactions were non-significant.
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There were no speed-accuracy trade-offs in anygeme for upright presented stimuli
(Pearsons < .24 ps > .20). For inverted stimuli, adults showed aiigant correlation
in the part-relational change conditian«.55,p < .01), whereas the correlations were

non-significant for all other age groups and cdodi (s < .11,ps > .54).

Discussion

Experiment 1 shows that children’s ability to deét@@anipulations involving the
categorical position of object parts develops edtlyen the youngest tested children
spotted such changes as reliably as adults. Speesjgohses were not requested of
participants in our task and young children respgointiore slowly than older ones.
Nonetheless, their performance was not the re$altspeed-accuracy trade-off. Neither
for accuracy nor response times were there sigmfimteractions between Age and
Manipulation for upright stimuli. This suggeststthize abilities to detect categorical part-

specific and categorical part-relational changdélsviothe same developmental trajectory.

Stimulus inversion impaired performance more sdyenecase of categorical part-
relational changes than part-specific ones. Thesltdoth validates our experimental
manipulations and follows the predictions of RBE&dty. Accordingly, inversion should
hinder recognition performance by affecting thesgatical part relations “above” and

“below” in addition to any costs incurred by anented presentation of individual geons.
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However, its impact should be mitigated by that that some relations (like “besides”)

are invariant to orientation changes.

Overall the results of Experiment 1 regarding ttielauterelative position show a very
similar pattern as those obtained for the attribdiative size in Experiment 2 of Juttner
et al. (2013). The equivalence for the two core-palational properties in structural
theories of object recognition (Biederman, 1987nthel & Biederman, 1992; Hummel
& Stankiewicz, 1996; Hummel, 2001) suggests aryebility to process non-accidental
properties regardless whether such propertieshe@cterizing individual parts or part
relations. However, an early maturation for thecpssing of attributes at a categorical
level does not necessarily imply a similarly stéepectory for their processing at a
metric level. In Experiment 2, we considered pal&tional changes that were

constrained to such metric, i.e. continuous, viamat of an object’s part configuration.

Experiment 2

The continuous attributeslative position permits to encode the precise spatial
relationships between the parts of an object. éctimtext of the RBC model, continuous
attributes are generally referred to as “metrictiigtinguish them from “categorical”
attributes describing non-accidental propertiedikgrthe latter, metric attributes are not
viewpoint independent and their computation mayui¢different mechanisms.

Biederman (2000) suggests that the evaluationdf attributes may rely on combining
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filter outputs from retinotopic representationsnikarly, later dual-route variants of the
RBC model have proposed that analytic, structupgai descriptions are augmented by
so-called non-analytic, view-based object repregents (Hummel & Stankiewicz, 1996;

Hummel, 2001), which also may provide a basis fetrin attribute extraction.

The fact that feature processing at the metricl lenrght call upon different mechanisms
from that extracting NAPs raises the possibilityadfifferent developmental trajectory
for detecting metric object manipulations. It aésdails the possibility that the
developmental paths of processing metric changeslofidual parts dissociate from
those dealing with metric part relations. Few stadiave previously considered this
possibility. With regard to the metric part-relaisd attributerelative position Mash

(2006) found that when combining positional andpghiaformation for similarity
judgements of novel objects consisting of two paltgear-olds and 8-year-olds, but not
adults, showed a consistent tendency to basedlassification judgements on part-
information alone, which by implication supportg tldea of a protracted development of
processing part-relational (here: positional) infation relative to that of individual
parts. Concerning manipulations of the metric latitier el ative size, Experiment 3 of
Juttner et al. (2013) found that 7- to 8-year-ohlislity to detect such alterations in
previously learned objects was distinctly reduceshigared to their ability to spot metric
shape changes in individual parts. In order towdstther this result also generalised to
positional changes, Experiment 2 contrasted thectlen of such part-relational changes

with that of manipulations in individual object par
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Method

Participants

Four age groups took part in the experiment: Tloeigs were forty adult volunteers (25
females and 15 males; mean age 20 years 1 moottysefight 7- to 8-year-olds (25
females and 23 males; mean age 7 years 11 mofghgeight 9- to 10-year-olds (24
females and 24 males; mean age 9 years 10 moatitsjorty-eight 11- to 12-year-olds
(23 females and 25 males; mean age 12 years 0 gs)omtie children were drawn from
state schools in Birmingham, UK. The adults wemuged among undergraduate

Psychology students at Aston University. They neegticourse credit for participation.

Materials

The same set of learning objects was used as iarkxent 1 (cf. Figure 1).

For each object in the learning set, two manipdlalistracter versions were created. The
manipulations either involved a metric part changa metric part-relational change
(Figure 4) of the learning objects. Metric partiepes were obtained by changing the
aspect ratio of the original part in the distrastédetric part-relational changes
concerned manipulations of the relative positioolgect parts, which — in contrast to
Experiment 1 — did not alter their categorical tiela Thus, the categorical spatial
relation between two parts in the original objdot €xample, “above” or “beside”)

would continue to apply to the corresponding paftthe two distracter versions. Part
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and part-relational manipulations were calibratedss the set of probe objects for equal
difficulty [t(23) = -.15, p = .96] in adult obsemse Stimulus dimensions and presentation

conditions were identical to those in Experiment 1.

Procedure

The experimental procedure was identical to th&periment 1.

