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Chapter I

Introduction

Compared to other species, humans possess the unique ability to represent and remember space,

to communicate about it, and to direct attention in it using language. People can do this with a

single spatial term, a spatial expression, or an extended spatial description. To do these things,

people must be able to translate spatial relations back and forth between perceptual and conceptual

representations of space in ways appropriate to their goals and appropriate to the relevant context.

But how do they do so? Addressing this question is the focus of this paper, specifically in terms of

how people map spatial concepts into perceptual representations in order to direct attention.

Research from both linguistics and psychology has shown that people use mental represen-

tations known as spatial reference frames to accomplish such mappings. Reference frames are

geometric systems having at a minimum either an origin and two orthogonal axes or an origin and

a distance specifier (Landau, Dessalegn, & Goldberg, 2010), and they often express a spatial rela-

tion between a reference object and a located object, often to direct attention to the latter’s location.

When mapping a spatial relation from language to perception, findings from both fields suggest

that people must not only retrieve the relevant spatial concept, which specifies the concept’s spatial

semantics, but also the reference frame settings needed to translate those semantics into an accurate

perceptual representation for a given context or situation (Clark, 1973; Talmy, 1983; Levelt, 1984;

Garnham, 1989; Landau & Jackendoff, 1993; Logan, 1994, 1995). Importantly, because different

spatial concepts may express spatial relations in different ways, different kinds of reference frame

configurations are needed to express those relations in the correct perceptual format. What distin-

guishes one kind of reference frame configuration from another is the set of which reference frame

parameters must be configured, and what distinguishes one instance of reference frame configu-

ration from another is the values of those parameters. For example, one kind of spatial concept,

“above”, can require configuring a reference frame parameters for its origin, orientation, and re-
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lation, whereas another kind of spatial concept, “near”, may require configuring reference frame

parameters only for its origin and a distance from that origin.

The fact that the knowledge of which reference frame parameters are required must be retrieved

along with spatial concepts implies that spatial concepts drive reference frame reconfiguration.

Thus, if the spatial concept changes from one use of a reference frame to the next, then all of the

reference frame parameters will need to be reconfigured before the reference frame can be used

again. On the other hand, if the spatial concept does not change from one use to the next, then the

reference frame parameters needed to apply it do not need to be reconfigured before that reference

frame can be used again

I refer to this as the concept-driven hypothesis of reference frame reconfiguration, which posits

that if the spatial concept changes, all of the reference frame parameters will be reconfigured and if

the spatial concept does not change none of them will be. Importantly, this view of reference frame

reconfiguration also fits well with the common view of how such reconfigurations operate more

generally, that is, that such control parameters are part of task sets that have a “flat” organization

that is reconfigured in its entirety (Allport, Styles, & Hsieh, 1994; Vandierendonck, Christiaens,

& Llefooghe, 2008) before being sent to subordinate systems for execution (Logan & Gordon,

2001).

An alternative view, which I refer to as the property-driven hypothesis of reference frame

reconfiguration, posits that only those reference frame parameters requiring updating due to envi-

ronmental changes will be reconfigured. For example, if someone tells me to look to their left, and

then does so again after they have turned 90 deg, then I may only need to update the orientation of

the reference frame I already had centered on them.

This view is supported by research suggesting that task sets need not always have a flat orga-

nization but may at times have a hierarchical (Kleinsorge & Heuer, 1999; Kleinsorge, Heuer, &

Schmidtke, 2001, 2002, 2004) or componential (Hübner, Futterer, & Steinhauser, 2001; Rangelov,

Töllner, Müller, & Zehetleitner, 2013) organization that need not always be reconfigured in its en-

tirety. The conditions under which this can occur, however, are still not well understood, nor is their
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generality. For example, when (Vandierendonck et al., 2008) conducted a series of experiments

to find evidence of flat, hierarchical, or componential task sets under experimental conditions re-

solving important methodological differences in prior studies, their results strongly favored a flat

organization that is only reconfigured in its entirety and found only weak and inconsistent evidence

for the other types of organization.

More recently, however, Rangelov et al. (2013) demonstrated that reuse of an individual control

parameter does occur if that parameter defines a task-relevant stimulus property that repeats from

one trial to the next . They referred to such property repetition as “dimension repetitions” and

found both behavioral and ERP effects for them that were consistent with “agglomerated” (i.e.,

partially reconfigurable) task sets and inconsistent with “integrated” task sets. Reference frame

parameters are not stimulus dimensions in the sense used by Rangelov et al. (2013) (e.g., the color

or orientation of an object), but they are dimensions of a unified reference frame configuration that

can be specified by a compound (multidimensional) cue. Thus, it is reasonable to consider that

reference frame reconfiguration might proceed in a property-driven fashion such that reference

frame parameters are only reconfigured when their corresponding properties in the environment

have changed.

It has already been demonstrated that people can reconfigure linguistically-specified reference

frames at different positions, orientations, and with different spatial relations to direct attention

(Logan, 1995). However, the precise nature of how people do so has not yet been determined. In

addition, although it is a common assumption by linguists and psychologists that spatial concepts

specify reference frame configuration, the processing implications of this assumption have not yet

been explored. Constructing a task to test the concept-driven and property-driven hypotheses can

thus serve to both clarify how reference frame reconfiguration proceeds and assess an important

assumption common to both fields.
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Overview of the Task

To test the two hypothesized accounts of reference frame reconfiguration, it was necessary to de-

velop a task which allowed for investigating the selective influence of changing or keeping constant

various reference frame properties on specific stages of processing and measuring the resulting

effect on processing times in order to determine which reference frame parameters were being re-

configured and when. The task also needed to require participants to apprehend spatial relations

by retrieving the relevant spatial concepts, configure reference frames per the semantics of those

concepts, and then use those reference frames to generate a response. Finally, the task needed to

be structured so that it was possible to verify that participants had indeed constructed reference

frames based on the reference frame properties being experimentally manipulated. These were

achieved by adapting Logan’s (1995) task, materials, and procedure for investigating the linguistic

and conceptual control of visual spatial attention.

In the modified task, a specific spatial concept and reference frame configuration was induced

on every trial and differences in patterns of mean response times were assessed depending on

which reference frame properties had changed or remained the same. Inducing the spatial concept

and reference frame was accomplished by presenting an explicit symbolic cue — the first letter of

the word naming the spatial relation (i.e., “A” for “above”, “B” for “below”, “L” for “left”, and

“R” for “right”) — in a particular position and orientation. The cue letter thus served not only as a

compound cue but also as the reference object. Participants then reported a property of the located

object (i.e., its color). Figures 1 and 2 depict examples of the stimuli used, and Figure 3 depicts an

example trial.

Reference Frames

Before discussing how people apprehended spatial relations in the task, it is necessary first to

discuss reference frames in more detail, namely their parameters, their types, how they operate,

and how these influenced the present task design. First, researchers generally agree that all types

of reference frames can be specified by some combination of four types of parameters (e.g., Logan

4



Figure 1: Example of the nine-dot stimulus display from Experiment 1 (not to scale). The numbers
indicate the positions at which a cue could appear. The numbers are for expository purposes only
and were not part of the actual stimuli (see text).
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Figure 2: Example of the four-dot stimulus display from Experiments 2–4 (not to scale).

6



Figure 3: Example of a trial from Experiment 1. The cue letter (“B”) specifies the position, orien-
tation, and relation (“below”) of the reference frame required to respond correctly, that is, to report
the color of the located object (i.e., the leftmost black dot in this instance).
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1995, 1996a; Palmer, 1999; Carlson-Radvansky & Logan, 1997; Carlson-Radvansky & Tang,

2000).

The origin parameter specifies the central location of the reference frame, that is, where its

orthogonal axes intersect if it is axial in nature or a center point if it is bounded in nature (e.g.,

the middle of a room). The orientation parameter specifies the spatial orientation of the reference

frame relative to some environmental position, edge, or region (e.g., the 90 deg angle between the

vector specified by environmental upright and the one from my feet to my head if I am supine).

One or more relation parameters implement the semantics of the associated spatial concept, often

by assigning spatial terms to axis endpoints (e.g., “above”, “left”) or regions (e.g., “near”, “far”).

Lastly, one or more scale parameters specify the dimensional lengths of various components of

the reference frame, such as the length of the references frame’s axes or axis segments. Figure 4

presents an example of a three-dimensional axial reference frame.

Next, it is important to note that these parameter settings are not fixed (Morrow & Clark, 1988;

Logan & Sadler, 1996; Carlson-Radvansky & Logan, 1997), which gives reference frames a great

deal of computational and representational flexibility, such as being able to be to repositioned and

reoriented (Logan, 1995). To organize thinking, theorist have generally classified reference frames

into three groupings, typically based on how the reference frame is oriented to its environment (e.g.,

Miller & Johnson-Laird, 1976; Levinson,1996).

