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Egocentric–allocentric frames were combined with categorical–coordinate relations.
Participants performed a pointing task according to four spatial instructions.
Stimuli characteristics and delay between learning and testing were manipulated.
The use of 3D stimuli and immediate response favors egocentric coordinate judgments.
2D stimuli and delayed response improve allocentric and categorical representations.
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a b s t r a c t

This study explores how people represent spatial information in order to accomplish a visuo-motor task.
To this aim we combined two fundamental components of the human visuo-spatial system: egocentric
and allocentric frames of reference and coordinate and categorical spatial relations. Specifically, partici-
pants learned the position of three objects and then had to judge the distance (coordinate information)
and the relation (categorical information) of a target object with respect to themselves (egocentric frame)
or with respect to another object (allocentric frame). They gave spatial judgments by reaching and touch-
ing the exact position or the side previously occupied by the target object. The possible influence of stimuli
characteristics (3D objects vs. 2D images) and delay between learning phase and testing phase (1.5 vs.
5 s) was also assessed. Results showed an advantage of egocentric coordinate judgments over the allo-
elay
timuli manipulability

centric coordinate ones independently from the kind of stimuli used and the temporal parameters of
the response, whereas egocentric categorical judgments were more accurate than allocentric categori-
cal ones only with 3D stimuli and when an immediate response was requested. This pattern of data is
discussed in the light of the “perception-action” model by Milner and Goodale [13] and of neuroimaging
evidence about frames of reference and spatial relations.

© 2015 Elsevier B.V. All rights reserved.
. Introduction
In order to deal with a variety of daily tasks, people need to use
patial information about objects in the environment. For example,
f we are looking for the car keys we need to remember “where” we

∗ Corresponding author at: University of Utrecht, Department of Exper-
mental Psychology, Heidelberglaan 1, 3584 CS Utrecht, The Netherlands.
el.: +31 030 2534023; fax: +31 030 2534511.

E-mail address: f.ruotolo@uu.nl (F. Ruotolo).
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166-4328/© 2015 Elsevier B.V. All rights reserved.
left them the last time (e.g. on the desk), and if we decide to reach for
and grasp them we need to specify “where” they are with respect to
our body. These examples show that human beings commonly use
two kinds of frames of reference to encode and mentally represent
the locations of objects: an egocentric frame of reference that spec-
ifies where an object is with respect to the body and an allocentric
frame of reference that specifies where an object is with respect

to another one in the external world [for reviews: 1–2]. Moreover,
the kind of spatial relation represented through an egocentric or
an allocentric frame of reference can be defined as coordinate if it is
based on a fine-grained metric code that allows for precise distance
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http://www.sciencedirect.com/science/journal/01664328
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iscriminations between objects’ positions, or categorical if a more
bstract code is used (e.g. left\right; above\below) which delim-
tates areas in the outside world in which all possible locations
an be treated as more or less equivalent and provides nonmetric
ocalizations [3–5].

It has been recently shown that egocentric and allocentric
rames of reference (FoR) and categorical and coordinate spatial
elations (SR) represent distinct but somehow interacting compo-
ents of human visuo-spatial system whose combination gives rise
o four kinds of spatial representations: egocentric coordinate (e.g.
bject X is closer to me than object Y), egocentric categorical (e.g.
oth objects X and Y are on my right), allocentric coordinate (e.g.
bject X is closer to object Y than object Z), and allocentric categori-
al (e.g. both objects X and Y are on the right of object Z). It has been
uggested that the functioning of these four spatial representations
s not independent of the purpose and the characteristics of the task
t hand [6]. However, the characteristics of the task that favor a kind
f spatial representation rather than another one have not yet been
ully explored. Indeed, egocentric and allocentric frames of refer-
nce have usually been studied separately from categorical and
oordinate spatial relations. As a consequence, much evidence has
een collected regarding the factors that could influence the encod-

ng of spatial locations in egocentric and\or allocentric terms (e.g.:
people’s age [7,8]; – way of learning [9]; – size [10]; – geometric

tructure of the environment [11]; – familiarity with the envi-
onment [12]), but their relationship with categorical\coordinate
patial relations has not received much attention.

As regards the relationship between FoR and SR, literature sug-
ests some functional similarities. According to the “two-visual
tream hypothesis” proposed by Milner and Goodale [13–15],
llocentric and egocentric frames of reference have a clear and
istinct functional role within perceptual- and action-oriented
asks. Specifically, the vision-for-action subsystem (dorsal stream)
ould privilege egocentric frames of reference for controlling
ovements in space. Instead, the vision-for-perception subsystem

ventral stream) is related to visual consciousness and to mem-
ry systems, and would privilege allocentric frames of reference.
mportantly, similar functions have been attributed to the coor-
inate and categorical spatial relations respectively. According to
osslyn [3,16], categorical information is more useful for object
ecognition, whereas coordinate spatial relations are more useful
or accurately reaching elements in the space (object or places). The
unctional link between egocentric and coordinate components on
side and allocentric and categorical dimensions on the other has
lso been suggested by Milner et al. [17–19]. The rationale behind
his association is that the visuo-perceptual system would codify
bject-to-object relationships and at the same time would use a
ind of “abstract” coding (e.g. “left of”, “above”) for recognition pur-
oses. This kind of coding would ensure that changes in the relative

ocation of the target with respect to the observer, due to move-
ents of the observer, do not change the perceived spatial location

f object. This “space constancy” would also provide observers with
n awareness of the relative locations of two or more objects, even
f they are out of sight. Instead, when we decide to look and reach
or a specific object, dorsal sensorimotor systems which process

etric spatial information in egocentric terms are engaged.
In our recent works [6,20], we explored the relationship

etween FoR and SR by asking participants to give categorical (same
ide or not?) and coordinate (same distance or not?) visuo-perceptual
udgments about two vertical bars with respect to an allocentric
a horizontal bar) or an egocentric (their body-midline) frame of
eference. Results showed that allocentric judgments were better

hen combined with categorical than coordinate spatial relations,
owever no advantage for coordinate judgments when combined
ith an egocentric rather than an allocentric frame appeared. We

easoned that these results could have been due to the fact that
esearch 284 (2015) 167–178