Results

Similar to Experiment 1, children and adults leartiee set of six objects with relative
ease. Eight participants (three within the age gsot— 8 yrs and 8 — 9 yrs, two within
age group 11 — 12 yrs) did not complete the legrpmocedure and had to be replaced.
On average, participants required 6.85 (SD 1.7%hieg cycles to reach the target
criterion of 90% correct responses. There werdguficant differences of learning time

across age groups [F(3,180) = 1.38, p = .25; oneANOVA].

Performance in the recognition test was analyséerins of the accuracy and the latency

preceding a correct response. As in Experimenbrbesparticipants showed particularly
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long latencies. Four participants with latenciesssified as outliers (defined by the group
mean +3 standard deviations) were removed frond#te set prior to the statistical
analysis (two participants in age group 9 — 10 gngl one in each of the age groups 11 —

12 yrs, and adults).

Accuracy

Means and standard errors of the recognition acgda each age group and for each of
the two manipulation conditions (Part vs. Part Refes) and orientations (Upright vs.
Inverted) are shown in Figure 5A. The accuracy dagee analysed in a 4 (Age: Adults
vs. 11 —-12 yrsvs. 9 — 10 yrs vs. 7 — 8 yrs) M2arfipulation: Part vs. Part Relation) x 2
(Orientation: Upright vs. Inverted) mixed ANOVA WitAge as the between factor. The
analysis yielded significant main effects for Ag€d3,176) = 13.92, p < .Oomp2= 19],
Orientation [F(1,176) = 36.47, p < .OOﬂpZ= .17] and Manipulation [F(1,176) = 11.55, p
< .Ol,r]pzz .06]. Importantly, there was a significant intgran between Age,

Manipulation, and Orientation [F(3,176) = 2.96, r05,r]p2= .05].

To follow up the three-way interaction separate ANG for the Upright and Inverted
condition were conducted. For upright stimuli, #ffects of Age [F(3,176) = 9.59, p <
.001,n,°= .14] and Manipulation [F(1,176) = 9.01, p < .03, = .05] were both
significant, as was their interaction [F(3,176).74, p < .05np2= .05]. Posthoc
comparisons revealed that the interaction wasahsexjuence of children in the age
groups 7 — 8 yrs and 9 — 10 yrs scoring signifilyaotver in the Part-Relational change

than in the Part Change condition (ps < 0.05; paitest). For inverted stimuli, Age

23



[F(3,176) = 10.23, p < .00%,”°= .15] and Manipulation [F(1,176) = 6.83, p < .Q%,=

.04] were both significant whereas their interactieas not [F(3,176) = .81, p = .49].

Latency

Response times were analysed for the correct respmf each observer. Figure 5B
summarises means and standard errors of the lagefacieach age group, manipulation
condition and orientation. The latencies were as&dyin a 4 (Age) x 2 (Manipulation) x
2 (Orientation) mixed ANOVA with Age as betweentfaic The analysis yielded
significant main effects for Age [F(3,157) = 3.94< .05,r]p2=.07] and Orientation
[F(1,157) =5.16,p < .051p2: .03] but not for Manipulation [F(1,157) = .90=p34].
Children aged 11 - 12 yrs responded faster thddreini in the two youngest age groups
(ps < .05; Tukey HSD test) but not relative to &slulhe interaction Manipulation x
Orientation was approaching significance [F(1,153)51, p = .06np2:.02] indicating a
trend towards higher inversion costs for metrid{palational than metric part changes.
All other interactions were non-significant. Thevere no significant speed-accuracy

trade-offs in any age group or condition (Peansos .25ps > .10).

Discussion
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The remarkable finding of Experiment 2 is that dfeh’s ability to detect manipulations
involving metric position follows a distinctly pmaicted trajectory relative to that of
detecting metric changes to individual parts. Iswaly in 11- to 12-year-olds that
performance levels in the two conditions becamissitzally equivalent. Again, these
performance differences cannot be explained indefspeed-accuracy trade-offs,
which remained non-significant. Indeed, youngetdeken required distinctly more time
to respond than older ones, thus the differencésaimccuracy data are conservative

estimates.

The late development of children’s ability to dételtanges of metric part position also
contrasts with the comparatively early maturatioeytshow for the detection of
categorical changes in part locations. These @iffees cannot be attributed to overall
differences in task difficulty as both types oftpaaiational manipulations had been
calibrated to a similar target accuracy in addltaus, the observed developmental
dissociation indicates a pronounced difficulty mupg children to process metric
positional information. Such a finding is consigtefth Mash’s (2006) observation that
young children tend to base similarity judgemeritsijects on the shape of individual
parts rather than the positional relationships betwthose parts. However, it also
transcends this finding by establishing such a dantge of parts over part-relations in a
context involving recognition proper rather thamgeptual classification, and in a task
that requires the evaluation of a single, eithet-ppecific or part-relational,

manipulation.
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The results of Experiment 2 are in principle alsmpatible with those of Experiment 3
of Juttner et al. (2013), who performed a similamparison for the attribute metric
relative size. Juttner et al. observed a distiadticed performance in 7- to 8-year-old
children relative to adults with regard to the d&t of relative-size changes. However,
the use of only two age groups in that study padua more detailed comparison with
the data in Experiment 2. To assess the geneddlyr findings, Experiment 3 therefore
re-examined the trajectory of the processing of-paational information regarding the

attributerelative size.

