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A perception-action approach to the early
development of spatial cognition:
The importance of active exploration

Ora Oudgenoeg-Paz and Hanna Mulder?

ABSTRACT

The ecological approach to child development stresses exploration of
the environment as a central mechanism that drives development of
spatial cognition. Through active exploration of affordances, which are
possibilities for action defined by the child’s (motor, cognitive and other)
skills and the environment, children are thought to develop spatial skills
over time. In the current papet, we review the state of the evidence for
this theoretical mechanism with respect to the eatly development of
spatial memory, spatial orientation, spatial process and spatial language
in typically developing young children. We conclude that the knowledge
base to date supports the notion that active exploration plays a key and
specific role in spatial cognition. The evidence supports the idea that
spatial cognition is grounded in daily physical interactions between chil-
dren and their environment. We further discuss open questions and
point directions for future research.

KEYWORDS: SPATIAL COGNITION, ECOLOGICAL PSYCHOLOGY,
PERCEPTION-ACTION, EXPLORATION, MOTOR DEVELOPMENT.

RESUME

Une approche perception-action du début de la cognition
spatiale : Pimportance d’une exploration active

L’approche écologique du développement de Ienfant voit 'exploration-
del’environnement comme le mécanismecentral du développement de
lacognition spatiale. Les enfants développeraient leurs compétences spa-
tiales grice a I'exploration active des possibilités d’action définies par-
leurscompétences(motrice,cognitiveetautre)et les opportunités offertes
par Penvironnement. Dans cet article,nous examinons cette hypothése
sur la base du développement précoce de la mémoire spatiale, de 'orien-
tationspatiale, du traitement spatialet du langagespatial des jeunes
enfants. Notre conclusion est que les connaissances actuelles soutiennent
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I’hypothése d’un réle clé et spécifique de I'exploration dans la cognition
spatiale. Les données appuient I'idée que la cognition spatiale est fondée
sur les interactions physiques quotidiennes entre les enfants et leur envi-
ronnement. Pour finir, nous élargissons le débat a de nouvelles questions
et pointons de possibles orientations futures de la recherche.

MOTS-CLES : COGNITION SPATIALE, PSYCHOLOGIE ECOLOGIQUE,
PERCEPTION-ACTION, EXPLORATION, DEVELOPPEMENT MOTEUR.

In the eatly years of life, spatial cognition shows a rapid and significant develop-
ment (see for example: Mulder e a/, 2017; Pelphtey et al., 2004; Schwatzer
¢t al., 2013). Spatial skills such as memory for location, spatial orientation and
spatial language, are important for everyday functioning, and for academic
attainment in science, technology, engineering and mathematics (STEM) and
language as well as for complex social skills (Creem-Regehr ¢ al, 2013;
Landau & Hoffman, 2005; Newcombe e# a/, 2013). Therefore, it is important
to understand what factors contribute to the early development of spatial skills.

In the current review we consider these factors from the prism of ecological
psychology. This view was proposed by James Gibson and further elaborated
on by Eleanor Gibson, Ulric Neisser and many others and stresses the central
role of recurrent perception-action processes in development. Children both
perceive information from the environment and also act on the environment,
thus generating new information to be perceived (J. J. Gibson, 1979;
E. J. Gibson & Pick, 2000; Thelen & Smith, 1996). These continuous percep-
tion-action cycles form the basis for the development of advanced cognitive
skills as they enable children to learn about their environment (Adolph, 2019;
E. J. Gibson & Pick, 2000; Thelen & Smith, 1996; Smith ez a/., 1999; Smith &
Gasser, 2005).