participants were only requested to visually estimate distances
of the two vertical bars and to report a “true or false” response
by pressing a mouse pad button. Instead, according to the above
mentioned theoretical proposals an egocentric representation of
coordinate relations should be favored if people are requested to
make a movement toward an object in the environment. In line
with this, several behavioral studies have highlighted the relevance
of egocentric processing of spatial information for motor tasks (e.g.
reaching and pointing a location in the space) more than for visuo-
perceptual judgments (e.g. judgments of spatial locations with a
verbal response or pressing of response keys). For example, it has
been shown that irrelevant allocentric information affects visuo-
perceptual judgments about spatial properties of target objects, but
this allocentric influence decreases when visually driven pointing
movements toward the same target objects are required [21]. This
has been interpreted as a consequence of the fact that pointing
movements mainly require the encoding of target-object’s spatial
properties with respect to the body or parts of it, that is in egocentric
terms (for a review about pointing task: [22]; but see also Ref. [23]).
However, it has also been shown that visuo-motor responses can
be influenced by allocentric irrelevant information (or background
information) if a delay is interposed between stimulus presentation
and response. This is thought to happen because egocentric repre-
sentations are transient and not durable (at least no more than 2.5 s;
but see Ref. [24]), whereas allocentric information would involve
long-term representations. As a consequence, when a movement
toward a target is programmed on the basis of memory, allocentric
information becomes more relevant and it is combined with ego-
centric information for guiding the action [21,25,26]. Interestingly,
some studies have shown temporal thresholds also for coordinate
and categorical spatial relations: coordinate representations seem
to decay more rapidly than categorical representations [27,28].

In sum, these studies seem to suggest that an egocentric repre-
sentation of coordinate spatial relations should be favored when
people make a movement toward an object (e.g. reaching for a
specific object) immediately (or at least within 2.5 s) after the
presentation of the object. Instead, allocentric representations of
categorical spatial relations can be favored if the movement toward
the object is memory driven, that is at least after 2.5 s from the
object’s disappearance.

Another factor that could influence the way people represent
spatial properties of a configuration of objects is represented by the
characteristics of the objects themselves. For example, it has been
demonstrated that the only vision of manipulable objects activates
parietal, dorsal premotor, and inferior frontal cortex and prompts
motor simulation processes even in the absence of any intention
to act [29–34]. Interestingly, similar neural activations have often
been found in association with egocentric representations [35–38].
On the contrary, observing non-manipulable stimuli does not acti-
vate motor components.

Therefore, the aim of this study was to verify if the way peo-
ple represent spatial information to guide a movement toward a
location in the space is influenced by the temporal parameters of
the motor response and by stimuli’s characteristics. To this aim we
adapted the Ego-Allo/Cat-Coor task proposed by Iachini and Rug-
giero [39] (see also Ref. [40]). This task assesses the capacity to use
egocentric and allocentric frames of reference in combination with
categorical and coordinate spatial relations. For instance, it requires
explicitly the encoding of distances (coordinate) or relations (cate-
gorical) with respect to the participant’s body (egocentric) or to an
external object (allocentric). This kind of experimental paradigm
has already been used to assess spatial memory in healthy adults

[39], brain damaged patients [40,41], blind people [42–44], children
with cerebral palsy [45,46], in a fMRI study [35], and has proved
its efficacy in inducing a specific involvement of spatial frames of
reference.
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In this study a group of participants was required to learn the
osition of three geometrical objects (“3-D” condition), whereas
nother one group learned the position of three two-dimensional
eometric images (“2-D” condition). Next the objects or images
ere removed and participants were asked to indicate by reaching

nd touching with the index finger the position of the object\image
losest or farthest to them (egocentric coordinate task) and to
nother object\image (allocentric coordinate task). Moreover, they
ere requested to indicate where a target object\image was with

espect to them (right or left?) (egocentric categorical task) and with
espect to another object\image (right or left?) (allocentric categori-
al task). In both 3-D and 2-D conditions, participants were divided
n two subgroups: a subgroup was requested to give the answer
mmediately after (i.e. after 1.5 s) stimuli removal (“Immediate”
esponse), whereas the other subgroup to give the answer after
s stimuli were removed (“Delayed” response).

As this was a motor task, we expected a general advantage of
gocentric rather than allocentric organization of spatial informa-
ion, and this would have been particularly true with coordinate
ather than categorical spatial relations. However, we also expected
hat the combination between FoR and SR would have been mod-
lated by the temporal parameters of the response and stimuli’s
haracteristics. On the basis of the literature, the use of 3D manipu-
able stimuli and an immediate response was supposed to stress the
orsal stream of the brain and as a consequence favor an egocentric
epresentation of coordinate relations, whereas a delayed response
nd 2D images were supposed to improve allocentric organization
f categorical spatial relations.

To verify these hypotheses, two main Experiments (Experi-
ents 1 and 2) and two control experiments were carried out.

xperiments 1 and 2 only differed in the kind of stimuli used: 3D
anipulable stimuli for Experiment 1 and 2D images of the same

timuli for Experiment 2.

. Experiment 1

.1. Materials and methods

.1.1. Participants
Forty-eight students from the Second University of Naples par-

icipated in the experiment in exchange for course credit or a small
mount of money. They were randomly attributed to one of the two
xperimental conditions but matched on the basis of sex and age:

Immediate” condition (12 men and 12 women, mean age = 23.40,
D = 2.80; range: 20–28); “Delayed” condition (12 men and 12
omen, mean age = 21.40, SD = 3.80; range: 22–27). All participants
ere right handed and had a normal or corrected to normal vision.

ig. 1. The figure depicts the experimental setting and the stimuli used in the study. (a) Par
as aligned with participant’s body-midline; (b) the 3D geometrical objects of the Experim

nd egocentric judgments was the same for each triad (e.g. in Fig. 1b the cube was the
orresponded to 5 cm (15 cm–10 cm); the egocentric metric difficulty due to the cylinder
pplies to the categorical judgments: in (1b) the target for the egocentric categorical judg
ndicated in the figure), whereas for the allocentric categorical judgment (e.g. where was
hat is 10 cm away from the cube); (c) this part of the figure shows the stimuli used for Ex
esearch 284 (2015) 167–178 169

Recruitment and testing were in conformity with the requirements
of the Ethical Committee of the Second University of Naples, of the
Ethical Committee of the Faculty of Social and Behavioral Sciences
of Utrecht University, and of the 2013 Declaration of Helsinki.

2.1.2. Stimuli and setting
The experiment was carried out in a soundproofed, comfortable

room.
Participants sat on a straight-back chair placed centrally

at 30 cm from the edge of a small desk measuring 50 cm
(width) × 35 cm (length).