Experiment 3

Within the context of the RBC modeklative size constitutes the second core part-
relational attribute and has been implementedliveasions of that approach (cf.
Biederman, 1987; Hummel & Biederman, 1992; Humme&t&nkiewicz, 1996;

Hummel, 2001). Similar to the attributeative position, relative size can take on a
categorical form, specifying the coarse proportiohan object’'s components (such as
“larger”), as well as a metric form, which permétprecise specification of size ratios on
a continuous scale. Concerning categorical relaixe judgements, Jittner et al. (2013,
Exp. 2) observed that children’s ability to detd@nges of this relational NAP develops

early and follows a trajectory that does not sigaiftly differ from that for detecting
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NAP changes of individual parts — a result thatroned the results of Experiment 1

regarding the attribute categorical position.

The question arises whether a similar equivaletgshbetween the developmental
trajectories for processing metric variations détige size and relative position.
Preliminary evidence for such an equivalence wasiged in Experiment 3 of Jittner et
al (2013), in which a distinctly reduced performaneas observed with regard to the
detection of relative-size changes in 7- to 8-ydds relative to adults. The aim of
Experiment 3 was to replicate and extend thesdtsagua study that employed the same
age sampling as in Experiment 2, to permit a moreprehensive comparison of the
developmental trajectories for the processing efattributeselative size andrelative

position.

Method

Participants

Four age groups took part in the experiment: Tloeigs were forty adult volunteers (23
females and 17 males; mean age 19 years 11 mofatigjeight 7- to 8-year-olds (24
females and 24 males; mean age 7 years 9 monthig}eight 9- to 10-year-olds (23
females and 25 males; mean age 9 years 11 moatitsjorty-eight 11- to 12-year-olds

(23 females and 25 males; mean age 11 years 1 ha)omte children were drawn from
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state schools in Birmingham, UK. The adults wemuged among undergraduate

Psychology students at Aston University. They nemegicourse credit for participation.

Materials

The same set of learning objects was used as iarxent 1 (cf. Figure 1). The
distracter stimuli, adopted from Experiment 3 atdér et al. (2013), were manipulated
versions of the original stimuli, with the maniptiten either involving a metric part
change or a metric part-relational change of teenieg objects. For each type of
manipulation, two distracter versions were cred&eedach object in the original learning
set. Metric part changes were obtained by chanti@gspect ratio of the original part in
the distracters (Figure 6 left). Metric part-redai@l changes were confined to systematic
manipulations of the relative size between objecty) which did not alter their
categorical relation. As illustrated in Figure ®fit), the relation between two parts in
the original object (for example, “smaller”) woutdntinue to apply to the corresponding
size-changed parts of the distracter versions.disteacter stimuli had already been
calibrated for equal difficulty of metric part clggmand metric part-relational change
condition in adult observers by Juttner et al. @05timulus dimensions and

presentation conditions were identical to thosExperiment 1.
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Procedure

The experimental procedure was identical to th&xperiment 1.

Results

As in the previous experiments, children and adalsned the set of six objects

relatively quickly. Eight participants (four withihe age groups 7 — 8 yrs, three in age

group 8 — 9 yrs, and one within age group 11 —r$2 did not complete the learning

procedure and had to be replaced. On averagegiparits required 6.54 (SD 1.4)

learning cycles to reach the target criterion $¥%9fbrrect responses. There was a weak
2 _

trend of young children using more cycles than otiees [F(3,180) = 2.22, p = .0¢," =

.04; one-way ANOVA|.

Performance in the recognition test was analyséers of the accuracy and the latency
preceding a correct response. Six participants latdncies classified as outliers (defined
by the group mean +3 standard deviations) were vethérom the data set prior to the

statistical analysis (three in the age group A#s8and one in each of the age groups 9 —

10 yrs, 11 — 12 yrs, and adults).

Accuracy
Means and standard errors of the recognition acgda each age group and for each of

the two manipulation conditions (Part vs. Part Refes) and orientations (Upright vs.
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Inverted) are shown in Figure 7A. The accuracy @agee analysed in a 4 (Age: Adults
vs. 11 —-12 yrsvs. 9 — 10 yrs vs. 7 — 8 yrs) M2arfipulation: Part vs. Part Relation) x 2
(Orientation: Upright vs. Inverted) mixed ANOVA witAge as the between factor. The
analysis yielded significant main effects for Ag€3,174) = 12.42, p < .Oompzz .18],
Orientation [F(1,174) = 21.03, p < .001192: .11] and Manipulation [F(1,174) =7.77, p
< .Ol,np2= .04]. There was also a significant interactioimtsen Age, Manipulation, and

Orientation [F(3,174) = 2.99, p < .0%,° = .05].