Affordances are a key concept within this theoretical framework. Affor-
dances are the possibilities for actions that children have in their environment
and are specified by the properties of the environment relative to the properties
of the child (J. J. Gibson, 1979). In the course of development children engage
in active exploration of their environment, which enables them to discover
affordances and develop the skills to recognize them and act upon them. Dis-
covering affordances entails that children learn to perceive their physical and
social world and act on it. For example, children learn about where things are,
if and how they can get there, what they can do with objects and how to
communicate with social partners. Thus, learning about affordances through
exploration is a crucial process in child development (Adolph ez 4/, 2000; E. J.
Gibson, 1988; Smith & Gasser, 2005). Notably, children’s opportunities for
exploration change with developmental changes in perception and action skills.
Importantly, when children acquire new motor skills (e.g, sitting, standing,
walking) they also acquire new perception and action possibilities (Soska &
Adolph, 2014; Gibson, 1988). Therefore, in line with the ecological approach,
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the current review focuses on the role of active exploration in the development
of spatial cognition.

We focus mainly on two types of exploration that are most prominent in
the literature. First, manual exploration of objects concerns children’s explora-
tion of the spatial-relational object properties. In this type of exploration chil-
dren, for example, turn objects around to see them from different angles and
combine objects by stacking them (e.g, Mohring & Frick, 2013; Oudgenoeg-
Paz et al. 2014). Second, exploration through self-locomotion concerns chil-
dren’s exploration of the space around them by moving around independently
(e.g,, Kermoian & Campos, 1988; Oudgenoeg-Paz ¢ al., 2015). In the following
sections, we first review evidence for the role of exploration in the develop-
ment of spatial memory, spatial orientation (including navigation), spatial pro-
cessing (including mental rotation) and spatial language. Second, we discuss the
implications of this evidence and highlight open questions and directions for
future research.

SPATIAL MEMORY

Children’s skill in remembering the location of objects is one of the most
extensively studied aspects of spatial cognition. Various studies have focused on
the relation between spatial memory and motor development and exploration.
Campos and colleagues (2000) reviewed multiple studies conducted in the 80’s
and 90’s showing a consistent link between engagement in self-produced loco-
motion (i.e., crawling or walking) and success on spatial search tasks. Kermoian
and Campos (1988) specifically showed that the experience that children gained
with self-lJocomotion by using a baby walker (which can be seen as artificially
gained experience) performed spatial search tasks better than children without
self-locomotion experience. This suggests that the relation between self-
locomotion and spatial memory is causal rather than due to general maturation
factors.

A few recent studies have shown that exploration relates to spatial memory,
and suggest that exploration may be a mediator in the association between
self-locomotion and spatial memory. First, a longitudinal study showed that
children who were engaged in more exploration of spatial relations (i.e.,
through stacking, inserting etc.) at age two years had better spatial memory
skills at ages four and six years. Interestingly, earlier age of walking attainment
predicted exploration at age two but not spatial memory at ages four and six,
suggesting that while learning to walk might be important in the short-term,
in the long-term it is exploration, which is initially facilitated by walking, that
predicts spatial skills (Oudgenoeg-Paz ¢f al., 2014). Similarly, in a different study,
exploration involving self-locomotion (crawling and/or walking) at age
20 months, was not related to spatial memory at age two years. However, in
the same dataset, exploration of spatial properties of objects (e.g, via making
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combinations) at age 20 months was found to predict better spatial memory
skills at age 24 months (Oudgenoeg-Paz e al., 2015). Finally, Muentener e al.
(2018) measured what they defined as the efficiency of exploration during four
time points over a nine-month period. The efficiency of exploration was
defined as the number of different ways children discover to use a toy while
exploring, Thus, this measure can be seen as a measure of the breadth of
exploration. Infants were aged between five to 19 months at the start of the
study. Individual differences in the efficiency or breadth of exploration were
found to be relatively stable and positively predicted visuospatial working
memory at age three years, as measured with the Wechsler Scales of Preschool
and Primary Intelligence (WPPSIL; Wechsler, 2002). Thus, there is consistent
evidence that exploration and spatial memory are positively related in the infant
and toddler yeats.