Viewer-centric (or egocentric or relative) reference frames use the position and orientation of

the viewer’s body to establish orientation (or some part of the body, such as the head or retina, to

orient it). Object-centric (or intrinsic) reference frames use an object’s intrinsic sides and surfaces

to establish orientation. Environment-centric (or absolute) reference frames use salient properties

of the built or natural environment to establish orientation. Taking axial-type reference frames as

an example, a viewer-centric reference frame can use the viewer’s position, principal body axes,

and his or her orientation in space to establish its environmental orientation. An object-centric

reference frame can use an object’s position, intrinsic axes, and its orientation in space to establish

its environmental orientation. An environment-centric reference frame can use gravity to establish

8



Figure 4: Example of a three-dimensional axial reference frame with labels indicating the four
types of parameters defining it.
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a vertical axis and landmark objects to establish horizontal axes (e.g., the four walls of a rectangular

room).

Concerning how they operate, reference frames express spatial relations by specifying the lo-

cation of one object, the located object, with respect to the known location of another object, the

reference object (sometimes object parts or regions serve the same functional role as reference

and located objects). In making the statement “the chair is behind the desk”, the desk serves as

the reference object, and the chair serves as the located object. Sometimes features of the objects

matter, such as with the English spatial term “along” which requires the objects be conceived of as

linear (e.g., “the branch is along the path”). Often, however, all that is required is for the objects to

specify point locations or regions. Such reductions are types of schematization (Talmy, 1983) in

which relevant aspects of objects or regions are selected and others are abstracted over or ignored

(Talmy, 1983; Landau & Jackendoff, 1993; Tversky & Lee, 1998; Carlson-Radvansky, Covey, &

Lattanzi, 1999).

Regarding the present task, such schematization was assumed to have taken the form of es-

tablishing spatial indexes (Pylyshyn, 1989; Pylyshyn & Storm, 1988) for the cue letter and dots

(circles) in the display, as discussed in the next section. Circles were chosen as target objects

in the target display for this reason. This is because circles are simple forms having no intrin-

sic axes or orientation, and the orientation of located objects is known to affect spatial language

comprehension (Burigo & Sacchi, 2013). Both of these stimuli facets, along with the task de-

mand, were intended to foster schematization and discourage participants from creating intrinsic

reference frames on the targets.

Also regarding the present task, the choice of using an explicit symbolic cuing paradigm was

made for several reasons related to reference frame types and how they are configured. First,

such a paradigm allows for complete experimental control over the spatial concept induced and

the configuration of the reference frame needed to respond correctly (Logan, 1996), in this case

viewer-centric reference frames. In addition, the issue of reference frame selection, an important

research area in its own right that concerns how people select a reference frame when multiple
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types of references frames might be applicable (e.g., Carlson-Radvansky & Irwin, 1993, 1994;

Carlson-Radvansky & Radvansky, 1996; Carlson-Radvansky & Logan, 1997; Carlson, 1999), is

bypassed entirely.

Second, different research areas have tended to focus on different types of reference frames.

For example, studies into navigation have often focused on environment-centric reference frames

because of the natural correspondence between landmark-based referencing and the goal of navi-

gating successfully. Studies into object and shape recognition have often focused on object-centric

references frames because of the natural correspondence between an object’s or shape’s intrinsic

axes and the goal of recognizing it (e.g., Humphreys, 1983; Biederman, 1987). Studies into visual

spatial attention guided by language have tended to focus on viewer-centric reference frames be-

cause of the natural correspondence between using one’s own body as the frame of reference for

communicating an object’s location to another person, which is often accomplished with a specific

type of viewer-centric reference frame known as a projective egocentric reference frame to express

projective spatial relations (the types used in the present task). Thus, using the explicit symbolic

cuing paradigm has the additional benefit of connecting the present work to an extensive and re-

lated body of research on directing visual attention (e.g., Gibson, Scheutz, & Davis, 2009; Gibson

& Davis, 2011a, 2011b; Gibson & Sztybel, 2014a, 2014b, 2015).

Apprehending Spatial Relations with Reference Frames

As noted earlier, a key aspect of the task had to require participants to apprehend spatial relations

by retrieving the relevant spatial concepts and then configure reference frames per the semantics

of those concepts in order to generate their responses. Having addressed the key aspects and

operations of reference frames in greater detail, it is now possible to discuss how people apprehend

spatial relations with reference frames to identify the correct target (i.e., located object).

Many theories of how people apprehend and use spatial relations (e.g., Levelt, 1984; Her-

skovits, 1986; Garnham, 1989; Jackendoff & Landau, 1991; Carlson-Radvansky & Irwin, 1994;

Logan, 1996; Logan & Sadler, 1996) indicate that people go through the following steps to find a
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target (located) object when using an axial reference frame: (a) create a spatial index to the refer-

ence object, (b) superimpose the origin of their reference frame onto the reference object (i.e., onto

that spatial index), (c) ensure the axes of their reference frame are correctly oriented relative to the

environment as specified by the relevant context, (d) identify which axis segment of the reference

frame has been assigned the spatial relation to determine the appropriate direction to make an at-

tentional shift, and (e) make the specified attentional shift to locate the target object and create a

spatial index to it. An important additional step that often needs to occur before creating a spatial

index to the target object is to determine if the objects falls within an acceptable region consistent

with the semantics of the spatial relation and its reference frame.

This is accomplished with mental representations often referred to as spatial templates that

specify good, acceptable, and unacceptable regions (Hayward & Tarr, 1995; Franklin, Henkel,

& Zangas, 1995; Logan & Sadler, 1996; Carlson-Radvansky & Logan, 1997; Carlson, Regier, &

Covey, 2003). Importantly, spatial templates are not just elaborations of reference frames but rather

viewed as distinct from them, which suggests they are another important source of knowledge that

must be retrieved along with, or may simply be part of, spatial concepts (see Carlson-Radvansky &

Logan, 1997, for a discussion). In the present task, target objects were always equidistant from the

cue letter (see Figure 3) and always positioned in the canonical (hence “good”) location indicated

by the spatial relation. Thus, spatial templates will not be discussed further, nor the scale parameter

of reference frames, as the task was specifically designed to reduce or eliminate any differential

effects on processing times due to these aspects of processing.

To perform the task on any given trial, then, participants had to (a) locate and recognize the

cue letter and encode its position and orientation, (b) retrieve the spatial concept indicated the

spatial term specified by the cue letter as well as the reference frame properties needed to apply

that concept, (c) configure reference frame parameters per these semantics and properties and as

indicated by the cue letter’s position, orientation, and relation, (d) engage in all the steps involved

in apprehending spatial relations described above, and (e) recognize the color of the target dot and

report it.
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Measuring the Selective Influence of Reference Frame Property Changes

Reconfiguring a reference frame is a form of cognitive control, and thus can be investigated with

task switching methods (Jersild, 1927; Allport et al., 1994; Rogers & Monsell, 1995; Meiran,

1996). In task switching experiments, participants are presented with a series of stimuli and asked

to perform various tasks on them. Sometimes the task changes from one trial to the next, referred

to as task alternation trials, and sometimes the task remains the same, referred to as task repetition

trials. Performance is measured in terms of response times and accuracies, with the common

finding that responses are slower and less accurate for task alterations than task repetitions (Jersild,

1927; Allport et al., 1994; Rogers & Monsell, 1995; Meiran, 1996; Monsell, 2003; Kiesel et

al., 2010; Vandierendonck, Liefooghe, & Verbruggen, 2010). The differences in mean response

times for task alternation trials versus task repetition trials are referred to as a switch costs and are

typically interpreted as the processing costs associated with implementing a task set.

Task sets are specific control configurations of the cognitive system in active or working mem-

ory, the most important of which are known as task-set parameters that must be changed or re-

placed for task alternations but not task repetitions (Rogers & Monsell, 1995; Logan & Gordon,

2001; Monsell, 2003; Schneider & Logan, 2014). When task sets must be changed or replaced,

this is referred to as task-set reconfiguration. This stands in contrast to task-set execution, which

can only occur once reconfiguration is complete and the task-set parameters are sent to subordinate

systems (Logan & Gordon, 2001). This operational distinction between task-set reconfiguration

and task-set execution implies that variations in preparatory processing and task processing have

additive effects on processing times, which has been demonstrated empirically with additive ef-

fects on switch costs with factors known to affect the speed of task execution (for a review, see

Vandierendonck et al., 2010).