To consider the three-way interaction in more dstgparate ANOVAs for the Upright
and Inverted condition were conducted. For uprggimuli, the effects of Age [F(3,174)
= 9.82, p<.001x,°= .15] and Manipulation [F(1,174) = 5.19, p < .85.= .03] were
both significant, as was their interaction [F(3,1Z£.98, p < .05mp2: .05]. Posthoc
comparisons revealed that the interaction wasaheaeguence of children in the age
groups 7 — 8 yrs and 9 - 10 yrs performing sigaffity lower in the metric Part-
Relational change than in the metric Part Changeiton (ps < 0.05; paired t-test). For
inverted stimuli, Age [F(3,174) =9.15, p < .Om?: .14] and Manipulation [F(1,174) =
6.58, p < .O5np2: .04] were both significant whereas their intéactwas not [F(3,174)

= 54, p = .66].
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Latency

Response times were analysed for the correct respamf each observer. Figure 7B
summarises means and standard errors of the lagefacieach age group, manipulation
condition and orientation. The latencies were a&dyin a 4 (Age) x 2 (Manipulation) x
2 (Orientation) mixed ANOVA with Age as betweentfaic The analysis yielded
significant main effects for Age [F(3,149) = 3.9 .01,r]p2: .07] but not for
Orientation [F(1,149) = .38, p = .54] or Maniputati[F(1,149) = .21, p = .65]. Children
aged 11 - 12 yrs responded faster than 7- to 8-gléarp < .05; Tukey HSD test) but not
relative 9- to 10-year-olds or adults. There wayesignificant interactions. Concerning
potential speed-accuracy trade-offs within thevidiial age groups, 11- to 12-year-olds
showed a marginally significant positive correlatia the inverted part-relational change
condition (Pearson=.29,p = .05), whereas 7- to 8-year-olds displayed a ttencrds
such a correlation in the upright part-change domli(r = .28, p = .06). All other

correlations were non significant.

Discussion

Experiment 3 shows that children’s ability to det@anipulations of relative size in

object parts follows a similar developmental trégeg as that for spotting changes of

relative part position. For both attributes it wen before an age of 11 to 12 years, that

children attained the same level of competenckemtetric part-relational change
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condition as they displayed for metric part-speaifianges. The observed dissociation is
consistent with the preliminary evidence providgdltittner et al. (2013, Exp. 3) that had
only included two age groups, 7- to 8-year-olds addlts. It is also compatible with
Juttner et al. (2013)’s finding (in their Experinhdr) of a distinctly protracted
development of part-relational relative to partesfie processing when recognizing
natural objects (here: animals and artefacts). gae part-relational manipulation
affected the proportions of object componentstheir relative size at a metric level. As
in Experiment 3, it was not before 11-12 years thdtren reached similar performance

levels for the detection of part- and metric patational changes.

Experiment 3 had employed manipulations of relasize that ensured observers
engaged in part-relational processing to solvedhegnition task, as indicated by the
significant stronger impact of inversion in the tfRRelational Change than in the Part
Change condition. In our final experiment, we cdesed a variant of this experiment in
which the perceptual context of the recognitiok taas modified in such a way that
successful recognition of part-relational changrddabe based on part-specific
processing rather than an assessment of partoredatiVe used this variant as a further

test of our hypothesis of a protracted developrméntetric part-relational processing.

Experiment 4
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Manipulations of the relative size of two objecttpaelative to each other can be
performed along a continuum of possible impleméartat This continuum stretches
between two extremes that affect part relatiorfeeeisymmetrically or asymmetrically.
Symmetric size changes, as employed in Experimant 8y that as one part is increased
in size, the other is shrunk by the same propofibrthe example in Figure 6).
Symmetric manipulations of relative size are neaglysperceived as part-relational
since they cannot be attributed to a modificatiba single part. The other extreme, an
asymmetric size change, is obtained by alteringsite of just one part while leaving the
other unaltered. Even though asymmetric size cleegtail an alteration of a part
relation, they may also affect the distinctivenelsthe part that has been modified, and
thereby induce part-specific processing. The affeness of the latter depends on visual

context.

For the more complex case of face-like stimuliaagmmetric size change of a single
cardinal facial feature (for example, by exaggethe nose) will result in a caricature-
like distortion. Caricatures can be easier to recegthan veridical face representations
(e.g. Benson & Perrett, 1991; Carey, 1992; Rhod@senewan, 1994; Stevenage,
1995). This so-called caricature advantage has agebuted to the deviation of
caricatures from the facial norm within a multidimseonal face space, using the context
provided by an observer’'s mental representaticadlaftored faces of a particular race
(e.g., Valentine, 1991; Rhodes, Carey, Byatt, &fRtp1998). Inversion impairs
recognition of caricatures distinctly less thart tfaveridical face representations

(Rhodes & Tremewan, 1994). This suggests that éheepred distinctiveness of

33



caricatures is less dependent on relational prowesyen though that relationship may

be a complex one (cf. Rakover, 2002, for a review).

With regard to the structurally simpler stimuli eloyed in the present study, we used, in
Experiment 4, caricature-like versions of our l@grobjects, obtained by an
asymmetrical size change of a single object pawtptroborate our hypothesis of a
particularly protracted development of metric patttional processing in adolescence.
Even though these asymmetric relative-size chaggabfied — like those in Experiment
3 — as metric part-relational manipulations (ay e not transgress categorical
boundaries), we predicted — unlike Experiment Bat within the perceptual context
provided by our one-in-three selection task su@ngks would invoke part-specific
processing. Detection performance for asymmettative size changes should therefore
follow the developmental trajectory of categoripalt changes. We further expected
inversion effects for such asymmetric relative siranges to be markedly reduced and

not differ significantly from those obtained in tRart Change condition.

