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Abstract Spatial memory and reasoning rely heavily on

allocentric (often map-like) representations of spatial

knowledge. While research has documented many ways in

which spatial information can be represented in allocentric

form, less is known about how such representations are

constructed. For example: Are the very early, pre-attentive

parts of the process hard-wired, or can they be altered by

experience? We addressed this issue by presenting sub-

saccadic (53 ms) masked stimuli consisting of a target

among one to three reference features. We then shifted the

location of the feature array, and asked participants to

identify the target’s new relative location. Experience

altered feature processing even when the display duration

was too short to allow attention re-allocation. The results

demonstrate the importance of early perceptual processes

in the creation of representations of spatial location, and

the malleability of those processes based on experience and

expectations.
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The starting point for complex reasoning is representing

the necessary information in a useful manner (e.g.,

Kotovsky et al. 1985). For spatial tasks, this often

involves representing sets of objects in a common,

extrinsically defined (i.e., allocentric) reference frame to

facilitate reasoning about relative position, order, dis-

tance, or direction. Information about the human allo-

centric spatial representation system is gleaned both from

research on spatial memory and reasoning (e.g., Gunzel-

mann 2008; Gunzelmann and Anderson 2006; Kelly and

McNamara 2008; Mou and McNamara 2002) and from

research on ‘‘cognitive maps’’ and the role of the hip-

pocampus in representing spatial knowledge (e.g., Hartley

et al. 2004; O’Keefe and Dostrovsky 1971; O’Keefe and

Nadel 1978).

Despite extensive research on how allocentric reference

frames are used in spatial reasoning, less is understood

about the mechanisms that transform perceptual input into

flexible allocentric representations. There is considerable

evidence (c.f., Nadel and Hardt 2004; Burgess 2008) that

allocentric representations are constructed using brain

areas that are distinct from those that are involved in

egocentric representations. In particular, allocentric repre-

sentations appear to be associated with the hippocampus,

whereas egocentric representations are more closely linked

to parietal/striate cortex. At the same time, allocentric

representations are influenced by information present in the

perceptual scene with the to-be-located item or items. For

instance, boundaries influence representations of relative

position (e.g., Stevens and Coupe 1978) and affect location

representations for single items as well (Huttenlocher et al.

1991). The category adjustment model has been proposed

to account for some of these effects and posits that our

representations of spatial location are biased toward

attractor locations within bounded spaces.
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Typically, investigations of allocentric representations

of space focus on existing spatial knowledge (e.g., Kirasic

et al. 1984), or include a protracted learning phase where

allocentric knowledge is acquired to some criterion before

performance is assessed (e.g., Kelly and McNamara

2008, 2010; see also Doeller and Burgess 2008 for an

example of unstructured learning of allocentric represen-

tations). This contrasts with research that has informed our

understanding of how various egocentric reference frames

(e.g., eye-centered; hand-centered; body-centered) may be

represented and coordinated for online visuospatial pro-

cessing and action (e.g., Previc 1998; Zipser and Andersen

1988).

Here, we address a key question about the very early

stages of building allocentric representations, namely: To

what extent is the representation of an object’s location

with respect to other nearby ‘‘landmark’’ objects or

‘‘boundary’’ information automatically generated during

perceptual encoding and is that process modifiable through

experience? There is considerable evidence that allocentric

representations have an evolutionary basis (e.g., Rodrı̀guez

et al. 2002). There is also evidence that our ability to utilize

allocentric representations follows a developmental pro-

gression (e.g., Newcombe and Huttenlocher 2003) and that

alternative spatial frames of reference are selected based

upon the task context and requirements (e.g., Mou et al.

2007). The question here relates to whether the adaptivity

of the system extends to lower level processes associated

with attention allocation. When one sees a very brief (sub-

saccadic) egocentric glimpse of a set of spatial features can

experience alter the attentional processes associated with

encoding the allocentric ‘‘mental map’’?

Method

In this experiment, 15 participants (9 female, average

age = 28.3) completed 222 trials of a task that involved

encoding the location of a target (red ?) relative to other

features presented briefly around it (Fig. 1). The target was

always shown at the center of the monitor during stimulus

presentation. While fixating this target, 1–3 reference fea-

tures were presented around it briefly (53 ms), providing

cues for representing location. The potential features were

(1) an outline of an irregular eight-sided polygon defining

the boundary of a space enclosing the target, (2) a land-

mark feature positioned within the boundary, which was

always a green arrow, and (3) another landmark feature

positioned outside the boundary, which was a pink arrow.