This distinction between task-set reconfiguration and task-set execution, and the resultant ad-

ditive effects on processing times, was crucial for testing the hypotheses. In the present task, the

position, orientation, and relation properties of the cue letter specified the properties of the refer-

ence frame needed to respond correctly, which I will also refer to as the reference frame properties.
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The corresponding set of reference frame parameters — position (origin), orientation, and relation

— were the task-set parameters. Reference frame reconfiguration was the type of task-set reconfig-

uration and involved steps (a), (b), and (c), just described. Selective influence on reference frame

reconfiguration was accomplished by repetitions or alternations (changes) of the reference frame

(cue) properties. Reference frame use and response generation comprised the task-set execution

and involved steps (d) and (e), just described. Because of the operational distinction between task-

set configuration and execution, then, manipulations to the reference frame properties (i.e., cue

properties) only influenced the duration of task-set reconfiguration.

Two measures were used to assess the selective influence of changes to the reference frame

properties on reference frame reconfiguration. This first of these was repetition benefits.

Generally speaking, repetition benefits and switch costs are the same thing with the difference

being a matter of interpretation. There are contradictory assumptions in the task switch research lit-

erature, however, regarding the appropriate interpretation of switch costs. Even though the phrase

“switch cost” is commonly used to describe response time differences between task alternation and

task repetition trials, there exists theoretical disagreement as to whether these differences actually

reflect the cost of task-set reconfiguration or perhaps rather the savings of repeatedly executing

the same task (i.e., savings due to no or reduced task-set reconfiguration requirements). For a

discussion of the relevant issues and findings for both views, see Dreisbach, Haider, and Kluwe

(2002).

For the present task, however, differences in mean response times for when reference frame

properties change versus when they repeat are appropriately interpreted as repetition benefits. This

is because participants configured reference frames on every trial, which takes time, and thus this

was reflected in overall response times (i.e., there were no baseline conditions in which a reference

frame’s position, orientation, and relation were not set and then used to apply the spatial concept).

So, every trial involved reconfiguration, and hence every trial included costs of reconfiguration.

Some reconfigurations, however, might proceed faster if repeated from one trial to the next.

Because of this, repetition benefits can be used to determine which reference frame parameters
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must be reconfigured with each use of the reference frame and which do not have to be reconfigured

with each use. If a reference frame property repeats from one trial to the next, the absence of a

repetition benefit indicates that the associated reference frame parameter must be reconfigured with

each use, and the presence of a repetition benefit indicates it does not have to be reconfigured with

each use. Being able to measure this aspect of reference frame reconfiguration was important,

because the hypotheses differ in their predictions regarding which reference frame parameters

should and should not have to be reconfigured depending upon which reference frame properties

changed.

The second measure, reductions in switch costs, was used to determine if participants could

reconfigure their reference frames in advance of the target display. In explicit cuing paradigms,

reductions in switch costs are derived from time course functions that are obtained by presenting

the cue at varying times before the onset of the target display, which was the method used in

the present experiments. These times are know as cue-to-target intervals (CTIs). The response

time at a given cue-to-target interval indicates how much preparation time remains at the time

the target appears. In the task switching literature, reductions in switch costs with increasing

preparation times are taken as evidence of advance reconfiguration (Rogers & Monsell, 1995),

and are often confirmed by testing interaction contrasts (Meiran, 1996; Mayr & Keele, 2000;

Logan & Bundesen, 2003; Mayr & Kliegl, 2003; Monsell & Mizon, 2006; Schneider & Logan,

2007b; Vandierendonck et al., 2008).

Like repetition benefits, reductions in switch costs assess the state of task sets. If repetition

a benefit is observed, that indicates a parameter setting has carried over from the previous trial.

Given enough time for advance reconfiguration, participants can complete their reconfiguration

and have their task set parameters in a similar state. Being able to measure this aspect of reference

frame reconfiguration was important because the hypotheses make different predictions regarding

which reference frame parameters should be able to be reconfigured in advance and which should

not depending upon which reference frame properties changed.
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Verifying Reference Frame Reconfiguration

In addition to allowing for the apprehension of spatial relations and assessing the selective influ-

ence of reference frame property changes, the task needed to allow for verifying that participants

were indeed reconfiguring their reference frames based on the position, orientation, and relation

specified by the cue letter. Being able to obtain evidence diagnostic of reference frame reconfigu-

ration was necessary because otherwise the link between reconfiguration and the measures would

have been tentative. Schneider and Logan (2007a) and Schneider and Logan (2014) have argued

that in order for switch costs to be properly interpreted as reconfiguration — whether they are

interpreted as repetition benefits or assessed for reductions due to advance reconfiguration — it is

necessary to (a) identify the parameters that differentiate tasks sets, (b) link those parameters to

processes that can change them, and (c) find evidence diagnostic of reconfiguration directly asso-

ciated with the parameters assumed to have changed. In the present experiments, two measures

were used to obtain evidence diagnostic of reference frame reconfiguration.

First, performance accuracy was measured. As discussed later, the dot arrays were constructed

such that two white dots and two black dots always surrounded the cue letter to serve as candi-

date target objects, regardless of its position. Thus, if participants were guessing, their expected

accuracy would be 50%. If participants responded with a high degree of accuracy, however, this

would indicate that they reconfigured their reference frames from trial to trial based on these three

properties of the cue letter, as that was the only source of information available for them to know

how to respond correctly (and participants were not provided any feedback on their performance).

Second, following Logan (1995), reference frames were defined operationally in terms of dif-

ferential access to space: Some regions of space are easier to access from reference frames than

others. Research with imagined environments and physical models (Franklin & Tversky, 1990;

Bryant, Tversky, & Franklin, 1992; Bryant & Tversky, 1999) has shown that people on average

respond faster to relations along the above-below axis of viewer-centric reference frames when

compared to the left-right axis, and the effect sizes are large. These authors interpreted these re-

sults as concordant with their spatial framework hypothesis. Logan (1995) built on these findings
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when he developed and tested his conceptual frame hypothesis to detect the presence, position,

and orientation of reference frames, and he also found a large and consistent advantage for above-

below over left right with viewer-centric reference frames. Later inquires found similar differences

in response times depending on which reference frame axis was used to access a location (Logan,

1996; Gibson & Kingstone, 2006; Gibson, Scheutz, & Davis, 2009; Gibson & Davis, 2011a) and

have also demonstrated that these differences persist across eye-gaze movements (Gibson & Davis,

2011a).

As Logan (1995) noted, these differences can be understood in terms of the support the different

relations receive from the environment and the body. Relations along the vertical axis such as

above and below are well supported by the environment and environmental experience. Most

normal visual experience occurs from an upright orientation. Vestibular input also provides people

with a constant indication of the gravitational up-down axis (Benson, 1990), and people are quite

sensitive to bodily deviations from upright, whether specified purely visual, purely vestibular, or

both (Fitzpatrick & McCloskey, 1994). In addition, these relations remain invariant as people

both rotate and translate. In contrast, relations along the horizontal axis such as left and right

receive much less support and as such are harder to compute. Gravitational up-down does not help

discriminate them, and these relations are not invariant as people rotate and translate.

I refer to such differential access to space along different reference frame axes as the axis-

asymmetry effect, and use it to detect the presence, position, and orientation of participants’ refer-

ence frames. For example, consider that a cue indicates an above-below spatial relation and upright

orientation, then participants should respond faster to objects above or below the cue than to those

to its left or right. If a cue then appears at another location, this time indicating a left-right relation

but that yet still refers to the same target location, then participants should be slower to respond,

even though they are accessing the same spatial region of the display as before. Or, similarly, if

a cue then appears instead at the same location but at another orientation, and also indicating a

left-right relation to the same target location (possible at 90 and 270 deg rotations of the reference

frame relative to upright), participants should again be slower to respond, despite responding to the
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same region. Thus, if mean response times to a dot is faster when the position and orientation of

the cue letter on those trials both neighbored it and fell along the cue’s above-below axis, respec-

tively, and the mean response times to the same dot is slower when the position and orientation of

the cue letter on those trials neighbored it yet fell along the cue’s left-right axis, it is reasonable

to infer that participants constructed their reference frame at the cue’s location and orientated with

the cue’s orientation.

Two things are important to note about using the axis-asymmetry effect to detect participants’

reference frames. First, what is essential is that differential access be observed that can distinguish

the axes; it need not be the case that mean response to above and below are always faster than

those to left and right. Indeed, in his experiments (Experiments 4–9) Logan (1995) predominately

observed what could be called an above-advantage effect underlying the axis-asymmetry effect:

Much of the time, access along the above segment of the reference frame was clearly the fastest and

was what was driving the axis-asymmetry effect. Thus, in the present experiments, it is reasonable

to expect sometimes to observe a pure version of the axis-asymmetry effect — in which access

along both the above and below segments is faster than along the left and right axes — and at other

times to observe an above-advantage version of the axis-asymmetry effect in which access along

the above segment is the fastest.