Several explanations have been suggested for the reason why exploration
through self-locomotion is associated with spatial memory. Campos and col-
leagues (2000) note that experience with exploration through self-locomotion
might enable infants to improve their attentional discrimination between rele-
vant and irrelevant stimuli, improve goal-directed behavior, and improve the
use of social cues. Eatlier work supports the idea that better attention is related
to better spatial memory performance, and expetience with self-locomotion is
related to both attention and spatial memory (Horobin & Arcedolo, 1980).
Recent work further supports this by showing that walking experience is related
to performance on a selective attention task (Mulder e# 4/, under review).

To summarize, multiple studies show that exploration with objects and
exploration through self-locomotion facilitates advances in spatial memory.
Explaining mechanisms are hypothesized to be advances in selective attention
facilitated by self-locomotion and changes in the way infants interact with
objects and people. Thus, changes in action possibilities generate new percep-
tual information and these new perception-action cycles propel advances in
spatial memory.

SPATIAL ORIENTATION

Though less extensively studied compared to spatial memory, empirical evi-
dence also attests to the link between spatial orientation and navigating skills
and exploration. In an early study by Acredolo and colleagues (1984) 12-
month-old infants were asked to retrieve a toy they saw hidden in one of two
identical wells. To retrieve the toy infants had to move around the display.
Children who were allowed to locomote by themselves performed much better
than infants who were carried by caregivers. This effect was due to visually
tracking the correct location while locomoting, Similarly, van den Brink and
Janzen (2013) have shown that toddlers who have more opportunities for
spatial exploration in their daily lives performed better on a task requiting them
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to maintain their spatial orientation while their perspective changes. In this
study, children aged between 30 and 36 months saw a bird disappearing behind
one of two trees in a virtual reality scene. Then, the camera changed perspective
by 90 degrees and children, who were sitting the whole time, had to find the
bird. Children who were more independent in their daily functioning and there-
fore had more opportunities for spatial exploration performed this task better.
Multiple studies have further stressed the advantages of active locomotion
versus passive locomotion for performance on tasks requiring spatial orienta-
tion and navigation in toddlers and children aged up to six years. In these
studies, children who were allowed to explore a space using active locomotion
(e.g., by walking around or moving their own wheelchair) performed better on
spatial orientation or navigation tasks in this space, compared to children who
explored the space using passive locomotion (e.g., were carried or pushed in
their wheelchair; Feldman & Acredolo, 1979; Hazen, 1982; Foreman ef al.,
1990). Finally, a study by Clearfield (2004) demonstrates the importance of
perception-action processes in learning to successfully navigate. In this study,
infants (12 and 14 months old) were asked to find their mother in an octagonal
arena with several landmarks. Results showed that experienced crawlers and
experienced walkers performed better than novice crawlers and walkers.
Although novice walkers were experienced crawlers, they performed worse
than experienced crawlers. These findings suggest that children’s performance
are then a ‘soft assembly’ of the perceptual information available to them and
their action possibilities. Thus, as children start to walk, this brings about
changes in perception and action leading to a change in affordances. The
process in which children adjust to these new affordances requires attentional
resources and therefore leads to a temporary setback in performance. In sum,
evidence shows that exploration involving self-locomotion through the envi-
ronment propels spatial orientation and navigation skills possibly because of
better visual attention during active self-locomotion (as opposed to passive
locomotion). These studies do not show a specific advantage to walking over
crawling, but they do show that the experience gained with crawling does not
transfer to children’s skills once they start walking (see also Adolph, 1997).

SPATIAL PROCESSING (MENTAL ROTATION)