Materials and procedure were the same used by Iachini et al.
[39,40]. The stimuli comprised easily nameable and well-known
3D geometrical objects such as pyramid, parallelepiped, cone, cube,
sphere, and cylinder presented with two sizes: big (8 cm × 8 cm,
except parallelepiped and cylinder: 8 cm × 11 cm) and small
(6 cm × 6 cm, except parallelepiped and cylinder: 6 cm × 9 cm). The
objects differed in color: dark, medium and light gray. By com-
bining objects, size and color, 9 objects for each series were
selected (e.g., the Cone could be big-dark, etc.). The combination
was such that 18 objects were obtained, subdivided in two series
((A) Pyramid, Parallelepiped, and Cone and (B) Cube, Sphere, and
Cylinder). Still, each series was subdivided in 3 triads. Each triad
had a target-object (T) that is the object with respect to which
the allocentric judgments were given. Each triad was arranged on
the desk on a plasterboard panel (50 cm × 30 cm × 2 cm) accord-
ing to the following criteria: (1) inter-objects metric distances
had to be easily distinguishable; (2) the metric distances were
established in such a way that the amount of metric diffi-
culty was the same for egocentric and allocentric judgments.
The metric difficulty was related to the amount of distance
between stimuli. An example of triad and related inter-objects and
participant-objects distances are given in Fig. 1a and b. In Fig. 1b,
the distances between the stimuli were: cylinder–cube = 15 cm;
pyramid–cube = 10 cm; cylinder–pyramid = 30 cm. The cylinder
and pyramid were respectively 5 cm and 10 cm far from the
body. The cube was the target (i.e. the point of reference)
for the allocentric judgments. The metric difference between
the two objects closer to the body was 5 cm (10–5 = 5) and
corresponded to that of the cube and the other two objects
(10 − 5 = 5). In another triad, for example, the distances were
the following: sphere–cylinder = 22 cm; cylinder–cube = 12 cm;
cube–sphere = 32 cm; allocentric target = cylinder; sphere and cube

were 4 cm and 14 cm far from the body; egocentric and allocen-
tric metric difficulty corresponded to 10 cm. The remaining triads
were arranged similarly to the examples reported here with a met-
ric difficulty ranging from 5 to 10 cm. The same logic is applied to

ticipant seated at 30 cm of distance from the edge of the desk. The center of the desk
ent 1 were positioned on the desk in a way that the metric difficulty for allocentric

allocentric target (T) and the metric difficulty for allocentric coordinate judgment
and pyramid distances from the body was also 5 cm (10 cm–5 cm). The same logic
ment is the “cylinder” that is at 10 cm from the extension of the body-midline (not
the pyramid with respect to the cube? Right or left?) the target was the “pyramid”
periment 2: 2D geometrical images were used instead of 3D objects.
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he categorical judgments, but in this case the distance from the
xtension of the body midline is considered. For example, if the
arget object was 10 cm on the right of another object in the allo-
entric judgments (“Where was the pyramid with respect to the
ube? Right or left?”), the target object for egocentric categorical
udgments was also at 10 cm (i.e. right or left).

The arrangement of the materials was based on pilot studies
resented in previous reports [39,44]. To guarantee that all triads
ere presented in the same way for all participants, each triad was
resented by means of a panel with the same size of the desk placed

n front of participants. On this panel, the shape forming the basis of
ach object was engraved and the corresponding object was placed
here.

.1.3. Procedure
Two experimenters (here indicated as 1 and 2) were involved

n this study and they were both unaware of the experiments pur-
oses. Participants were first given written instructions describing
he experimental procedure, then there was a training session using
hree common objects (e.g., a glass, a cup, and a small box). After-
ards, all experimental stimuli were presented and participants
ad to name them. In this way, difficulties due to naming problems
ould be excluded. Finally, the experiment started.

.1.3.1. Learning phase. Experimenter 1 told participant to close
he eyes while Experimenter 2 posited the panel on the desk. After-
ards, Experimenter 1 asked participants to open their eyes and
emorize (6 s) the three objects presented on the panel and their

ositions. Learning time was checked by Experimenter 1 with a
topwatch. It was activated as soon as participant opened their eyes
nd stopped after 6 s. After the 6 s learning, Experimenter 1 asked
articipants to close their eyes while Experimenter 2 removed the
anel with the objects from the desk. Next, the testing phase began
fter 1.5 s or after 5 s from stimuli removal according to the exper-

mental condition (Immediate vs. Delayed condition) (see Fig. 2).

.1.3.2. Testing phase. After memorizing a triad, participants
ad to provide a motor judgment in response to one of

ig. 2. The figure represents the experimental flow. During the preparation phase, partic
ody-midline with the center of the desk. Afterwards, Experimenter 1 asked participant
he desk. At this point, Experimenter 1 asked participant to open the eyes and to learn th
lose the eyes. According to the assigned experimental condition, participants had to wai
Ego-Coor or Ego-Cat or Allo-Coor or Allo-Cat). During this time participant remained w
hase), Experimenter 1 asked for the spatial judgment and participant reached and touch
esearch 284 (2015) 167–178

the four kinds of instructions: (a) egocentric–coordinate (Ego-
Coor), “Where was the object closest (or farthest) to you?”;
(b) egocentric–categorical (Ego-Cat), “Where was the cube with
respect to you?”; (c) allocentric–coordinate (Allo-Coor), “Where
was the object closest (or farthest) to the target (e.g., cylinder)?”;
and (d) allocentric–categorical (Allo-Cat), “Where was the cylinder
with respect to the target (e.g., cube)?”. Importantly, Experimenter
1 asked for the spatial judgments by using only two words:
“Closest-YOU” or “Farthest-YOU” for egocentric coordinate judg-
ment, “Closest-OBJECT X” or “Farthest-OBJECT X” for allocentric
coordinate judgment, “Object X-YOU” for egocentric categorical
judgments, “Object X-OBJECT Y” for allocentric categorical judg-
ments. These instructions were explained in the training session
and allowed to ask for spatial judgments in a very short delay
(about 700 ms for each instruction). Participants were explicitly
requested to be as precise as possible when they had to indicate
the object closest\farthest to them or to another object. Instead,
as regards categorical judgments participants were told that it
was sufficient to indicate the side (right or left) in which the
required object had been presented. In the “Immediate condition”,
instructions were given after 1.5 s from stimuli disappearance,
whereas in the “Delayed condition” instructions were given after
5 s. It is important to notice that participants did not know in
advance what of the four spatial judgments they would have been
requested.

Soon after Experimenter 1 gave the instructions for the spatial
judgment (i.e. the two words indicated above) a stopwatch was
activated and participants started the motor response. By using the
index finger of their dominant arm, participants had to point and
touch on the desk the position previously occupied by the center
of the required object.