Second, in the experiments in which participants are provided time to reconfigure their refer-

ence frames in advance, the likelihood they have done so by the time the target display appears

will increase as that preparation time increases. This in turn means that, with increasing prepa-

ration intervals, participants are increasingly likely to have already used their reference frame to

anticipate the location of the target dot before the target display appears. Thus, it is reasonable

to expect that the magnitude of the axis-asymmetry effect will decrease as preparation intervals

increase (i.e., as CTIs increase). As long as pattern of mean response times reflect the differential

access to space concordant with the cue letter’s position, orientation, and relation described earlier,

the inference that participants have reconfigured their reference frames superimposed on the cue

letter and aligned with its orientation remains valid.
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Chapter II

Overview of the Experiments

Four experiments tested the predictions of the concept-driven and property-driven hypotheses of

reference frame reconfiguration. Experiment 1 had participants reconfigure the position, orien-

tation, and relation of their reference frames across numerous trials of the experimental task and

assessed the pattern of repetition benefits for each of these properties. This was done to deter-

mine which reference frame parameters needed to be reconfigured each time the reference frame

was used and which did not, as the hypotheses make differing predictions regarding the pattern of

benefits that should be observed.

Experiment 2 also tested the hypotheses by assessing repetition benefits, but with a simpler

display in which the position property remained constant and participants only needed to recon-

figure the relation and orientation of their reference frames. In addition, Experiment 2 provided

participants the opportunity to reconfigure their reference frames in advance of the target display.

This was done to determine which reference frame parameters exhibited signs of advance recon-

figuration and which did not. The two hypotheses make differing predictions for this measure as

well.

Experiments 3 and 4 were similar to Experiment 2 but focused on the advance reconfiguration

of relation while orientation was held constant and the advance reconfiguration of orientation while

relation was held constant, respectively. The hypotheses make the same predictions for the advance

reconfiguration of relation and differing predictions for the advance reconfiguration of orientation.

Thus, only the results of Experiment 4 could distinguish between the hypotheses within experi-

ment, but having Experiment 3 and 4 compliment each other with regards to which property was

allowed to vary and which was held constant made it possible to make some important evaluations

of the hypotheses across experiments.
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Chapter III

Experiment 1: Reference Frame Reconfiguration

The purpose of Experiment 1 was to obtain initial evidence of which of the two hypotheses received

better support by considering the pattern of which reference frame properties had to be reconfig-

ured on each use of the reference frame and which did not. This was assessed by measuring the

benefits of repeating the position, orientation, and relation properties on response times. The ab-

sence of a repetition benefit for a property indicates that the parameter associated with that property

has to be reconfigured on each use of the reference frame, regardless if that property changed or

not from one use to the next. The presence of a repetition benefit for a property indicates that the

parameter associated with that property does not have to be reconfigured from one use to the next

if that property has not changed. The two hypotheses make different predictions regarding what

the pattern of repetition benefits should be.

The concept-driven hypothesis predicts repetition benefits for relation and no repetition benefits

for position and orientation. If relation repeats, then a new spatial concept is not needed, and the

reference frame’s parameters do not need to be reconfigured. Thus, the relation parameter does not

need to be reconfigured and a repetition benefit should be observed. When position or orientation

repeat, relation has not. In these cases, a new spatial concept is needed and all the reference

frame parameters must be reconfigured. Thus, the position and orientation parameters must be

reconfigured and repetition benefits should not be observed.

In comparison, the property-driven hypothesis predicts repetition benefits for relation, position,

and orientation. If any of these properties repeats, their corresponding reference frame parameter

does not need to be reconfigured and a repetition benefit for that property should be observed.

Thus, repetition benefits for all three properties should be observed.

A further goal of Experiment 1 was to ensure that participants were indeed reconfiguring their

reference frames in accordance with the position, orientation, and relation specified by the cue
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letter. This was assessed by measuring performance accuracy to establish that participants had re-

configured their reference frames and by using the axis-asymmetry effect to determine the position

and orientation of participants’ reference frames.

Method

Participants

Twenty-four individuals, 7 male and 17 female, were recruited from Vanderbilt’s undergraduate

research pool and received course credit for their participation. One female participant’s error rate

was over twice that of the average, exceeding a 10% error rate. Thus, an additional female partic-

ipant was recruited, participating in a session with the same response condition as the participant

she replaced.

Apparatus and stimuli

The stimuli were presented on a ViewSonic VX924 19” LCD monitor and were generated in real-

time by a custom Python-based software program built in part with the VisionEgg open-source

software library (Straw, 2008). Viewing distance was not constrained. Typical viewing distance

was 53 cm.

On each trial, a nine-dot array like that shown in Figure 1 was presented at the center of the

display. The vertical and horizational dimesions of the array were 9.125 cm, subtending 9.79 x

9.79 deg of visual angle. Each dot had a diameter of 1 cm, subtending 1.07 x 1.07 deg of visual

angle. A black ring with width of 0.0625 cm was rendered around each dot, subtending 0.07 deg

of visual angle. The vertical and horizontal spacing between dots was 2 cm. Cue letters ranged

from 1.43 x 1.43 to 2.22 x 2.22 cm, subtending from 1.54 x 1.54 deg to 2.38 x 2.38 deg of visual

angle.

The array was presented on a gray background (RGB values of 128, 128, 128), and all possible

arrays were generated such that each of the four possible cue positions always had two adjacent

black dots (RGB values of 0, 0, 0) and two adjacent white dots (RGB values of 255, 255, 255).

Only two basic patterns, those depicted in Figure 5, meet these requirements. Each pattern was
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presented in each of four possible orientations: 0, 90, 180, and 270 deg. The first pattern, referred

to as the “Y” pattern in Figure 5a, is unique in each of these four orientations. The second pattern,

the “I” pattern in Figure 5b, is a mirror image of itself when rotated 180 deg. As such, it can be

presented uniquely in only two orientations. Thus, the six nine-dot arrays presented in Figure 5

were used in this experiment. Each of these six arrays was presented either as shown in Figure

5, or in a color-reversed form (i.e., white dots switched with black dots), which was determined

randomly for each trial.

Figure 5: The nine-dot arrays, (a) one set unique at all orientations, the “Y” pattern, (b) the other
unique at two orientations, the “I” pattern, used to generate the stimulus displays in Experiment 1
(see text; not to scale).

A cue was presented concurrently with the nine-dot array in one of the four cue positions and in

one of four orientations. The cues were either the letter A, B, L, or R, presented in Arial font with
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font size 40, with the center of the letter positioned equally distant from each of its four surrounding

dots (i.e., 1 cm from the center of each dot). Each cue was presented in one of four orientations: 0,

90, 180, and 270 deg. Thus, six stimulus arrays, four cue letters (relation), four cue-letter locations

(position), and four cue-letter orientations (orientation) were combined factorially for a total of

384 unique trials. These 384 trials were presented to participants in two blocks for a total of 768

trials per participant.

Participants responded using a numerical keyboard on the right side of the keyboard, and were

assigned to one of four response conditions: (a) 2 for black and 8 for white, (b) 8 for black and

2 for white, (c) 4 for black and 6 for white, and (d) 6 for black and 4 for white. Participants

responded with the pointing finger of each hand. For response conditions (c) and (d) this always

meant participants placed their left pointing finger on the 4 key and their right pointing finger on

the 6 key. Participants in response conditions (a) and (b) were allowed to place their fingers on the

2 and 8 keys as they preferred, with most choosing to put their right pointing finger on the 8 key

and their left on the 2 key. These response conditions thus manipulated the spatial compatibility

of the stimulus-response mapping of the task. The computer recorded participants’ response times

in ms from the onset of the stimulus, which was rendered synchronized with the monitor’s vertical

blank that refreshed at a rate of 60 Hz. The computer also recorded the dot color reported and

whether the response was correct.

Procedure

On each trial, the nine-dot array was presented to participants along with the cue letter in one of

the four possible positions and at one of the four possible orientations. Participants were instructed

that the cue letter — “A” for above, “B” for below, “L” for left, and “R” for right — told them which

relation to compute and that they also needed to take into account the position and orientation of

the cue letter in order to find the correct target dot. They were also told that, once located, they

were to report the color of the target dot using the keypad and in accordance with their assigned

response condition. Upon each response, the cue and dot array disappeared, leaving only a gray
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background for a period of 1 s (the inter-trial interval, ITI), at which time the next cue letter and

nine-dot array were presented.

Presentation of the 384 trials within a block was fully randomized. This meant that on any

given trial, relative to the previous trial, either no cue properties repeated, position repeated, orien-

tation repeated, relation repeated, position and orientation repeated, position and relation repeated,

relation and orientation repeated, or all three repeated, and which type of repetition would occur

was unpredictable. Participants performed two such blocks of trials.