Method

Participants
Five age groups took part in the experiment, eacisisting of 32 participants: The
groups were adult volunteers (18 females and 14snatean age 20 years 2 months), 7-

to 8-year-olds (15 females and 17 males; mean agard 11 months), 9- to 10-year-olds
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(17 females and 15 males; mean age 10 years 0 s)philz to 12-year-olds (16 females
and 16 males; mean age 11 years 10 months), arid 13-year-olds (17 females and 15
males; mean age 13 years 11 months). The childeee drawn from state schools in
Birmingham, UK. The adults were recruited amongargchduate Psychology students

at Aston University. They received course creditdarticipation.

Materials

The same set of learning objects was used as iarifxent 1 (cf. Figure 1). For each
stimulus of the original learning set, two distexctersions were created that involved a
categorical part change or a metric part-relati@hainge of the original object.
Categorical part changes (cf. Figure 8 left) cdeslisn the substitution of the original
part with that taken from another object (cf. Ralnange condition of Experiment 1).
Metric part-relational changes were confined tdesysitic manipulations of the relative
size between object parts, which did not alterrtbaiegorical relationship (such as
“smaller”, cf. the example in Figure 8, right).dontrast to Experiment 3 (cf. Figure 6
right), however, the part sizes changes were appsymmetrically (i.e., they affected
only one part while leaving the other two unaltgréhrt and part-relational
manipulations were calibrated across the set dig@abjects for equal difficulty [t(31) =
-.45, p = .65] in adult observers. Stimulus dimensiand presentation conditions were

identical to those in Experiment 1.

Insert Figure 8 about here
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Procedure

The experimental procedure was identical to th&xperiment 1.

Results

As in the previous experiments of this study, aleitdand adults found the learning of the
six objects relatively easy. Five participants (within the age groups 7 — 8 yrs and 8 —
9 yrs, one within age group 13 - 14 yrs) did nanptete the learning procedure and had
to be replaced. On average, participants requirg2l @D 1.8) learning cycles to reach
the target criterion of 90% correct responses. &lexs a marginally significant effect of
age on learning time [F(4,159) = 2.50, p = .@5; .06; one-way ANOVA], with 7- to
8-year-olds using more cycles than adults, butelative to older children (p=.05, Tukey

HSD test).

Performance in the recognition test was analyséers of the accuracy and the latency
preceding a correct response. Eight participantis kesponse latencies classified as
outliers (defined by the group mean £3 standardadiews) were removed from the data
set prior to the statistical analysis (three pgréints each in the age groups 7 — 8 yrs and

11 — 12 yrs, one in the age group 11 — 12 yrs,caedadult).

Accuracy
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Means and standard errors of the recognition acguoa each age group and for each of
the two manipulation conditions (Part vs. Part Refes) and orientations (Upright vs.
Inverted) are shown in Figure 9A. The accuracy dagee analysed in a 5 (Age: Adults
vs. 13 —-14yrsvs. 11 — 12 yrs vs. 9 — 10 yrgvs 8 yrs) x 2 (Manipulation: Part vs. Part
Relation) x 2 (Orientation: Upright vs. Invertedjxed ANOVA with Age as the between
factor. The analysis yielded significant main efégor Age [F(4,147) = 6.29, p <.001,
N> = .15] and Orientation [F(1,147) = 5.98, p < .05, = .04], while Manipulation failed

to reach significance [F(1,147) = 3.04, p = .08]efle were no significant interactions.

Latency

Response times were analysed for the correct resp@f each observer. Figure 9B
shows means and standard errors of the latendiesaéh age group, manipulation
condition and orientation. In analogy to the accie®, the latencies were analysed in a 5
(Age) x 2 (Manipulation) x 2 (Orientation) mixed ANA with Age as between factor.
The analysis yielded a significant main effectAge [F(4,136) = 5.69, p < .00[11,02 =

.14], with adults and 13- to 14-year-olds respogdaster than children in the three
younger age groupgg < .05; Tukey HSD test). Orientation also provigghiicant

[F(1,136) =4.87,p < .05],p2 = .04], with latencies to inverted stimuli beiranger than
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to upright ones. All other main effects and intéiats were non-significant. There were

no speed-accuracy trade-offs in any age group mdiion (Pearsoms < .29,ps > .14).

Comparison of Experiment 3 and Experiment 4

In order to compare the trajectories observed ipeEments 3 and 4, the accuracies were
combined in a joint mixed ANOVA with Experiment (X3 vs. Exp. 4) as an additional
between-subjects factor. The analysis gave sigmfimain effects for Age [F(4,321) =
13.93, p < .001n,” = .15], Experiment [F(1,321) = 32.65, p < .06 = .09], and
Orientation [F(1,321) = 21.08, p < .001192 = .06]. There also was a significant
interaction between Manipulation and Experimenf.[B21) = 9.18, p < .OI;,,2 =.03].