Once participants had touched the required position, Experi-
menter 1 stopped the stopwatch and asked participants to close
their eyes and to let the finger on the panel. At this point, Exper-

imenter 1 used a ruler to take the coordinates (X, Y) of the
indicated positions (see Fig. 3). Experimenter 2 signed on a sheet the
response time and the coordinates. A total of 24 pointing responses
were given (6 responses for each kind of judgment). The order of

ipant was seated at the desk and the experimenter helped him\her to align his\her
to close the eyes and Experimenter 2 placed the panel with the triad of objects on
e objects and their position (learning phase) and after 6 s participant was asked to
t 1.5 or 5 s to receive the instructions about the kind of spatial judgment requested
ith eyes closed and Experimenter 2 removed the triad of objects. Finally (testing
ed the requested position.
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Fig. 3. The figure depicts the way Experimenters took the X and Y coordinates of the
position indicated by participants. Specifically, a ruler was applied on the board of
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he desk opposite to the participant view (participants could not see it) indicating the
value, whereas another ruler was used to take the Y value. During this procedure
articipants remained with the eyes closed.

resentation of the questions was first randomized and then bal-
nced across participants.

Three measures were scored: absolute metric error (in cm),
ccuracy (0/1, score range = 0–6 for each spatial combination; the
ean accuracy per participant was calculated) and response time

in seconds). The absolute metric error was expressed in terms of
he distance between the original position of the object on the panel
X1, Y1) and the position indicated by participants (X2, Y2). The dis-
ance (d) formula is derived from the Pythagorean Theorem (d = root
quare of (X2 − X1)2 + (Y2 − Y1)2). This measure was used for coor-
inate judgments. Instead, as regards categorical judgments we just
onsidered if the indicated position was on the correct side with
espect to the body-midline or with respect to the requested object.
t was attributed 0 for the wrong responses and 1 for each correct
esponse.

.2. Results

Two ANOVAs for mixed designs with frames of reference (FoR:
gocentric vs. allocentric) as within factor and Delay (1.5 vs. 5 s) as
etween factor were carried out. The first ANOVA had the absolute
etric error as dependent variable. Therefore, only egocentric and

llocentric coordinate judgments were considered. Instead, in the

econd ANOVA the accuracy (mean of the correct responses, range:
–1) of egocentric and allocentric categorical judgments was ana-

yzed. The Bonferroni test was used to analyze post hoc effects. The
agnitude of effect sizes was expressed by �2

p .

ig. 4. The graph on the left shows the mean of metric error of egocentric and allocent
emoval and response. Instead, the graph on the right shows mean accuracy of egocen
etween stimuli removal and response.
esearch 284 (2015) 167–178 171

2.2.1. Absolute metric error (coordinate judgments)
Results showed a main effect of FoR with egocentric judg-

ments (M = 3.13, SD = .84) being more precise than allocentric ones
(M = 9.98, SD = 4.58) (F(1, 46) = 121.09, p < .001, �2

p = .72). An inter-
action effect between FoR and Delay also appeared: F(1, 46) = 5.14,
p < .05, �2

p = .10. The post hoc test revealed that it was due to
allocentric judgments being more precise when the responses
were given after 5 s (M = 8.71, SD = 3.25) than after 1.5 s (M = 11.26,
SD = 5.37), whereas no difference appeared for egocentric judg-
ments after 1.5 s (M = 2.99, SD = .94) and 5 s (M = 3.27, SD = 0.72)
(see Fig. 4 left). Finally, an advantage for egocentric over allocentric
judgments was found in both “Delay” conditions (p < .001).

2.2.2. Response time (coordinate judgments)
Results showed a main effect of FoR due to egocentric judgments

(M = 1.32, SD = .27) being faster than allocentric ones (M = 2.05,
SD = .43) (F(1, 46) = 184.04, p < .001, �2

p = .80). No other significant
effect was appeared.

2.2.3. Accuracy (categorical judgments)
Results showed a main effect of FoR with egocentric judgments

(M = .94, SD = .08) being more precise than allocentric ones (M = .85,
SD = .18) (F(1, 46) = 13.31, p < .001, �2

p = .22�) and a main effect
of Delay due to response after 5 s (M = .95, SD = .07) being more
accurate than after 1.5 s (M = .84, SD = .17) (F(1, 46) = 16.24, p < .001,
�2

p = .26).
An interaction effect between FoR and Delay also appeared:

F(1, 46) = 11, p < .005, �2
p = .19 (see Fig. 4 right). The post hoc

test revealed that it was due to allocentric judgments being
more precise when the responses were given after 5 s (M = .94,
SD = .08) than after 1.5 s (M = .76, SD = .21), whereas no difference
appeared for egocentric judgments after 1.5 s (M = .92, SD = .08)
and 5 s (M = .95, SD = 0.7), and no difference appeared between
egocentric–allocentric judgments at 5 s. Finally, allocentric judg-
ments after 1.5 s were less accurate than all others (p < .001).

2.2.4. Response time (categorical judgments)
Results showed a main effect of FoR due to egocentric judgments

(M = 1.63, SD = .44) being faster than allocentric ones (M = 1.93,

SD = .46): F(1, 46) = 22.28, p < .001, �p = .33) and a main effect
appeared for Delay due to response after 5 s (M = 1.94, SD = .41)
being slower than after 1.5 s (M = 1.62, SD = .46) (F(1, 46) = 9.77,
p < .005, �2

p = .17�).

ric (dotted line) coordinate judgments as a function of the delay between stimuli
tric and allocentric (dotted line) categorical judgments as a function of the delay
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.2.5. Discussion
For the coordinate relations results showed a general advantage

f egocentric organization of spatial relations over allocentric orga-
ization. Indeed, egocentric judgments were better than allocentric
nes in both “immediate” and “delayed” response conditions. How-
ver, it is important to notice that when the response was given
fter 5 s allocentric judgments improved. These results were in
ine with our hypotheses suggesting that the use of an immediate

otor response toward manipulable 3D stimuli favored an egocen-
ric organization of metric spatial information. Moreover, in line
ith what suggested by the “perception-action” model the intro-
uction of a delay improved allocentric representation of spatial

nformation and this was particularly clear when categorical spatial
elations were represented. Indeed, results about categorical spa-
ial relations showed an advantage of egocentric judgments over
he allocentric ones only when the response was immediate and
ot when it was delayed.

Results of response times confirmed the advantage of egocentric
udgments over allocentric ones by showing that egocentric judg-

ents were faster than allocentric ones either with coordinate or
ategorical spatial relations.

In Experiment 2, we verified if the use of 2D stimuli facili-
ated allocentric representations of categorical spatial relations.
he main difference between 3D and 2D stimuli was that the
ormer had more pragmatic affordances (i.e. due to the possibility to

anipulate them), whereas the latter was supposed to afford more
bstract, visuo-perceptual than visuo-motor components. There-
ore, due to their supposed main role in visuo-perceptual oriented
ask [6,13,47], we expected an advantage, or at least no difference,
f allocentric categorical over egocentric categorical judgments.