After every 96 trials, the phrase “Time for a pause. Press a key when ready to continue. . . ” was

presented in black letters on the same gray-colored background. Participants were instructed that

pauses were self-paced, and the session data indicated that most participants paused for only a few

seconds. No feedback was provided, and no indication was given that the first block had ended and

the second had started.

A schedule of response condition assignments was generated prior to the experiment by creat-

ing six groups of the four response conditions and by then randomly ordering the response condi-

tions within each group. Participants were assigned their response condition based on the order in

which they arrived to the experiment.

Participants were instructed either individually or in pairs. Prior to starting the experimental

trials, the experimenter explained the purpose of the experiment to the participants. The experi-

menter then performed approximately sixteen trials with them to help acquaint them with the task.

If one participant was present, he or she responded verbally and the experimenter entered his or

her responses into the computer. If two participants were present, they raised one or two fingers

to indicate the correct dot color (black or white) with their hands to their sides so they could not

see each other’s responses, with the experimenter again entering the responses into the computer.

Feedback was provided and the experimenter inquired about every error. If there was any con-

fusion as to the procedure, the experimenter would re-explain the procedure as needed and ask

questions to ensure the participants correctly understood the task.

After this initial orientation, participants were taken to individual testing rooms, at which point
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their response condition was explained to them. They were instructed to place the pointing finger

of each hand on each of the response keys and to keep them there at all times throughout the

experiment. They were also instructed not to rotate the keyboard but to keep it parallel to the

display.

Participants then performed a block of 96 practice trials, a random subset of the 384 possible

unique trials, to acquaint them further with the task and to verify they had understood it correctly.

Once completed, the experimenter inspected the resultant data file to ensure that each participant’s

error rate was acceptable, that is, an error rate no higher than 10%. Most participants readily

achieved this rate or lower, and those that did not typically had very high error rates, indicating

they had misunderstood some aspect of the task. In such cases, the experimenter reviewed the

procedure with them and had them perform the practice trials again, sometimes remaining in the

testing room for the first few trials to verify the participant was performing correctly and to answer

any further questions the participant may have had.

Once participants finished their trials, they were debriefed and thanked for their participation.

The entire experimental session lasted an hour or less.

Results

The practice block, the first trial of each experimental block, and each trial following a pause screen

were excluded from the analysis (1.0% of the trials). The transition for each trial was classified

according to the cued reference frame properties that repeated from one trial to the next: (a) none,

(b) position, (c) orientation, (d) relation, (e) position and orientation, (f) position and relation, (g)

relation and orientation, and (h) position, orientation, and relation. Two sets of analyses were con-

ducted, one to determined if reconfiguration had occurred, the other to determine which property

repetitions yielded repetition benefits and which did not.

Evidence of reconfiguration

Accuracy was high, indicating that participants reconfigured their reference frames from trial to

trial based on the position, orientation, and relation of the cue letter. Mean accuracy was 95.8%
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(SEM = 0.1541). Accuracy varied across relation, with mean accuracies of 96.8% for above,

95.4% for below, 95.2% for left, and 95.8% for right. These difference were confirmed with a

4 (response condition) x 4 (position) x 4 (orientation) x 4 (relation) mixed-model ANOVA, with

response condition as a between-participants factor and all other factors within-participants. No

other reliable effects on accuracy were observed. The condition means and results of this analysis

are presented in Tables A1 and A2, respectively.

The pattern of mean response times provided evidence diagnostic of this reconfiguration as

revealed by the observance of the axis-asymmetry effect. Overall, participants responded faster to

cues for above and below than to those for left and right, with mean response times of 1276, 1394,

1485, and 1482 ms, respectively. These differences were confirmed with a 4 (response condition)

x 4 (position) x 4 (orientation) x 4 (relation) mixed-model ANOVA, with response condition as a

between-participants factor and all other factors within-participants. The results of this analysis

are presented in Table 1 and the condition means are presented in Figure 6. Position did not exert

a reliable effect and the mean response times for each position were quite similar [1 = 1408 ms, 2

= 1418 ms, 3 = 1406 ms, and 4 = 1406]. The condition means collapsed over position are shown

in Figure 7.

To confirm the presence of the axis-asymmetry effect, a planned comparison contrasting above

and below with left and right was conducted, with participants responding a mean difference of

148 ms faster in the above-below conditions than in the left-right conditions, F(1,60) = 15.23, p

< .0003. Planned comparisons also revealed that participants reconfigured their reference frames

by reorienting them based on the cue’s orientation, responding faster to above and below than to

left and right for all four orientations in which the cue letter could appear [0 deg = 95 ms, 90 deg

= 83 ms, 180 deg = 273 ms, and 270 deg = 142 ms; Fs(1, 180) = 17.01, 12.82, 139.59, and 37.69;

all ps < .0004]. Further, they reconfigured their reference frames by repositioning them around

the display based on the position of the cue. Their mean response times were shorter for above

and below when compared to left and right at all four positions in the display [1 = 136 ms, 2 =

180 ms, 3 = 149 ms, and 4 = 129 ms; Fs(1,180) = 38.81, 67.83, 46.55, and 34.69; all ps < .0001].
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Figure 6: Mean response time (in ms) by relation, orientation, and position in Experiment 1.
Presentation is in terms of the target locations in the display and the cue locations from which those
targets were accessed. Numbers in bold are the mean response times when the target location is
accessed from the leftmost and rightmost cue locations (i.e., cue locations 1 and 3 in Figure 1; see
text).
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Figure 7: Mean response time (in ms) by relation and orientation in Experiment 1. Presentation is
in terms of the target locations in the display and the cue locations from which those targets were
accessed. Numbers in bold are those along the cue letter’s up-down axis when presented in the
specified orientation. Note that the surrounding letters are for expository purposes only, indicating
the correct target location if that letter was the cue at the specified orientation (see text).
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Table 1: Mixed-model ANOVA of mean response times in Experiment 1, with response condition
as a between-participants factor and all other factors within-participants (correct-response trials
only).

Df MSerror F η2
partial Pr(>F)

Relation 3,60 555502 6.69 0.25 0.00 ***
Orientation 3,60 101116 9.45 0.32 0.00 ***
Position 3,60 49408 0.27 0.01 0.84
Relation x Orientation 9,180 51392 5.40 0.21 0.00 ***
Relation x Position 9,180 45802 0.73 0.04 0.68
Orientation x Position 9,180 44860 1.01 0.05 0.43
Relation x Orientation x Position 27,540 54348 0.99 0.05 0.48

Response Condition 3,20 9850362 1.69 0.20 0.20
Response Condition x Relation 9,60 555502 0.52 0.07 0.86
Response Condition x Orientation 9,60 101116 1.26 0.16 0.28
Response Condition x Position 9,60 49408 0.46 0.06 0.90
Response Condition x Relation x Orientation 27,180 51392 1.04 0.13 0.42
Response Condition x Relation x Position 27,180 45802 1.54 0.19 0.05 .
Response Condition x Orientation x Position 27,180 44860 0.78 0.10 0.78
Response Condition x Relation x Orientation x
Position

81,540 54348 0.99 0.13 0.51

Finally, participants reconfigured their reference frames by both reorienting and repositioning them

as indicated by the position and orientation of the cue, responding faster to above-below than to

left-right for each possible combination of position and orientation. These mean differences were

reliable for 11 of the 16 possible combinations of orientation and position [all Fs(1,540) > 4.68, all

ps < 0.031]. For those combinations that were not statistically reliable, the mean differences were

nevertheless such that responses for the above-below axis were faster than those for the left-right

axis (see Figure 6).

Two other, less important effects were observed. First, orientation of the cue letter influ-

enced performance, with participants responding fastest when the cues were upright, slowest when

upside-down, and at intermediate and similar speeds when at 90 and 270 deg [0 deg = 1366 ms, 180

deg = 1481 ms, 90 deg = 1391 ms, and 270 deg = 1401 ms]. Second, response condition marginally

interacted with relation and position (p < 0.052). This interaction is discussed in Appendix A.

29



Evidence of repetition benefits

To assess which properties exhibited repetition benefits and which did not, mean response times

were calculated for correct trials that followed a correct trial for the eight types of transitions

(94.9% of correct trials). These means were analyzed with a 4 (response condition) x 8 (repeating

property) mixed-model ANOVA, with response condition as a between-participants factor and

repeating property as a within-participants factor. The results of this analysis are presented in

Table 2. Response times differed reliably depending on the type of repeating property. The per-

category mean response times associated with this effect are presented in Figure 8.

Table 2: Mixed-model ANOVA of mean response times in Experiment 1, with response con-
dition as a between-participants factor and repeating property as a within-participants factor
(consecutively-correct trials only; see text).