In recent years, spatial processing and specifically mental rotation has also been
widely studied from a perception action perspective. A study using a violation
of expectation paradigm showed effects of manual exploration on mental rota-
tion skills. In this study, infants were shown a symmetrical object on a screen
with different colours used for the back and front of the object that was then
rotated out of sight. When the object was shown again, it was either the same
object but rotated (congruent condition) or a rotated mirror image of the
object (incongruent condition). If infants look longer in the incongruent condi-
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tion this is taken to indicate preference for novelty and therefore understanding
that this image is impossible. In order to understand this, infants need to be
able to mentally rotate the originally introduced image. The study showed that
six-months-old infants who first manually explored the object presented on the
screen performed this task better than infants who did not have this experience
(Mohring & Frick, 2013). In a follow-up study, the authors found that similar
to six-month-old infants also eight-month-old infants did not look longer at
the incongruent condition when they received only observational experience.
However, ten-months-old infants did succeed on this mental rotation task with
only observational experience. In the group of ten-month-olds, attainment of
several motor skills (i.e., tilting a glass, pulling to stand, standing and walking
with assistance) predicted success on this task. The strongest prediction was
found for walking with assistance (note that here we refer to the motor miles-
tone rather than using a baby walker). This suggests that even very eatly expe-
rience with changes in perspective and action possibilities enables infants to
achieve more advanced reasoning about spatial relations, that might become
more independent from their own location and perspective (Frick & Mohring,
2013).

Further support for this idea comes from a study using the same paradigm
without the exploration phase, showing that nine-month-old crawling infants
performed the task better than same-aged infants that could not yet crawl
(Schwarzer ef al., 2013). A longitudinal study further showed that children who
engaged more in exploration through self-locomotion at age 20 months
showed better spatial processing skills (as measured by the block design task
from the WPPSI) at age 32 months (Oudgenoeg-Paz ¢z al., 2015). This task
requires children to replicate patterns of increasing difficulty of two coloured
blocks. This task requires advanced spatial processing skills, including mental
rotation (Wechsler, 2002). Exploration through self-locomotion also fully
mediated the positive effect of early walking attainment on block design perfor-
mance. However, the same study also found that spatial-relational object explo-
ration at age 20 months did not predict spatial processing at age two years
(Oudgenoeg-Paz et al., 2015).

This last finding might seem to contradict the findings described above by
Mohring and Frick (2013) and Frick and Méhring (2013). However, note that also
in the study by Frick and Mohring (2013) the effect of object exploration was no
longer seen as children grew older. The children in the study by Oudgenoeg-Paz
et al., (2015) were even older than the children in this study. Thus, we can conclude
that the skills of spatial processing and specifically mental rotation appear to be
facilitated by both (certain types of) object exploration and exploration through
self-locomotion. However, evidence to date seems to suggest that perhaps, at
first, children seem to benefit from specific manual exploration of objects.
Following this, later on in infancy and in the toddler years, experience with
changing perception and action possibilities, seen with the attainment of motor
milestones and especially self-locomotion appears to enable children to genera-
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lize their spatial processing skills. Clearly more work is still needed to test these
hypotheses.

SPATIAL LANGUAGE

Finally, though less extensively studied, the domain of spatial language poses
an interesting additional domain. In recent years, multiple studies have shown
that motor development is related to advances in general language development
(e.g, Libertus & Violi, 2016; Oudgenoeg-Paz ¢t al., 2012; Walle & Campos,
2014). However, as exploration through self-locomotion and exploration of
spatial-relational object properties is specifically linked to obtaining spatial skills
(see sections above), it can be expected that these types of exploration would
also be related to spatial language development. The longitudinal study by
Oudgenoeg-Paz ez al. (2015) indeed provides support for this idea. In this study
child knowledge of locative prepositions and of movement verbs containing a
direction (such as push or pull) was measured at age 36 months. Results show
that earlier attainment of walking predicts better knowledge of spatial language
at 36 months, and that effect is partially mediated by exploration through self-
locomotion at age 20 months. However, in the same study, spatial-relational
object exploration at age 20 months did not predict spatial language. In a
second study, the authors show that the former effect is unique to spatial
language and does not extend to other linguistic domains such as the use
of grammatical and lexical categories (Oudgenoeg-Paz ef al, 2016). Similatly,
Marcinowski and Campbell (2017) have shown that children who showed more
advanced exploration (seen as combining objects) at ages 10 to 14 months also
understood more spatial words at age three years. Exploration skill was related
only to spatial language and not to general language or cognitive skill. Together,
these results suggest that the knowledge acquired by spatial exploration is uni-
quely predictive of spatial language development.