. Experiment 2

In this experiment the 3D geometrical objects of Experiment 1
ere substituted with the corresponding 2D geometrical images:

riangle, rectangle, circle, and square. Setting, procedure and data
nalysis were the same as in Experiment 1.

Moreover, to verify the effects of the kind of stimuli on the spa-
ial representations a further analysis was carried out in which
ata from Experiment 2 were also analyzed in combination with
ata from Experiment 1 by using the characteristics of stimuli as a
etween factor (3D vs. 2D).

.1. Materials and methods

.1.1. Participants
Forty-eight students from the Second University of Naples par-

icipated in the experiment in exchange for course credit or a small
mount of money. They were randomly attributed to one of the two
xperimental conditions but matched on the basis of sex and age:
Immediate response” condition (12 men and 12 women, mean
ge = 22.50, SD = 1.80; range: 20–25); “Delayed response” condition
12 men and 12 women, mean age = 20.40, SD = 3.50; range: 18–27).
ll participants were right handed and had a normal or corrected

o normal vision.

.1.2. Setting, stimuli, and procedure
Setting and procedure were the same of Experiment 1.

nstead, the 3D objects were substituted with the corre-
ponding 2D geometrical images (i.e. Pyramid = Triangle; Paral-
elepiped = Rectangle; Cube = Square; Cone = Circle; Sphere = Circle;
ylinder = Circle). Since Sphere, Cone, and Cylinder had the same 2D

eometrical image (i.e. Circle), the triads presenting a combination
f these three objects or two of them were not used and substi-
uted with new triads that had the same metric difficulty of the
liminated ones. The 2-D images were drawn with a black pencil
esearch 284 (2015) 167–178

on panels of the same dimensions of those used for Experiment 1
(see Fig. 1c).

3.2. Results

Data analysis procedure was the same as in Experiment 1.

3.2.1. Absolute metric error (coordinate judgments)
Results showed a main effect of FoR with egocentric judg-

ments (M = 3.87, SD = 1.80) being more precise than allocentric ones
(M = 8.68, SD = 4.48) (F(1, 46) = 48.62, p < .001, �2

p = .51). No other
significant effect appeared.

3.2.2. Response time (coordinate judgments)
Results showed a main effect of FoR due to egocentric judgments

(M = 1.47, SD = .37) being faster than allocentric ones (M = 1.99,
SD = .37) (F(1, 46) = 142.37, p < .001, �2

p = .75) and a main effect of
Delay due to responses after 5 s (M = 1.57, SD = .40) being faster than
after 1.5 s (M = 1.90, SD = .45) (F(1, 46) = 14.63, p < .001, �2

p = .24).

3.2.3. Accuracy (categorical judgments)
No significant effect appeared (egocentric at 1.5 s: M = .93,

SD = .11; allocentric at 1.5 s: M = .91, SD = .11; egocentric at 5 s:
M = .95, SD = .12; allocentric at 5 s: M = .95, SD = .13).

3.2.4. Response time (categorical judgments)
Results showed a main effect of FoR due to egocentric judgments

(M = 1.47, SD = .37) being faster than allocentric ones (M = 1.99,
SD = .37): F(1, 46) = 30.37, p < .001, �2

p = .40). Instead, only a ten-
dency appeared for Delay due to responses after 5 s (M = 1.71,
SD = .39) being faster than after 1.5 s (M = 1.88, SD = .40) (F(1,
46) = 3.57, p = .06, �2

p = .07).

3.2.5. Discussion
In line with our hypothesis, no difference appeared between

egocentric and allocentric categorical judgments when the
response was both delayed and immediate. The comparison with
results of Experiment 1 showed that the use of 2D stimuli in
Experiment 2 had favored spatial organization of categorical spa-
tial relations according to an allocentric reference frame. Instead,
an advantage of egocentric organization of spatial information over
an allocentric one was present for coordinate spatial relations, as in
Experiment 1. Response times showed that egocentric judgments
were faster than allocentric ones and that the 5 s delay speeded up
the responses.

In order to verify the effects of stimuli characteristics on the
spatial judgments two ANOVAs for mixed design were carried out
with FoR as within variable and delay and stimuli (2D vs. 3D) as
between factors. The first analysis was carried out on absolute met-
ric error, the second on the accuracy of categorical responses. In
both cases the related response times were analyzed. The Bonfer-
roni test was used to analyze post hoc effects. Since from these
analyses appeared some effects already reported in the previous
results sections of Experiments 1 and 2, only the main and\or inter-
action effects referred to the characteristics of stimuli (3D vs. 2D)
are reported and discussed.

3.2.6. Absolute metric error (coordinate judgments)
No significant effect due to the characteristic of the stimuli

appeared.
3.2.7. Response time (coordinate judgments)
Results showed an interaction effect between delay and stimuli

(F(1, 90) = 7.1, p < .005, �2
p = .073) (see Fig. 5). The Post hoc test

revealed that responses after 5 s were faster toward 2D (M = 1.57,
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ig. 5. The graph shows the response time of movements toward 2D and 3D stimuli
s a function of the delay between learning and testing phase.

D = .45) than 3D stimuli (M = 1.76, SD = .46) (p < .05). On the con-
rary, when the response was after “1.5 s” it was faster toward 3D
M = 1.62, SD = .50) than 2D stimuli (M = 1.89, SD = .40) (p < .001).

.2.8. Accuracy (categorical judgments)
Results showed a 3-way interaction between FoR, Delay, and

timuli: F(1, 92) = 4378, p < .05, �2
p = .05 (see Fig. 6). Post hoc test

evealed that it was due to allocentric judgments toward 3D stimuli
n the immediate response condition being worse than all other
udgments (M = .75, SD = .23). As can be seen in Fig. 6, the 5 s of Delay
pecifically improved allocentric judgments toward 3D stimuli.

.2.9. Response time (categorical judgments)
No significant effects appeared.

.2.10. Discussion

In sum, results from this analysis showed that for coordinate

patial relations there was a general advantage of egocentric over
llocentric judgments independently from the kind of stimuli used.
nstead, the characteristics of the stimuli seemed to be more

ig. 6. The graph on the left shows accuracy mean of immediate categorical judgments
rames of reference. Instead, the graph on the right shows accuracy mean of delayed cate
llocentric frames of reference.
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relevant for categorical judgments. Specifically, the combination
of 3D objects and immediate response had a negative impact on
allocentric categorical judgments.

Taken all together, results from Experiment 2 confirmed an
advantage of egocentric coordinate judgments over allocentric
ones, whereas the egocentric categorical advantage over allocentric
categorical judgments depended on the characteristics of the task. If
the task strongly stressed visuo-motor components by combining
3D manipulable objects with immediate motor response an ego-
centric advantage appeared. In contrast, the use of 2D stimuli and of
a delayed response favored allocentric and categorical components.