Df MSerror F η2
partial Pr(>F)

Repeating Property 7,140 21199 11.36 0.36 0.00 ***
Response Condition 3,20 1169580 1.74 0.21 0.19
Response Condition x Repeating Property 21,140 21199 1.35 0.17 0.15

Repeating relation yielded a repetition benefit of 119 ms when compared to no property repe-

titions, confirmed by a planned comparison F(1,140) = 8.02, p < .006. It also yielded a repetition

benefit of 150 ms when it repeated with another property (i.e., position or orientation) as opposed

to when it did not repeat (i.e., when only orientation and position repeated), F(1,140) = 17.03, p <

.0001.

Repeating orientation conferred no benefit. The 2 ms difference observed when repeating

orientation relative to when no properties repeated was not reliable. Similarly, the 27 ms difference

between when orientation repeated along with another property (i.e., position or relation) compared

to when it did not repeat (i.e., when only relation and position repeated) was also not reliable.

Repeating position also conferred no benefit. The 37 ms difference between repeating position

and no property repetition was not reliable. When position repeated along with relation or ori-

entation, a reliable difference of 123 ms was observed compared to when position did not repeat

(i.e., when only relation and orientation repeated), F(1,140) = 11.42, p < .001. As can be seen in
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Figure 8: Mean response time (+Fisher’s LSD = 83 ms) by repetition of relation, orientation, and
position in Experiment 1.

Figure 8, however, it was the repetition of relation that drove this effect, not the repetition of po-

sition. This is because the planned comparison contrasted the average of the mean response times

for repetitions of position and orientation together and of position and relation together with the

mean response time for repetitions of relation and orientation together. Thus, it is the shorter mean

response time of the comparison condition, when relation and orientation repeated together, that

is responsible for the mean difference, not the repetition of position. This interpretation is further

supported by the fact that repeating relation and repeating relation and position together yielded

such similar response times (1322 vs. 1320 ms, respectively).

Discussion

The results provided strong support for the concept-driven account of reference frame reconfigura-

tion and no distinguishing support for the property-driven account. Before discussing this further,

however, it is important to review the results that confirmed that participants were reconfiguring
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reference frames, and that they were doing so per the position, orientation, and relation specified

by the cue letter.

First, participants were quite accurate at performing the task, indicating that they were reconfig-

uring reference frames from trial to trial. Second, participants responded faster to above and below

cues than to left and right cues, consistent with the axis-asymmetry effect and providing evidence

diagnostic of reference frame reconfiguration. The axis-asymmetry effect was observed at every

orientation, indicating that participants reconfigured their reference frames by reorienting them

when the cue’s orientation changed. The axis-asymmetry effect was also observed at every posi-

tion, indicating that participants reconfigured their reference frames by repositioning them when

the cue’s location changed. Finally, the axis-asymmetry effect was observed at every combination

of position and orientation, indicating that participants reconfigured their reference frames by both

repositioning them and reorienting them when both the cue’s position and orientation changed.

Having established that reconfiguration occurred, it is possible discuss the pattern of repetition

benefits in regards to the two hypotheses of reference frame reconfiguration. Repetition benefits

were observed for relation but neither for position nor orientation, the pattern of results predicted

by the concept-driven hypothesis. If it is the case that retrieval of the relevant spatial concept and

its associated reference frame parameters drive reference frame reconfiguration, then repetition

benefits should be observed when the spatial concept (relation) does not change and they should

not be observed when it does, as was the case. The property-driven hypothesis, on the other hand,

predicts reference frames can be updated by reconfiguring only what needs to be reconfigured.

Thus, repetition benefits should have been observed for position, relation, and relation. However,

they were only observed for relation, and this overlaps with the prediction for this property made

by the concept-driven hypothesis. Thus, the pattern of results are completely consistent with the

concept-driven hypothesis and not very supportive of the property-driven hypothesis.

32



Chapter IV

Experiment 2: Advance Reconfiguration of Reference Frames

Experiment 1 provided initial evidence in support of the concept-driven hypothesis of reference

frame reconfiguration by showing that reconfiguration proceeded more quickly when the spatial

concept did not change from one use of a reference frame to the next compared to when it did (i.e.,

responses were faster when relation repeated than when it changed). It also provided support by

showing that when the spatial concept did change (i.e., relation changed), reconfiguration did not

proceed any faster if the position repeated or if orientation repeated. This is the pattern of results

expected if the spatial concept is driving reference frame reconfiguration: If the relation changes,

then all of the reference frame parameters need to be reconfigured, regardless of their previous

values.

This is not the only possible explanation for the findings, however. The property-driven hy-

pothesis — which states that reference frame parameters are reconfigured when their correspond-

ing properties in the environment change and do not need to be reconfigured when those properties

have not changed — is also supported by the finding that reference frame reconfiguration was faster

when relation repeated compared to when it did not. However, this hypothesis also predicts that

reconfiguration should be faster if the orientation of the reference frame does not need to change

or if its position does not need to be changed, and such findings were not observed.

To help further distinguish between these two accounts, Experiment 2 was conducted with

two goals in mind. The first was to see if the findings from Experiment 1 would replicate. The

second was to consider the case of advance reconfiguration, that is, to explore reference frame

reconfiguration when participants were given the opportunity to reconfigure their reference frames

in advance of the target display.

To do so, a design similar to that of Experiment 1 was used but the cued position of the reference

frame remained constant and a simpler, four-dot array was used instead of the nine-dot array used
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in Experiment 1. Position was dropped as a factor under consideration for the following reasons.

First, there was a practical need to drop an experimental factor so that various intervals for advance

preparation of the reference frame could be introduced as a factor without making the experimental

sessions unduly long. Second, even though participants could clearly reposition their reference

frames in Experiment 1 — as demonstrated by their accurate performance and by observance of the

axis-asymmetry effect at every position — there was no indication that they could reconfigure their

reference frames faster if position repeated from one trial to the next. Orientation also exhibited

no repetition benefits, at least statistically. Numerically, however, there was some indication that

reference frame reconfiguration might proceed more quickly if orientation repeated. Thus, position

was selected as the factor to be dropped and orientation retained.

Four cue-to-target intervals (CTIs) were introduced to allow participants the opportunity to re-

configure their reference frames in advance of the display. These intervals were 0, 250, 500, and

1000 ms. On trials in which the interval was non-zero, the cue letter would appear at the specified

interval in advance of the display, indicating the relation and orientation needed to configure a

reference frame that could be used to correctly anticipate the location of the target dot. If partici-

pants used these intervals to reconfigure their reference frames in advance, then evidence of their

advance reconfiguration should show up as reductions in switch costs with increasing preparation

times (CTIs).

The hypotheses make different predictions for advance reconfiguration. The concept-driven

hypothesis predicts a reduction in switch costs for relation, no reductions in switch costs for orien-

tation, and no additive reduction to switch costs if orientation can be reconfigured in advance along

with relation. According to the hypothesis, it is the spatial concept that drives reference frame re-

configuration. Thus, if participants are given the opportunity to reconfigure relation in advance,

which involves retrieving a new spatial concept and reconfiguring all the reference frame parame-

ters, they should be able to reduce the cost of doing so with increasing amounts of time available

for advance preparation. The repetition benefit of 119 ms observed for relation in Experiment 1

suggests this should be a significant reduction. Moreover, this reconfiguration can start as soon as
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the cue letter appears. In comparison, if participants are given the opportunity to reconfigure orien-

tation in advance when relation has changed, then reconfiguration of orientation must nevertheless

wait on the reconfiguration of relation, as it is the spatial concept that is driving reconfiguration.

Thus, no reduction in switch costs for orientation should be observed. Similarly, if participants can

reconfigure both relation and orientation in advance, then reductions in switch costs should be no

greater than when participants can only reconfigure relation in advance.

The property-driven hypothesis predicts a reduction in switch costs for relation, orientation,

and both together. Since reconfiguring orientation does not depend on reconfiguring relation under

this hypothesis, as soon as the cue letter appears indicating that either relation, orientation, or both

have changed, reconfiguration can start. In addition, being able to reconfigure both in advance

should yield a larger reduction in switch costs than only being able to reconfigure one or the other

in advance.

The two hypotheses make similar predictions for repetition benefits as they did in Experiment

1. The concept-driven hypothesis predicts a repetition benefit for relation, no repetition benefit for

orientation, and repeating orientation along with relation should not yield a larger repetition than

that for repeating relation alone. The property-driven predicts repetition benefits for both relation

and orientation, and a larger repetition benefit when both repeat.

Method

Participants

Twenty-four individuals, 10 male and 14 female, were recruited from Vanderbilt’s undergraduate

research pool and received course credit for their participation. No participants from Experiment

1 participated in this experiment.