To consider the two-way interaction in more detajpparate ANOVAs for the Part
Change and Configural Change conditions were cdaedu€&or part changes, Orientation
[F(1,321) = 11.52, p < .00h,” = .04] and Age [F(4,321) = 5.52, p < .08} = .06]

were significant, while Experiment was only apptuag significance [F(1,321) = 3.80,

p =.05,n,° = .01]). For configural changes, Orientation [Bell) = 10.52, p < .00%h,”
=.03], Age [F(4,321) = 8.96, p <. OO’J{,2 =.10] and Experiment [F(1,321) = 36.24, p <
.001,r]p2 =.10) were all highly significant. Thus, the w#l difference between the
results of the two experiments lay in the differdavelopmental trajectories observed for
the detection of configural changes, implementedymgmetric relative size changes in

Experiment 3 and asymmetric relative size chang&xperiment 4

1 A similar ANOVA directly comparing the trajectos®f the (identical) part-change conditions in
Experiments 1 and 4 proved non-significant [F(1)26800, p = .95]. Thus the different experimental
context in Experiment 4 did not significantly affgerformance for detecting categorical maniputetiof
object parts.
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Discussion

Experiment 4 demonstrates that manipulations atiked size that were limited to a

single part eliminated the developmental disscmmebietween part-specific and part-
relational processing observed in Experiment Zadmtrast to the latter, now even the
youngest tested children were able to detect velaize changes with the same accuracy
as changes of individual parts. This pattern ofiliezannot be attributed to differences
between Experiment 3 and 4 regarding the overslirditiveness of the distracters
resulting from the two types of size manipulatidnsboth experiments, the former had
been calibrated against the distracter set in #ie@hange condition with a similar target

accuracy in adults.

We propose that it was the perceptual context demby the asymmetric size change of
our caricature-like distracters in Experiment 4t flaailitated the recruitment of part-
specific mechanisms, leading effectively to a magkaf the protracted development of
part-relational processing and to statisticallyiealent trajectories in the Part-Relational
and Part Change condition. Further evidence fon sucontext-induced substitution of
part-relational by part-specific processing is paded by the much reduced impact of
inversion. In contrast to Experiments 2 and 3 theaie no significant interaction between
Orientation and Manipulation in Experiment 4, irating that inversion affected the
detection of part-relational (relative size) chage more than that of part changes.
Inversion effects have been traditionally seen halimnark of relational processing,

particularly in face recognition (e.g., Yin, 1968arey & Diamond, 1977, for a review,
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see Valentine, 1988). For face caricatures invarsftects have been found to be
distinctly smaller, a result that has been takeavidence for a reduced reliance of
caricature recognition on relational feature codiRgodes & Tremewan, 1994). An
analogue conclusion regarding the relative absehpart-relational processing for the
detection of asymmetric size changes can be dreavm the reduced impact of inversion
in Experiment 4. We will further consider parallefsour results with those reported in

the face recognition literature in the general aston.

General Discussion

In four experiments, children aged 7 to14 yearsahdts were tested in 3-AFC tasks to
judge the correct appearance of newly learned #palti objects, which had been
manipulated in terms of individual parts or patatiens at either categorical or metric
level. For the detection of categorical changesaots and part relations, even the
youngest tested children were found to performectosadult levels. By contrast, for
metric changes the data provides converging eval&radissociating developmental
trajectories of part-based and part-relational dipeocessing, with a surprisingly late

consolidation of the latter.

On the one hand, our results are compatible withraber of previous studies indicating

an early maturation of object recognition skillso(&ai, Ghahremani, Whitfield-Gabirieli,

Reiss, Eberhardt, Gabrieli, & Grill-Spector, 20&¢herf, Behrmann, Humphreys, &
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Luna, 2007; see also Aylward, Park, Field, ParsBichards, Cramer, & Meltzhoff,
2005; Gathers, Bhatt, Corbly, Farley, & Josepl®£0These studies typically used
paradigms that did not crucially depend on pamtrehal processing. For example,
Golarai et al. employed an old-new recognition tagkich in the case of (non-face)
objects used photographs of abstract sculptureéslistnctly differed from one another
in terms of their constituent parts. Scherf esadtudy involved short movie vignettes,
which in the “object” condition showed typical mpuiations, like picking up an object
from a desk. Again, the objects used could berdjsished by on the basis of individual
parts. Thus, the competence observed in theseesttati children as young as seven has
a correspondence in the remarkable accuracy shgwhildren in our part-change
conditions, in particular those involving non-a@mtal manipulations (cf. Experiment 1).
On the other hand, our results go beyond that puswivork by demonstrating that the
ability to assess part-relations for the purposebpéct recognition follows a distinctly
protracted developmental trajectory, and approaatiek levels not before an age of 12.
Importantly, this delay only applies to part-redais that involve the metric evaluation of

attributes, but not to those that differ in catécgrterms.

The distinction between categorical and metric lewé processing of parts and part
relations is a fundamental principle of the Rectigniby-Components (RBC) model
(Biederman, 1987, 2000) which provides the thecaéframework of the present study.
According to the RBC approach objects are represlesis structural descriptions that
involve certain part primitives (geons) that araemected by a restricted set of categorical

relations. In the past, the RBC model has inspi@tsiderable developmental work,
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most of which has been concerned with the roledividual parts. Here it has been
demonstrated that part information plays an impuntale in object categorization and
matching in young children and toddlers (Madole éh€n, 1995; Smith et al., 1996;
Rakison & Butterworth, 1998, Abecassis et al., 208daf et al., 2003; Mash, 2006).
Whether the early primacy of parts in visual preoeg reflects a peculiar status of geons,
i.e., parts that differ in terms of categorical wamr properties, in young infants has been
more controversial (cf. Haaf et al., 2003; but Admsis et al., 2001). However, there is
agreement that by the age of 7 — the youngestrehilisted in our experiments —
children should display a competence close to delts for the detection of part-
specific changes, if those changes involve manijmua of non-accidental part-

properties.