However, one could argue that the general egocentric advantage
found in both experiments could be due to some characteristics
of the experimental paradigm used. Specifically, in both experi-
ments participants remained seated in the same place for all the
experiment, as a consequence participants had a clear and stable
egocentric frame of reference (i.e. their body), whereas for allo-
centric judgments they did not know in advance what was the
allocentric target that would have been used. Indeed, allocentric
judgments were requested with respect one of the three objects of
the configuration and it changed for each configuration. According
to Waller et al. [48] the sensorimotor awareness of a stable orienta-
tion and the stability of some allocentric landmarks (e.g. the walls
of the room) could favor the participants’ encoding of spatial infor-
mation in egocentric rather than allocentric terms [39, experiment
2]. Therefore, we decided to verify if the general advantage found
in the main experiments was due to the stability of the egocentric
reference frame by means of two control experiments. In the first
one, we decided to make the egocentric reference frame variable by
changing the position of the participant at the encoding (learning)
and retrieval (testing) phases. In the second control experiment, we
faced the same issue by making allocentric reference point clear and
stable as the egocentric reference frame.

4. Control experiment 1
In order to verify if the stability of egocentric position influ-
enced the pattern of data emerging from the main experiments
we decided to make the egocentric position variable. In this
experiment, participants learned the spatial configurations always

(after 1.5 second) on 2D and 3D stimuli as a function of egocentric and allocentric
gorical judgments (after 5 s) on 2D and 3D stimuli as a function of egocentric and
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Fig. 7. The picture shows the setting used in the control Experiment 1. Participant
stood upright in front of the desk and learned the position of the stimuli. Learning
position (L) could be one of those indicated in the Figure (P1, P2, P3, or P4). After 6 s,
the stimuli were removed and participant was conducted to one of the other three
positions where the testing (T) phase started (e.g. if the learning position was P1,
then the testing position could be P2, P3, or P4). The delay between learning and
testing was 5 s. In no trial participants had the learning and testing phase in the same
position. Once participant gave the answer, he\she was invited to close the eyes and
was conducted to another learning position (e.g. P3) and then to a different testing
position (e.g. P2). The combination of Learning and Testing (LT) position gave rise to
six possibilities: L P1-T P2; L P1-T P3; L P1-T P4; L P2-T P1; L P2-T P3; L P2-T P4; L P3-T
P1; L P3-T P4; L P3-T P2 (combinations of same testing and learning position were
not used). The 24 trials were randomly associated with the six LT combinations,
by paying attention that all the possible LT combinations were repeated the same
n
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umber of time (i.e. every four trials had the same LT combination: 4 × 6 = 24 trials).
he random association between LT combinations and trials was repeated for each
articipant.

rom a different location in the room and they gave the spatial
udgments always from a different position.

.1. Materials and methods

.1.1. Participants
Twelve-university students participated in the experiment in

xchange for course credit or a small amount of money (6 men and 6
omen, mean age = 25.50, SD = 4.53; range: 21–37). All participants
ere right handed and had a normal or corrected to normal vision.

.1.2. Setting and stimuli
Participants were presented with the same 24 stimuli configu-

ations used into Experiment 1 and the experiment was carried out
nto the same room of the main experiments. However, the experi-

ental procedure was different. Participants stood up in front of the
esk and learned the position of the presented stimuli. The desk had
he same dimensions of that used in Experiment 1, but its height
as arranged in a way that the distance between participants’ eyes

nd stimuli was similar to that of Experiment 1 (see Fig. 7).

.1.3. Procedure
Two experimenters were involved in this study and they were

oth unaware of the experimental purposes. Participants were first
iven written instructions describing the experimental procedure,
hen there was a training session using three common objects (e.g. a
lass, a cup, and a small box). Afterwards, all experimental stimuli
ere presented and participants had to name them. In this way,
ifficulties due to naming problems could be excluded. Finally, the
xperiment started.
.1.3.1. Learning phase. Experimenter 1 invited participant to stay
pright in front of the desk in one of the four positions indicated

n Fig. 7. Afterwards, Experimenter 1 told participant to close the
yes while Experimenter 2 posited the panel on the desk. As soon
esearch 284 (2015) 167–178

as the panel was put on the desk, Experimenter 1 asked partici-
pants to open their eyes and memorize (6 s) the three objects and
their positions. After the 6 learning seconds, Experimenter 1 asked
participants to close their eyes while Experimenter 2 removed the
panel and conducted the participant to another of the four position
into the room (it took about 5 s). Next, the testing phase began.

4.1.3.2. Testing phase. The testing phase was the same of Exper-
iment 1 except that spatial judgments were given in a different
position from the learning phase (see Fig. 7 for other details about
the procedure).

4.2. Results

Two ANOVAs for repeated measures with Frames of reference
(FoR: egocentric vs. allocentric) as within variable were carried
out. The first ANOVA had the absolute metric error as depend-
ent variable. Therefore, only egocentric and allocentric coordinate
judgments were considered. Instead, in the second ANOVA the
accuracy (mean of the correct responses, range: 0–1) of egocentric
and allocentric categorical judgments was analyzed. The Bonfer-
roni test was used to analyze post hoc effects. The magnitude of
effect sizes was expressed by �2

p .

4.2.1. Absolute metric error (coordinate judgments)
Results showed a main effect of FoR with egocentric judg-

ments (M = 5.61, SD = 3.11) being more precise than allocentric ones
(M = 9.34, SD = 4.34) (F(1, 11) = 4.91, p < .05, �2

p = .31).

4.2.2. Response time (coordinate judgments)
Results showed a main effect of FoR due to egocentric judgments

(M = 2.17, SD = .41) being faster than allocentric ones (M = 3.85,
SD = .58) (F(1, 11) = 228.31, p < .001, �2

p = .95).

4.2.3. Accuracy (categorical judgments)
No significant differences between egocentric and allocentric

judgments.

4.2.4. Response time (categorical judgments)
Results showed a main effect of FoR due to egocentric judgments

(M = 2.37, SD = .59) being faster than allocentric ones (M = 3.98,
SD = .76): F(1, 11) = 47.45, p < .001, �2

p = .83).

4.2.5. Discussion
Results of the control experiment 1 showed the same pattern

of data of Experiment 1 with 3D objects and 5 s of delay. This sug-
gested that the advantage of egocentric judgments over allocentric
ones was not due to the stability of the egocentric reference frame.
However, we also decided to be sure that it was not due to the vari-
ability of the allocentric target. Therefore, we carried out a second
control experiment in which the allocentric frame was made stable
as the egocentric one by adding an external landmark.