Apparatus and stimuli

The apparatus, stimuli, and response conditions were the same as in Experiment 1, with the fol-

lowing exceptions. First, to keep the cued position constant, on each trial a four-dot array like that

shown in Figure 2 was presented at the center of the display instead of the nine-dot array used in
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Experiment 1. In such four-dot arrays where two dots must be black and two must be white, there

are six unique patterns, one pattern in four orientations when the same-colored dots are adjacent,

and one pattern in two orientations when the same-colored dots are opposing. All six patterns

were used in this experiment and are depicted in Figure 9. Each of these six patterns was presented

either as depicted or in a color-reversed form (i.e., white dots switched with black dots), and which

was the case was determined randomly for each trial.

Figure 9: The four-dot arrays, (a) one set unique at all orientations, (b) the other unique at two
orientations, used to generate the stimulus displays in Experiments 2–4 (see text; not to scale).

To implement the opportunity for advance reconfiguration, cue-to-target intervals (CTIs) of 0,

250, 500, and 1000 ms were introduced into the display sequence. On trials were the CTI was

non-zero, the cue letter would appear alone on the same gray background as used in the target

display for the entire interval specified until the target display appeared (i.e., until the four-dot
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array appeared along with the cue). If the cue letter appeared in advance, it did so at the same

location as in the target display (i.e., the center of the display), and at the orientation and relation

indicated for that trial. Thus, there was no change in the cue letter’s appearance upon onset of the

target display (i.e., the dots simplied appeared around the cue letter).

Thus, six stimulus arrays, four relations, four orientations, and four cue-to-target intervals com-

bined factorially for a total of 384 trial types. These 384 trials were presented to participants in

completely randomized order in two blocks for a total of 768 trials per participant.

Procedure

The procedure was the same as in Experiment 1 with the following exceptions. Participants were

instructed with and conducted practice trials using the four-dot array instead of the nine-dot array.

In addition, they were instructed that the cue letter indicating the correct reference frame properties

could appear either with the target display or in advance of it. They were also told that if the cue

letter appeared in advance, it would do so for either a quarter of a second, half a second, or for

a whole second, and that which would be the case, or even it it would appear in advance, was

entirely unpredictable. They were further instructed that they should make use of the cue letter as

soon as it appeared to anticipate the correct location of the target dot so as to respond as quickly as

possible, and that doing so would mean maintaining their attention vigilantly on every trial. The

trials to which participants were exposed during instruction and for practice included the same

random variation in the cue-to-target intervals as was the case for the experimental trials.

Results

The practice block, the first trial of each experimental block, and each trial following a pause screen

were excluded from the analysis (1.0% of the trials). The transition for each trial was classified

according to the cued reference frame properties that repeated from one trial to the next: (a) none,

(b) relation, (c) orientation, or (d) relation and orientation. Three sets of analyses were conducted,

one to determined if reconfiguration had occurred, one to assess repetition benefits, and one to

assess advance reconfiguration.
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Evidence of reconfiguration

Accuracy was high, indicating that participants reconfigured their reference frames from trial to

trial based on the relation and orientation of the cue letter. Mean accuracy was 96.5% (SEM =

0.1485). Accuracy varied across relation, with mean accuracies of 97.6% for above, 96.8% for

below, 95.3% for left, and 96.1% for right. Accuracy also increased as the cue-to-target interval

increased, with mean accuracies of 95.5%, 96.0%, 96.9%, and 97.4% for CTIs of 0, 250, 500,

and 1000 ms, respectively. These difference were confirmed with a 4 (response condition) x 4

(relation) x 4 (orientation) x 4 (CTI) mixed-model ANOVA, with response condition as a between-

participants factor and all other factors within-participants. No other reliable effects on accuracy

were observed. The condition means and results of this analysis are presented in Tables A4 and

A5, respectively.

The axis-asymmetry effect again provided evidence diagnostic of reference frame reconfigura-

tion. Overall, participants responded faster to cues for above than to those for below, left and right,

with mean response times of 886, 955, 1008, and 997 ms, respectively. These differences were

confirmed with a 4 (response condition) x 4 (relation) x 4 (orientation) x 4 (CTI) mixed-model

ANOVA, with response condition as a between-participants factor and all other factors within-

participants. The results of this analysis are presented in Table 3, and the condition means are

presented in Figure 10. This pattern of means suggested that the above-advantage form of the axis-

asymmetry effect was more applicable to this experiment, so the results were analyzed in terms of

this version of the effect.

To confirm the advantage for above, a planned comparison contrasting above with below, left,

and right was conducted, with participants responding a mean difference of 100 ms faster in the

above conditions than the below-left-right conditions, F(1,60) = 34.86, p < .0001. As anticipated,

this effect diminished with increasing intervals for advance preparation [0 ms CTI = 131 ms, 250

ms CTI = 142 ms, 500 ms CTI = 105 ms, and 1000 ms CTI = 23 ms; all Fs(1, 180) > 56.09 and all

ps < 0.0001 except n.s. at CTI = 1000 ms]. Planned comparisons confirmed that participants also

reconfigured their reference frames by reorienting them based on the cue’s orientation, responding
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Figure 10: Mean response time (in ms) by relation, orientation, and cue-to-target interval (CTI; in
ms) in Experiment 2. Presentation is in terms of the target locations in the display relative to the
central cue letter location from which they were accessed. Numbers in bold and underlined were
accessed with above cues, numbers in bold with below cues, numbers in italics with left cues, and
numbers in normal font face with right cues.
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Table 3: Mixed-model ANOVA of mean response times in Experiment 2, with response condition
as a between-participants factor and all other factors within-participants (correct-response trials
only).

Df MSerror F η2
partial Pr(>F)

Relation 3,60 82874 14.05 0.41 0.00 ***
Orientation 3,60 36557 16.24 0.45 0.00 ***
CTI 3,60 25519 643.35 0.97 0.00 ***
Relation x Orientation 9,180 22465 11.01 0.35 0.00 ***
Relation x CTI 9,180 14162 5.68 0.22 0.00 ***
Orientation x CTI 9,180 11796 3.47 0.15 0.00 ***
Relation x Orientation x CTI 27,540 12706 0.96 0.05 0.52

Response Condition 3,20 1407764 1.01 0.13 0.41
Response Condition x Relation 9,60 82874 0.77 0.10 0.65
Response Condition x Orientation 9,60 36557 0.41 0.06 0.92
Response Condition x CTI 9,60 25519 2.66 0.29 0.01 *
Response Condition x Relation x Orientation 27,180 22465 0.73 0.10 0.84
Response Condition x Relation x CTI 27,180 14162 1.07 0.14 0.38
Response Condition x Orientation x CTI 27,180 11796 1.61 0.19 0.04 *
Response Condition x Relation x Orientation x CTI 81,540 12706 0.97 0.13 0.55

faster to above than below-left-right for all four orientations in which the cue letter could appear

[0 deg = 38 ms, 90 deg = 111 ms, 180 deg = 179 ms, and 270 deg = 72 ms; all Fs(1, 180) >

4.73; all ps < .04]. This effect also diminished with increasing intervals for advance preparation

but remained reliable for 11 of the 16 combinations of orientation and CTI [all Fs > 6.70; all ps

< 0.01] (the effect was not observed at CTIs = 500 for 0 deg and CTIs = 1000 for 0, 90, and 270

deg).

Finally, as is typically the case with explicit cuing paradigms, response times decreased as the

cue-to-target interval increased. Participants responded a mean of 1234, 1001, 849, and 762 ms for

CTIs of 0, 250, 500, and 1000 ms, respectively.

Several other, less important effects were observed. First, orientation of the cue letter influ-

enced performance, with participants responding fastest when the cues were upright, slowest when

upside-down, and at intermediate and similar speeds when at 90 and 270 deg [0 deg = 935 ms, 180

deg = 1020 ms, 90 deg = 951 ms, and 270 deg = 941 ms]. Second, these differences generally

diminished as the cue-target-interval increased, as shown in Table A6. Finally, interactions with
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response condition were again observed. These are discussed in Appendix A.

Evidence of repetition benefits

Repetition benefits were assessed as in Experiment 1 by calculating mean response times for cor-

rect trials following a correct trial for the four types of transitions (95.6% of the correct trials).

These means were analyzed with a 4 x (response condition) x 4 (repeating property) x 4 (CTI)

mixed-model ANOVA, with response condition as a between-participants factor and all other fac-

tors within-participants. The results of this analysis are presented in Table 4.

Table 4: Mixed-model ANOVA of mean response times in Experiment 2, with response condition
as a between-participants factor and all other factors within-participants (consecutively-correct
trials only; see text).