Unlike for parts, only very few developmental seglhave addressed the processing of
part relations from an RBC perspective. With regardimilarity judgements Mash
(2006) observed a strong bias in children to ciasdjects on the basis of part specific
rather than part-relational information. Mash’sdstinvolved novel objects consisting of
two parts one of which was manipulated in termgsoéross-section and its relative
location relative to the second. The observed tehae of young children to take into
account the latter (a metric part-relational charegel rather rely on the former (a metric
part-specific change) is in principle compatiblehathe results of the current study, in
particular those of Experiment 2. Nonethelesstdisk employed by Mash did not require
the involvement of long-term memory as all stintalbe compared were presented

simultaneously. Critically, control experiments sleal that children’s perceptual bias
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towards parts could not be explained by a reducstichination ability for part

relationd. Mash'’s results therefore remain tacit as to thresequences of this bias for
object learning, in particular in situations wheras in case of our four probe objects —
part-specific differences are absent. By conttastpresent study in conjunction with
that of Juttner et al. (2013) indicates a critdavelopmental difference between metric
and categorical part-relational processing in dljecognition proper, i.e. a task that
requires the matching of a percept to a stored mgnepresentation. As demonstrated in
Experiment 3, this difference pertains to the tweegart-relational attributes in the RBC
model, relative size and relative position, whiolygests a generic rather than attribute-

specific dissociation.

To the extent that our experiments map the tramsiti object recognition skills from
adolescence to adulthood they also impose conttramtheories object of recognition at
a more general level, beyond any particular aggaaHere as an alternative to structural
approaches (like RBC) so-called image-based acsdarg., Ullman, 1989; Poggio &
Edelman, 1990; Tarr & Bilthoff, 1995; RiesenhubeP&ggio, 1999) have been
suggested. They generally assume a view-like reptaBon where object features are
stored in terms of their literal position withirpactorial, two-dimensional coordinate
system. Current image-based models do not diradtlyess issues of development but
object learning experiments in adult observers ssgtpat the acquisition of view-based
object representations is predominantly driventagigical learning (e.g., Poggio &

Edelman, 1990). During such learning, distinct \8emerge as a result of gradual

2 Indeed, in these control experiments children fbpart-relational variations easier to discrimiriin
part changes (cf. also Experiment 2 of Davidoff Ratberson, 2002, for a similar observation).
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familiarization with clusters of viewpoint-specifieatures. Given this particular
representational format and assuming “degraded®abbjews in children, image-based
models would necessarily predict a recognition athge for part-relational relative to
part-specific changes owing to the greater spatigklation between the features of
target and distracters implied by the latter - camytto our findings in Experiments 2 and
3. They would also fail to predict a selective innpeent for detecting metric
(Experiment 2) as opposed to non-accidental (Erpant 1) part-relational changes if

these changes are — as in our experiments — delibfer equal difficulty in adults.

While structural and view-based representatiorgimmally have been discussed as
mutually exclusive alternatives (e.g., Biederma&@8g7l, 2000; but Poggio & Edelman,
1990; Tarr & Bulthoff, 1995), more recent evidefiwen behavioural (e.g., Hummel,
2001; Forster & Gilson, 2002; Hayward, 2003; Thahal. 2004) and neuroimaging
(Vuilleumier et al., 2002; Thoma & Henson, 2011jdsés indicate that such formats
might co-exist, and that the visual system mighindupon these multiple object
representations in a task-dependent manner. Quitsesld a developmental perspective
to this debate suggesting — in line with other neevidence (Wakui et al. 2013) — a
primacy of structural object recognition that lealess room for the use of view-based

representations.

Our experiments employed a set of six novel objgEiswere constructed as compounds

of three geons, i.e. three-dimensional shape pviesitwith uniqgue NAP signature

(Biederman, 1987). While this construction prineipermits a careful manipulation of
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parts and part relations as well as an easy anahigaous recovery of the components
in the context of the RBC model one might questiswalidity with regard to more
realistic objects with a less obvious part struetéor more complex shapes RBC
postulates the recovery of object components tassested by a parsing mechanism
based on general contour properties (Hoffman & &idb, 1984) — an additional
processing step that our objects do not requireelheless, the compatibility of the
present results with that of previous studies imvig natural stimuli (animals and
common objects, cf. Juttner et al., 2013) indic#tas our specific stimulus choice does
not affect the generality of our conclusions conoeg a critical developmental

difference between metric and categorical parttieal processing in object recognition.

Our data also offers parallels to the developméfaae perception. The problems
observers in the two youngest age groups had ihiétection of subtle positional
changes of object parts in Experiment 2 is rememsof a similar and well-documented
difficulty children have when assessing spatiadtiehs of facial features. Here it has
been shown that children’s sensitivity to detechipalations of the distances between
cardinal features like the eyes, the nose and thémtontinues to improve until at least
14 years (Carey et al., 1980; Bruce et al., 2000ndiioch et al, 2002). Such processing
of spatial relations — also referred to as secad@+grocessing — can be contrasted with
the coarse assessment of the basic spatial lajfatial features — their so-called first-
order relations. The sensitivity to the latter miwn to develop much earlier and may
already be present in newborns (e.g., Goren, S&ityu, 1975; Johnson Dziurawiec,

Ellis, & Morton, 1991). It is tempting to draw arp#el between the developmental
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dissociation between first- and second-order i@hati processing of facial features on the
one hand and between categorical and metric platieneal processing for non-face
objects on the other. Moreover, both for facesramutface objects are late developing
processing skills for metric (second-order) pal&ttenal manipulations particularly
susceptible to inversion effects, unless such maaijens occur in perceptual contexts
where they are detected as part changes, as irtaagcature-like stimuli (cf.