5. Control experiment 2

To verify if the variability of allocentric reference frame influ-
enced the pattern of data emerging from the main experiments,
we decided to use a stable allocentric landmark. In this experiment
participants learned the same spatial configurations of Experiment
1, but they were asked to give all the allocentric judgments with
respect to an external object. If the disadvantage of allocentric

judgments was due to the variability of the allocentric frame of
reference, the use of a stable allocentric frame of reference was
supposed to make allocentric coordinate judgments as accurate and
fast as egocentric coordinate ones.
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Fig. 8. The figure depicts the setting of the control Experiment 2. The experimental
setting (i.e. desk, objects, triads) was the same as represented in Fig. 1a and b with
the only exception of a black plastic box (length: 25 cm; height: 15 cm) posited on
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he side of the desk opposite to the participant. For half of the trials the black box
as posited on the right side of the desk (as shown in the figure), whereas for the

ther half the box was on the left side of the desk.

.1. Materials and methods

.1.1. Participants
Twelve university students participated in the experiment in

xchange for course credit or a small amount of money (6 men and
women, mean age = 23, SD = 2.45; range: 20–28). All participants
ere right handed and had a normal or corrected to normal vision.

.1.2. Setting, stimuli and procedure
Participants were submitted to the same experimental pro-

edure of Experiment 1 (i.e. 3D object and 5 s delay) and they
ere presented with the same triads of objects. The difference
as that in this control experiment a black plastic box (length:

5 cm; height: 15 cm) was posited on the side of the desk oppo-
ite to the participant (see Fig. 8) and all the allocentric judgments
ere given with respect to the black box and not with respect

o one of the 3D objects. Therefore, participants were asked to
ive four kinds of spatial judgments: egocentric–coordinate (where
as the object closest\farthest from you?); egocentric–categorical

where was the Object X with respect to you? Right or left?);
llocentric–coordinate (where was the object closest\farthest to
he black box?); allocentric–categorical (where was the object X
ith respect to the center of the black box? Right or left?). In order

o adapt the new setting with the existing configurations, half allo-
entric judgments were given with the black box posited on the
ight side of the desk, the other half with the black box on the left
ide of the desk. This also ensured that the target object in the allo-
entric categorical judgments was always on the opposite side with
espect to the egocentric categorical judgments (e.g. as can be seen
n Fig. 8, the cube is on the right side with respect to the participant
nd on the left side of the black box).

The same dependent variables of Experiment 1 were considered.
he only diference was that in the allocentric categorical judgments
f this control experiment participants were requested to indicate
he right or the left side of the black box.

.2. Results

Data analysis procedure was the same as Control Experiment 1.
.2.1. Absolute metric error (coordinate judgments)
Results showed a main effect of FoR with egocentric judg-

ents (M = 3.62, SD = 2.11) being more precise than allocentric ones
M = 7.92, SD = 4.40) (F(1, 11) = 10.96, p < .005, �2

p = .50).
esearch 284 (2015) 167–178 175

5.2.2. Response time (coordinate judgments)
Results showed a main effect of FoR due to egocentric judgments

(M = 2.34, SD = .50) being faster than allocentric ones (M = 3.93,
SD = .92) (F(1, 11) = 50.10, p < .001, �2

p = .82).

5.2.3. Accuracy (categorical judgments)
No significant differences between egocentric and allocentric

judgments.

5.2.4. Response time (categorical judgments)
Results showed a main effect of FoR due to egocentric judgments

(M = 3.31, SD = .56) being faster than allocentric ones (M = 4.00,
SD = .77): F(1, 11) = 8.25, p < .05, �2

p = .43).

5.2.5. Discussion
Results of the second control experiment showed the same pat-

tern of data of Experiment 1 with 3D objects and 5 s of delay. This
suggested that the advantage of egocentric judgments over the
allocentric ones was not due to the variability of the allocentric
reference frame.

6. General discussions

The main aim of this study was to explore how people mentally
represent spatial information about configurations of objects on a
desk in order to guide a reaching movement toward a target posi-
tion. To this aim, we combined two fundamental components of
the human visuo-spatial system that is egocentric and allocentric
frames of reference and coordinate and categorical spatial rela-
tions and verified if the way they combine was modulated by the
temporal parameters of the response and the characteristics of the
stimuli. Participants in this study learned the position of triads of
objects (Experiment 1) and images (Experiment 2), afterwards they
were asked to reach and touch with the index finger a position on
the desk according to four kinds of instructions: egocentric coordi-
nate (where was the object closest\farthest from you?), allocentric
coordinate (where was the object closest\farthest to another one?),
egocentric categorical (where was the object X with respect to you?
Right or Left?), and allocentric categorical (where was the object X
with respect to the object Y? Right or Left?). In Experiment 1, a
group of participants saw 3D geometrical objects and gave spatial
judgments immediately after stimuli had been removed, whereas
another group of participants gave the same spatial judgments 5 s
later stimuli had been removed. Instead, in Experiment 2, a group
of participants saw 2D geometrical images and gave spatial judg-
ments immediately after, whereas another group 5 s later stimuli
had been removed. In general, results showed that coordinate judg-
ments were more precise and faster when made with respect to an
egocentric rather than an allocentric frame of reference and this
was independent from the kind of stimuli used and from the tem-
poral parameters of the response. We argue that this egocentric
advantage was mainly caused by the purpose of the task. Indeed,
participants were required to encode spatial information because
they had to accurately indicate a position in reaching space, and the
format more suitable to represent spatial information to reach this
aim is the egocentric one [13]. It is important to highlight that we
are not saying that participants exclusively used egocentric coordi-
nate representations for guiding the movement, because we know
from the literature that also allocentric information can cooper-
ate with the egocentric ones to accomplish the motor task [26].
Instead, we suggest that the characteristics of the task could have
favored the encoding of spatial information in egocentric rather

than allocentric terms, not excluding the possibility of an allocen-
tric information contribution to guide the movement. Moreover,
the pattern of results emerging from the two control experiments
rules out the possibility that the egocentric advantage could be
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ue to the stability of the egocentric frame throughout the exper-
ment (i.e. participants remained seated in the same place during
he 24 spatial judgments) or to the variability of the allocentric one
i.e. participants did not know in advance what was the allocen-
ric reference). Indeed, even though the control experiments had a
ifferent procedure with respect to that of the main experiments,
hey showed the same pattern of data.

As regards categorical spatial relations, the advantage of egocen-
ric judgments over allocentric ones appeared only when 3D stimuli
ere presented and an immediate response was required. This

ndicates that when the task is strongly action-oriented because it
equires an immediate motor response toward the position occu-
ied by a manipulable object, then the egocentric advantage over
llocentric judgment also appears for categorical spatial relations,
ven if the latter are thought to be more closely linked to recog-
ition tasks and to allocentric representations. On the contrary,
hen 2D non-manipulable stimuli and a delayed response were
sed no difference appeared between egocentric and allocentric
ategorical judgments. These results suggest that when the visuo-
erceptual characteristics of the task are stressed and when the
ction is memory based, allocentric and categorical spatial repre-
entations improves. Finally, for both coordinate and categorical
patial relations the presence of a 5 s delay improved allocentric
udgments.