Finally, studies show that motor development and exploration change the
verbal input children receive from caregivers. Playing with certain types of toys
such as blocks that enable more elaborate combinations, elicits more spatial
language input from caregivers (Ferrara e a/, 2011). This input is, in turn,
longitudinally related to better spatial language (Pruden e# 4/, 2011). To summa-
rize, like other aspect of spatial cognition, also spatial language appeats to be
learnt through ongoing perception-action loops enabling children to learn
about spatial relations and elicit relevant input from caregivers.

Di1SCcUSSION AND CONCLUSION

In this review we present evidence showing that exploration of the environ-
ment plays a central role in the early development of spatial memory, spatial
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orientation, spatial processing and spatial language. These findings include
cross-sectional and longitudinal evidence and provide an indication that the
relation is unique in the sense that specific kinds of exploration are related to
development in specific cognitive domains. These findings are in line with the
ecological approach to child development. In the next sections, we describe in
turn the importance of such specificity of telationships for theory building and
the variable developmental paths travelled by children with motor disabilities
on the road to spatial cognition. Then we turn to highlight open questions
regarding the nature of information obtained while exploring and what this
means for spatial cognition and the importance of understanding how diffe-
rences in the physical and social environment contribute to exploration and
development.

The specificity of the relations is seen for example in the different effects
of sitting and walking in the study of Oudgenoeg-Paz and colleagues (2015)
and in the uniqueness of effects of exploration on spatial language in the
work of Marcinowski and Campbell (2017) and Oudgenoeg-Paz and colleagues
(2016). These results suggest that the relationships between exploration and
spatial skills depend on the type of information obtained through each kind
of exploratory activity. In other words, the relationships are grounded in the
information structures present in the environment and the actions these struc-
tures afford in combination with children’s action possibilities. Given the speci-
ficity of these associations, it seems unlikely that these developmental
relationships can be reduced to a general maturation process. Children develop
through many concrete experiences in their environment occurring over micro-
time (i.e., seconds, minutes), leading to macro-level changes in development
(i.e., months, years) — which is a central tenet of the dynamic systems approach
to development (Smith & Thelen, 2003). Spatial cognition development
depends on a manifold of concrete real-life interactions involving exploration
that converge at some point to enable the ‘emergence’ of these skills (see
Thelen & Smith, 1996 and Gibson, 1988 for a detailed description of this
idea). The consistently emerging pattern of specific relations across exploratory
activities, spatial skills and ages, calls for a larger scale investigation testing clear
hypotheses about what relations are and are not expected both cross-sectionally
and longitudinally.

In light of the findings reviewed, the question arises what these findings
mean for children with motor disabilities? Is exploration necessary for the
development of spatial cognition? The literature concerning children with
motor disabilities falls beyond the scope of the current review. However, some
evidence does suggest that children with motor delays due to Spina Bifida do
show delays in their performance on spatial memory tasks (Campos et al,
2009). However, other studies show that children with severe motor delays due
to Spinal Muscular Atrophy do not show delays in spatial memory and spatial
language. On the contrary, they even show precocious development in these
domains (Riviere & Lécuyer, 2002; 2003; Riviere ef al, 2009). Thus, under
certain conditions exploration as we see in typically developing children, invol-
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ving engagement in self-produced locomotion, might not be necessary. It is
likely that children with extreme delays in motor development find alternative
ways to explore their environment to obtain information that is similar (though
not identical) to the information obtained by typically developing children.
These children might for example use their linguistic skills to get their social
environment to perform exploratory actions for them. This might be termed
exploration through a proxy (see also Oudgenoeg-Paz & Riviere, 2014). Further
work is cleatly needed to study the process of spatial cognitive development in
these populations.