These features were intended to mirror features frequently

discussed as forming the basis for defining allocentric

reference frames used for spatial reasoning (e.g., Doeller

et al. 2008). They were displayed for 53 ms and then

masked, preventing explicit shifts of attention to encode

the relationship between the target and the reference fea-

tures. Following the mask, a test screen was presented that

also comprised 1–3 features, including at least 1 that was

part of the original stimulus.

We refer to features that are present in both the

stimulus and test screens for a particular trial as the re-

liable features. These are the features that can be used to

accurately locate the target. Participants were not cued as

to which features would be reliable on a given trial. In

Fig. 1, the only reliable feature is the external landmark

(pink arrow). The entire stimulus configuration was

translated between the stimulus presentation and the test,

so that the target was no longer at the center of the

monitor, but its relationship to the reference features was

preserved. The translation was randomized, but shifted the

stimulus location along both the x-axis and y-axis, while

ensuring that no stimulus features were moved off the

visible area of the monitor.

Participants were asked to click on the display to indi-

cate the target’s location relative to the features presented

on the test screen. Feedback was provided on each trial (the

plus sign in Fig. 1 c), and participants clicked on the

monitor to advance to the next trial. Participants completed

six blocks of 37 trials each in a single session, representing

all possible feature combinations during stimulus presen-

tation and test where at least one feature was reliable. On

each trial, the locations of the vertices designating the

polygon and the locations of the landmark features were

generated randomly. The vertices of the polygon were

separated radially from each other by 30�–60� and were

positioned between 50 and 250 pixels from a central point.

The external landmark location was set to a randomly

determined position 50 pixels outside of the polygon that

was defined for the trial. The position of the internal

landmark was also random, but constrained to be inside the

polygon, and at least 50 pixels from the center unless that

would cause it to intersect the boundary (in which case it

was positioned just inside the boundary.

Results

Critically, participants’ accuracy improved with experience

(Fig. 2). This effect was significant, (F(5, 70) = 8.11,

p\ .001), despite a stimulus presentation time that pre-

cluded explicit shifts of attention to those reference fea-

tures. This demonstrates that spatial encoding processes

can adapt at the sub-saccadic level to improve the accuracy

of encoding the location of objects in an allocentric frame

of reference.

Another important result was the finding of performance

differences across trials as a function of which trials were
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A  Stimulus Presentation B  Test Screen

C  Feedback

Fig. 1 Sample trial illustrating key characteristics of the task and

stimuli. In each trial, the target was a red ? that was displayed at the

center of the screen (it is black in the figure). Once participants

fixated the target, additional features were presented around the

target, consisting of an internal landmark (the black arrow in the

figure; it was dark green in the experiment), an external landmark (the

grey arrow in the figure; it was pink in the experiment), and/or an

eight-sided polygon that defines a space enclosing the target. These

features were presented briefly (53 ms), and then masked, preventing

explicit shifts of attention. Subsequently, a test screen was presented

that also contained 1–3 features, at least one of which also appeared in

the stimulus. The locations of the features were translated between

stimulus presentations (note that the grey arrow has moved down and

to the left on the test screen relative to the stimulus screen).

Participants responded by clicking on the location of the target,

relative to the features on the screen. For instance, the relative

positions of the external landmark (grey arrow) and the target (black

?) are preserved between the stimulus and feedback screens.

Feedback was provided on each trial. The participant’s response is

represented by the circle, while the correct location is indicated by the

plus sign

Fig. 2 Response error in pixels

as a function of experience and

which of the three potential cues

were reliable (i.e., displayed

both during the stimulus

presentation and during the test)

Cogn Process (2017) 18:81–85 83

123



reliable (Fig. 2). This result was also significant, (F(6,

84) = 43.05, p\ .001). These results are not surprising in

general. The best performance was obtained when the

boundary appears both during the stimulus presentation and

during the test. Because the boundary defines the area

where the stimulus can appear, it provides significant

constraint on locating the target. Without the boundary,

better performance is obtained with the landmark that tends

to be more proximal to the target (i.e., the internal land-

mark). More interesting is that the results do not indicate a

benefit for multiple reliable features. Instead, the level of

performance seems to be consistent with the ‘‘best reliable

feature’’ available. That is, the worst performance is for

trials where the only reliable feature is the outside land-

mark. Performance is best when the boundary is reliable,

regardless of whether either of the landmarks is also reli-

able. When the boundary is not present, but the internal

landmark is, performance is intermediate, with or without a

reliable outside landmark.