At this point it is important to discuss the implications of the
vidence collected through this study with respect to the back-
round model that inspired the research: the “double visual stream
ypothesis” or “perception-action model” proposed by Milner and
oodale [13]. In brief, this model suggests that the reason why the
isual processes underlying visual perception are separate from
hose mediating the visual control of action lies in the differences
n the computational requirements of vision-for-perception on the
ne hand and vision-for-action on the other [15]. The vision-for-
erception stream would give rise to perceptual representations of
he outside world that use a scene-based frame of reference, which
ncodes the size, orientation and location of objects relative to each
ther. By contrast, vision-for-action stream needs to reflect the real
etrics of the world with respect to the body. Over recent years,

owever, this strong division of labor has received increasing crit-
cisms suggesting an alternative view emphasizing the integration
f information across multiple visual modules and brain areas (for
review [49]; but see also Ref. [50]). The aim of this study was not

o verify the reliability of Milner and Goodale’s model, however
ur results seem to be partially compatible with that model. For
xample, participants were more accurate and faster in indicating
gocentric locations rather than allocentric ones, and the pres-
nce of a 5 s delay improved allocentric representations. Instead,
ncompatible results are: (a) egocentric representations are not
ransient as suggested by Milner and Goodale, because they can
ast at least more than 5 s [24]; (b) the advantage of an egocen-
ric representation over an allocentric one depends on the kind
f spatial relations required. We have shown that an egocentric
dvantage is always present with coordinate spatial relations, but
ot with the categorical ones, and this is true for both immediate
nd delayed conditions. According to Milner and Goodale, a contri-
ution of allocentric representations to the movement only appears
hen the response is delayed with respect to the stimuli presenta-

ion. Instead, we have shown that immediate pointing movement
an be easily guided by an allocentric categorical representation
ut only when the positions of 2D non-manipulable figures are
ncoded. As a matter of fact, this result supports evidence found by
arey et al. [51], who showed that the patient D.F. with a bilateral
esion to the ventral stream was still able to perform movements
ccording to allocentric representations but only if the kind of
patial relation was categorical and not coordinate (see also Ref.
52]).
esearch 284 (2015) 167–178

We agree with Westwood and Goodale [53] that the way infor-
mation is used and processed in the visual brain is shaped by the
behavioral task, but we also think that egocentric and allocen-
tric encoding cannot be encapsulated within a strict division of
the labor of the dorsal and the ventral streams respectively. Our
data show that the emergence of a spatial representation rather
than another not only depends on the temporal parameters of the
response or on characteristics of the stimuli, but also on the kind
of spatial relations computed. Therefore, a visuo-perceptual task
can be easily solved also with respect to an egocentric frame if cat-
egorical relations are used [6,20] and a visuo-motor task can be
executed with a high reliability by using allocentric and categorical
spatial relations. This reasoning brings us to discuss the possible
relationship between frames of reference and spatial relations.

In 2003, Jager and Postma [54] proposed two hypotheses
regarding the relationship between egocentric/allocentric frames
of reference and categorical/coordinate spatial relations: the inter-
action and the independence hypotheses. The interaction hypothesis
states that allocentric processing “more or less equates” categor-
ical coding of spatial relations, whereas egocentric processing is
closely linked to coordinate coding. Therefore, categorical spa-
tial representations should be favored when an allocentric frame
is used, whereas coordinate spatial relations processing should
benefit from an egocentric anchoring. Notice that the interaction
hypothesis is based on the functional similarity between FoR and
SR emerging from Milner and Goodale’s and Kosslyn’s suggestions.
Instead, the independence hypothesis states that frames of reference
and spatial relations are distinct spatial dimensions that can be
fully combined without preference for a particular kind of asso-
ciation. In our previous works, we verified these hypotheses and
we suggested that frames of reference and spatial relations rep-
resent independent components whose interaction is modulated
by the characteristics of the task at hand [6]. Results from the cur-
rent study seem to corroborate this hypothesis by showing that
some conditions can favor the association between functionally
similar components. For example, an immediate motor response
toward manipulable stimuli favors egocentric coordinate represen-
tations, whereas a visuo-perceptual task [6] with non manipulable
stimuli and a delayed answer can favor the association between
allocentric and categorical components. However, these associa-
tions are not independent of the task at hand as it is suggested by
the interaction hypothesis. Instead, it seems that the emerging of a
particular spatial representation can depend on the purpose of the
task, the characteristics of the stimuli, the temporal parameters of
the response and by the kind of spatial relations encoded.

From a neurofunctional perspective, since frames of reference
and spatial relations have always been studied separately, it is diffi-
cult to hypothesize the neural networks supporting the four kinds
of spatial representations emerging from the combination of FoR
and SR. Data from neuroscience reveal that distinct but also par-
tially overlapping brain areas support egocentric and allocentric
encoding of spatial information. Overall a fronto-parietal network
subtends egocentric spatial processing, whereas a subset of these
regions associated with some ventral areas and hippocampal for-
mation subtends allocentric spatial processing [35,37,38,55,56].
Instead, as regards categorical and coordinate spatial relations,
some fMRI studies have suggested that the coordinate encoding
engages both temporal and parietal areas, whereas categori-
cal encoding activates a fronto-parietal network [57]. Besides,
they have been found to be differently lateralized: coordinate
encoding shows more right-sided activations, whereas neural cor-
relates of categorical encoding are more left-sided [58–61]. On

the basis of this evidence, Baumann and Mattingley [57] suggest
that an allocentric–coordinate task should be entirely hippocam-
pal dependent, whereas an egocentric–categorical task would
be solely dependent on the parietal cortex. On the other hand,



Brain R

a
o

r
u
c

6

t
s
s
z
h

A

P
p

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

F. Ruotolo et al. / Behavioural

llocentric-categorical and egocentric–coordinate tasks should rely
n both the hippocampus and the parietal cortex.

Future experiments will be necessary to test these neu-
ofunctional predictions and to provide a more mechanistic
nderstanding of the dorsal and ventral streams in spatial relation
oding and reference frame processing.

.1. Conclusions

In sum, evidence from this study supports the idea that egocen-
ric/allocentric frames of reference and the categorical/coordinate
patial relations are different components whose combination
eems likely to reflect a flexible, complex, and interactive organi-
ation that is modulated by the characteristics of the spatial task at
and.
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