Experiment 4).

Young children’s difficulties with the evaluatio second-order relations of facial
features have often been related to their limitefidentification skills (Diamond &
Carey, 1986; Freire, Lee, & Symons, 2000; Kemd.el890; Mondloch et al., 2002).

We propose that such difficulties may extend togtexessing of metric part relations in
general and therefore impose more fundamentaldtraits to object recognition in the
developing mind. Unlike in face identification, Heelimitations may be obscured - if not
effectively masked - by the fact that recognitiohe so-called basic (or entry) level can
often rely on the detection of changes concermidgridual parts (Rosch, Mervis, Gray,
Johnson, & Boyes-Braem, 1976) or categorical pdations (Biederman, 1987), i.e., on
processing strategies for which an early maturasda be expected. In the context of the
present study this possibility was illustrated by successful acquisition of our object set
by all observers during the learning phase of exgeriment, with minimal variations
across age groups. However, as demonstrated subsequent testing phase such
successful learning does not imply an equivaleri¢keoacquired memory

representations for object shape in children andtadOur experiments therefore add to
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the growing evidence (cf. Wakui et al., 2013) foemarkably protracted development of
mental representations subserving non-face olgeognition, along a trajectory

extending beyond childhood and well into adoleseenc
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Figure captions

Figure 1. Set of six Geon objects used in Experiments 1 téode that objects 3 to 6
(probe objects) consisted of the same parts (georspnly differed in terms of the
categorical relational propertiedative size andrelative position. By contrast, objects 1
and 2 (facilitator objects) consisted of a diffarset of geons arranged in a distinctive
horizontal or vertical configuration. During thetaing phase of the experiment,
participants were trained to associate each adithebjects with its label (number).
During the recognition test, facilitator objectsrev@ised during practice trials, whereas

experimental trials only included the four probgeaks. See main text for further details.

Figure 2. Examples of geon stimuli used in the recognitest bf Experiment 1.

Each object of the learning set was shown with dvstracters. They either involved a
categorical part change (left) or a categoricati-pelational change of relative position
(right). Participants had to choose the correctdiem of the previously learnt object

(here: the middle left and the top right stimulus).

Figure 3. Mean accuracies and latencies in Experiment lirasiing categorical part
changes and categorical, part-relational changeslative position(A) Mean rate of
correct identifications within each age group fartpand part-relationally manipulated
geon stimuli in upright and inverted orientatiomeldashed line at .33 indicates chance
level. (B) Mean latencies of correct responses, corresponditige age groups and

conditions shown in (A). Error bars are standardrsr
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Figure 4. Examples of geon stimuli used in the recognitest Experiment 2. Each
object of the learning set was shown with two distiers, which in this experiment either
involved a metric part change (left) or a metriastgrelational change in relative position
(right). Participants had to choose the correctdiem of the previously learnt object

(here: the bottom left and the top right stimulus).

Figure 5. Mean accuracies and latencies in Experiment Zrasiing metric part changes
and metric, part-relational changes of relativetpms (A) Mean rate of correct
identifications within each age group for part- guadt-relationally manipulated geon
stimuli in upright and inverted orientation. Thesded line at .33 indicates chance level.
(B) Mean latencies of correct responses, corresporiditige age groups and conditions

shown in (A). Error bars are standard errors.

Figure 6. Examples of geon stimuli used in the recognitest Experiment 3. Each
object of the learning set was shown with two distiers, which in this experiment either
involved a metric part change (left) or a metriastgrelational change in relative size
(right). Participants had to choose the correctdiem of the previously learnt object

(here: the bottom left and the top right stimulus).

Figure 7. Mean accuracies and latencies in Experiment 3rastiing metric part changes

and metric, part-relational changes of relative gj&) Mean rate of correct

identifications within each age group for part- gradgt-relationally manipulated geon
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stimuli in upright and inverted orientation. Thesded line at .33 indicates chance level.
(B) Mean latencies of correct responses, corresponditige age groups and conditions

shown in (A). Error bars are standard errors.

Figure 8. Examples of geon stimuli used in the recognitest Experiment 4. Each
object of the learning set was shown with two distiers, which in this experiment either
involved a categorical part change (left) or a mepart-relational change in relative size
(right). Note that in contrast to Experiment 3 (€igure 6) the relative size change was
asymmetric, i.e. affecting only a single part. Rgrants had to choose the correct

depiction of the previously learnt object (heres thiddle left and the top right stimulus).

Figure 9. Mean accuracies and latencies in Experiment 4rasting categorical part
changes and metric, asymmetric part-relational gbsaiof relative siz€ A) Mean rate of
correct identifications within each age group fartpand part-relationally manipulated
geon stimuli in upright and inverted orientatiomeldashed line at .33 indicates chance
level. (B) Mean latencies of correct responses, corresponditige age groups and

conditions shown in (A). Error bars are standardrsr
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