OPEN QUESTIONS

In order to fully understand the process through which exploration propels
spatial cognition it is important to gain a thorough insight into the perceptual
information children with varying motor skill level generate and receive in their
daily lives across varying contexts. Initial work involving both the lab and the
home setting (e.g., Karasik ¢z al, 2011; 2014; Kretch ez al, 2014) showed that
the perceptual information children obtained while crawling dramatically differs
from the perceptual information children obtained while walking. Most studies
reviewed here did not specifically compare the effects of walking and crawling
on spatial development. However, empirical evidence in related fields has
shown that walking attainment changes exploration of the physical and social
environment as walking children were shown to interact differently with objects
and people compared to crawling children. Walking children, for example, carry
objects more and initiate more joint engagement with parents while moving
(Clearfield, 2011; Karasik e al, 2011; Walle, 2016). These different interactions
also elicit different types of verbal input from the social environment of chil-
dren. Parents responded differently to actions made by stationary versus loco-
moting infants and actions made by crawling versus walking infants (Karasik
et al., 2014; Walla & Campos, 2014). Future work should study the difference
in effects of crawling and walking attainment on spatial cognition and provide
us with more detailed insights into the information children obtain while explo-
ring in their daily lives. Note, however, that the measurement of everyday expe-
riences at this level of detail poses a methodological challenge. In a recent
review, Franchak (2020) suggests possible solutions to these challenges inclu-
ding for example light weight headcams to measure visual information and
lightweight inertial sensors to document posture.

An additional factor to consider is the physical environment which children
explore. Studies show for example that the use of practices that restrict move-
ment varies between cultures. For example, in Tajikistan infants spend many
hours per days restrained on their backs in a traditional cradle (Karasik ez a/,
2018). Differences were also found between western cultures where, for
example, Dutch infants spend far more time in the playpen compared to Israeli
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children that are more often placed on the floor and allowed to freely explore
their environment (Oudgenoeg-Paz ¢f al., 2020). Other variations in the envi-
ronment could come from factors such as the availability of materials (for
example due to low income of the family; Bradley & Putnick, 2012) or the size
and shape of the house families live in (e.g., Berger e a/, 2007). Another study
showed that children produced more spatial language if they were allowed to
interact with tangible toys that included varied shapes (Verdine ez a/, 2019). In
contrast, Cole and colleagues (2016) have shown that toddlets explore a room
by walking the same amount of bouts of steps regardless of whether the room
is full with objects to explore or completely empty. This suggests that, while
the physical environment does play a role in facilitating and eliciting explora-
tion, infants also actively engage in a type of locomotor exploration were the
perception-action cycle mostly relies on proprioception. It is important to study
in depth how the information obtained through exploration varies between
children growing up in different environments and what implications these
differences might have for their (spatial) cognitive development.

Besides the physical environment, the social environment is also a key factor
to consider. With regard to the acquisition of spatial language (and language in
general) it is clear that the input from the environment is crucial (e.g., Pruden
et al., 2011). Importantly, children’s (motor) skills and exploration also play a
role in directing this input. A study by Karasik and colleagues (2014) has shown
that mothers of walking infants responded more often with action directives
(e.g., “open it”) to their infant’s object sharing (defined as a “bid”), as compa-
red to affirmations (e.g, “thank you”) or descriptions (e.g, “a red box”).
Further investigation showed that walking infants made more bids while loco-
moting, whereas crawling infants mostly made stationary bids. Mothers gene-
rally responded to moving bids with such action directives. While evidence for
the role of the social environment exist mainly for spatial language, it seems
likely that this environment also plays an important role in the development of
other aspects of spatial cognition. Caregivers might encourage certain types of
exploration and discourage others. However, empirical evidence in this field is
still scarce and work is still needed to study the role of the social environment
in shaping children’s exploration and how this relates to further development.

To conclude, the current review shows that multiple studies with typically
developing children provide compelling evidence for the role of active (spatial)
exploration in the development of several spatial skills. It is important to note
that empirical evidence shows that not all types of exploration atre related to
all types of spatial skills. Rather, the relationships between the different forms
of exploration and the different spatial skills seem to be specific as they are
dependent on the specific affordances children explore while engaging in dif-
ferent forms of exploration. As such, these findings provide support for the
idea that spatial cognition is grounded in daily interactions between children
and their environment.
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