Finally, the interaction between reliable reference fea-

tures and learning showed a trend toward more learning in

some cases, but was not significant, F(30, 420 = 1.444,

p = 0.064). The trend is for more learning in trial condi-

tions where performance is initially worse, which can be

discerned in Fig. 2. This could indicate a ceiling effect on

spatial encoding accuracy when the boundary to the space

is reliable, but additional research is needed to explore the

details of such phenomena.

Conclusions

Our results show that experience can alter the sub-sac-

cadic processing of spatial features. With experience,

even very fast (53 ms) visuospatial feature processing can

be modified, resulting in an improved allocentric repre-

sentation. Participants in this study were able to improve

their ability to locate a target with respect to available

reference features despite the presentation duration of the

stimulus being too short to allow for explicit shifts of

attention.

One interpretation of this finding is that participants

learn to more effectively allocate attention to the various

features. However, for this interpretation to work, attention

allocation must come in anticipation of the stimulus, since

the presentation time was too brief to allow for explicit

shifts of attention to encode spatial relations among the

features. Of course, evidence for the effects of experience

on attention allocation has been found in many studies

(e.g., Eriksen and St. James 1986; Green and Bavelier

2006). However, the capacity to modify attention alloca-

tion to support encoding of spatial location with such brief

presentation time is a novel result that suggests an

important role for early perceptual processes in producing

higher level spatial representations.

This is consistent with results that have looked at similar

processes related to egocentric spatial representations (e.g.,

Gajewski et al. 2014), which supports theories regarding

the processes required to derive allocentric representations

from more primitive egocentric representations (c.f.,

Klatzky 1998). Under this perspective, improvements in

egocentric encoding should translate into similar gains in

spatial accuracy in allocentric representations, as was

found here. These relationships point to a potential research

direction that could provide a more integrated perspective

on human spatial competence than currently exists (c.f.,

Gunzelmann and Lyon 2011).

Another finding concerns the relative value of cue

information during the very early stages of building an

allocentric representation of location. We found that a

reliable boundary cue was not only the best of the indi-

vidual cues; it also dominated the other cues when pre-

sented in combination with them. When a reliable

boundary cue was present, adding other reliable cues did

not improve the accuracy of representing location.

Of course, it is not particularly surprising that bound-

aries are important for object localization. For example,

boundary information is a key component of the research

supporting category adjustment models of spatial repre-

sentation (e.g., Huttenlocher et al. 1991; Holden et al.

2015). One reason that category adjustment models are

useful is that they account for the errors in location rep-

resentation that are observed when an object’s location

approaches (but does not reach) some easily categorizable

point. One such point is the center of a region defined by a

polygon (e.g., Friedman et al. 2012), or a portion of a

polygon that can be broken into regions (e.g., Huttenlocher

et al. 1991).

It is likely that such processes influenced the results

described here. However, the boundary of the shape was

generated randomly on every trial. As a result, it is not

possible to explore more detailed issues associated with the

category adjustment model, such as how polygons are

subdivided into regions for purposes of spatial localization.

Moreover, this model is only relevant to trials where the

boundary was a reliable feature. In other cases, the refer-

ence features do not define a region that could drive the

kinds of processes the theory proposes. Future research

using this paradigm would benefit from analyses of errors

to identify systematic biases in response locations related

to spatial categories.

The processes studied here have important implications

for understanding some of the early processes that support

spatial reasoning. The adaptivity shown by participants

highlights the influence of expectations and experience on

spatial attention and some implications for higher level
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spatial representations, which in turn can have dramatic

impacts on spatial reasoning performance and problem

solving (e.g., Chase and Simon 1973; Kelly and McNamara

2010). Moreover, these results help to identify potential

phases of the spatial encoding process that impact the

accuracy of spatial representations and are malleable based

on experience. Further research is needed to more carefully

delineate these effects and the underlying mechanisms that

are responsible for them (Gunzelmann and Lyon 2011).

The critical result, however, is a demonstration that

processes in anticipation of processing spatial information

have important influences on the accuracy with which that

information is ultimately encoded. Determining how allo-

centric reference frames are constructed, and the role of

attention in that process, is critical for understanding the

interaction between representation and process in spatial

cognition, and for designing effective interfaces, instruc-

tional interventions, and other technologies to convey the

importance of the representation for the efficiency and

success of spatial reasoning. The current result is the part

of the foundation necessary for building this understanding.
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