Df MSerror F η2
partial Pr(>F)

Repeating Property 3,60 13983 55.06 0.73 0.00 ***
CTI 3,60 8364 408.56 0.95 0.00 ***
Repeating Property x CTI 9,180 5832 6.80 0.25 0.00 ***

Response Condition 3,20 281355 0.87 0.12 0.47
Response Condition x Repeating Property 9,60 13983 1.17 0.15 0.33
Response Condition x CTI 9,60 8364 1.93 0.22 0.07
Response Condition x Repeating Property x CTI 27,180 5832 0.61 0.08 0.94

Response times differed reliably depending on type of repeating property. Participants re-

sponded fastest when all of the properties repeated (i.e., both relation and orientation repeated),

slowest when either orientation or no properties repeated, and at an intermediate speed when rela-

tion repeated, with mean response times of 796, 973, 986, and 872 ms, respectively.

Repeating relation yielded a repetition benefit of 113 ms when compared to no property repe-

titions, confirmed by a planned comparison F(1,60) = 10.97, p < .002. Repeating orientation, on

the other hand, conferred no benefit. The 13 ms difference observed when repeating orientation

relative to when no properties repeated was not reliable. Repeating orientation along with relation,

however, did yield a reliable increase of 77 ms over the benefit of repeating relation alone, F(1,60)

= 5.04, p < .03.
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Evidence of advance reconfiguration

The type of property repetition interacted with the amount of time available for advance preparation

(CTI). The per-category condition means for this effect are presented in Figure 11.

Figure 11: Mean response time (in ms) by repeating property and cue-to-target interval in Experi-
ment 2.

Providing participants time to reconfigure relation in advance yielded a reduction in switch

costs of 87 ms, as confirmed by an interaction contrast [the difference between no repetition minus

relation repetition at CTI 0 vs. 1000 ms; F(1,180) = 7.71; p < .007]. No such evidence for advance

reconfiguration of orientation was observed, as switch costs actually increased by 32 ms from CTI

= 0 ms to CTI = 1000 ms, but this increase was not reliable. However, providing participants

advance preparation time for reconfiguring both relation and orientation together further reduced

switch costs by 98 ms over and above the reduction for reconfiguring only relation in advance [the

difference between relation repetition minus relation and orientation repetition at CTI 0 vs. 1000

ms, F(1,180) = 9.95; p < .002].

Of lesser importance, and as with the correct trials, response times for correct trials following a
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correct trial decreased as the cue-to-target interval increased. Participants respond a mean of 1162,

931, 794, and 739 ms for CTIs of 0, 250, 500, and 1000 ms, respectively. This pattern of means

is similar to that observed for correct trials but with slightly faster responses, likely due to the fact

that the calculation of these means excluded correct trials that followed trials in which participants

made an error in their response.

Discussion

Participants reconfigured their reference frames, confirmed by their high accuracy in performing

the task. In addition, the above-advantage version of the axis-asymmetry effect was observed,

providing evidence diagnostic of their reconfiguration, and it was observed at every orientation,

indicating that participants reconfigured there reference frames by reorienting them. The magni-

tude of the axis-asymmetry effect diminished with increasing times for advance preparation, as

anticipated.

Of greater interest, the results again favored the concept-driven account of reference frame re-

configuration over the property-driven account. Repetition benefits were observed for relation but

not for orientation. In addition, advance reconfiguration occurred for relation but not for orienta-

tion. This is precisely the pattern of results predicted by the concept-driven hypothesis for both

these measures. The property-driven hypothesis, on the other hand, predicted repetition benefits

and advance reconfiguration for both relation and orientation.

Taken together, then, these results and those of Experiment 1 meet all the predictions of the

concept-driven hypothesis and meet none of the distinguishing predictions for the property-driven

hypothesis. However, repeating orientation along with relation yielded an increase in the repetition

benefit over and above that of repeating relation alone. This is problematic for the concept-driven

hypothesis. Under the hypothesis, the benefit of repeating relation occurs because a new spatial

concept does not have to be retrieved along with its reference frame parameters and all the refer-

ence frame parameters do not have to be reconfigured. Orientation does not drive reference frame

reconfiguration, and thus repeating orientation along with relation was not predicted to yielded a
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larger repetition benefit than relation repeated alone. Similarly, advance reconfiguration of orienta-

tion along with relation yielded a greater reduction in switch costs when compared to the advance

reconfiguration of relation alone. This was not predicted by the concept-driven hypothesis for the

same reasons the increased repetition benefits was not predicted. The property-driven hypothesis,

however, predicted both these findings.

To better understand these results and further assess the hypotheses, Experiment 3 focused

on the advance reconfiguration of relation by employing the same design as Experiment 2 but

kept orientation constant for long subblocks of trials while relation varied randomly. Similarly,

Experiment 4 focused on the advance reconfiguration of orientation, also by using the same design

as Experiment 2 but instead kept relation constant for long subblocks of trials while orientation

varied randomly.
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Chapter V

Experiment 3: Advance Reconfiguration of Relation

The purpose of Experiment 3 was to conduct a focused investigation of relation in regards to the

two hypotheses, measuring both repetition benefits and advance reconfiguration in a fashion similar

to Experiment 2. The only difference between Experiment 2 and Experiment 3 was that orientation

only varied between subblocks and in a fashion predictable to the participants. The cued relation

varied randomly from trial to trial as it had in the previous experiments.

Because orientation only varied between subblocks, repetition benefits and reductions in switch

costs could only be assessed for relation in this experiment. Repetition benefits were observed for

relation in Experiments 1 and 2, and Experiment 2 revealed that relation could be reconfigured in

advance. Thus, both effects for relation were predicted for the present experiment.

The concept-driven and property-driven hypotheses make the same predictions for relation for

these measures. Both predict repetition benefits and advance reconfiguration for relation for the

same reasons as in Experiments 1 and 2. Thus, the results of this experiment cannot provide

evidence uniquely supportive of one hypothesis or the other. When considered across experiments,

however, the results of this experiment can be used to clarify the nature of the repetition benefits

for relation observed in Experiments 1 and 2 as well as the benefits of advance reconfiguration for

relation observed in Experiment 2.

As such, there were two goals for Experiment 3. The first goal was to determine if the repetition

benefits and advance reconfiguration of relation seen in previous experiments replicated. The

second goal was to provide a basis for comparison across experiments for both measures to help

further assess the hypotheses.
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Method

Participants

Twenty-four individuals, 5 male and 19 female, were recruited from Vanderbilt’s undergraduate

research pool and received course credit for their participation. No participants from previous

experiments participated in this experiment.

Apparatus and stimuli

The apparatus, stimuli, and response conditions were the same as in Experiment 2, with the follow-

ing exceptions. First, orientation did not vary between trials but rather was constant for subblocks

of 96 trials. This coincided with the presentation of the “Time for a pause. Press a key when ready

to continue. . . ” screen (see the procedure for Experiment 1) and thus orientation only changed

after the presentation of these pause screens and participants’ subsequent pressing of a key to re-

sume the presentation of the experimental trials. Thus, changes in orientation were infrequent and

predictable.

The order of the four orientation subblocks within each block was randomized individually for

each participant subject to the constraint that one subblock not follow another with the same ori-

entation to ensure that orientation always changed after the presentation of a pause screen, and this

constraint was maintained both within and across the two blocks of experimental trials. During

the sixteen instructional trials with the experimenter, orientation only changed after every fourth

trial so that participants experienced all four orientations in a fashion similar to the experimental

trials. Similarly, during participants’ 96 practice trials, orientation only changed after the presenta-

tion of a pause screen that was presented after every 24 trials. Finally, the order of the orientation

subblocks for the practice trials was also randomized individually for each participant.

Procedure

The procedure and instructions were the same as those in Experiment 2 with the following excep-

tions. First, participants were informed that the cue letters would only change orientation after the

pause screens and thus changes in orientation were entirely predictable. Second, the cue letters
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remained in the same orientation for subblocks during the instructional and practice trials as well

as the experimental trials, as just described.

Results

The practice block, the first trial of each experimental block, and each trial following a pause screen

were excluded from the analysis (1.0% of the trials). The transition for each trial was classified

as to whether relation changed or repeated from one trial to the next. Three sets of analyses were

conducted, one to determined if reconfiguration had occurred, one to assess repetition benefits for

relation, and one to assess advance reconfiguration for relation.

Evidence of reconfiguration

Participants again performed quite accurately, confirming they were reconfiguring their reference

frames based on the relation and orientation of the cue. Mean accuracy was 94.39% (SEM =

0.1972). Accuracy varied across relation, with mean accuracies of 95.9%, 94.2%, 93.5%, and

94.1% for above, below, left, and right, respectively. Accuracy also increased as the cue-to-target

interval increased, with mean accuracies of 92.7%, 93.8%, 95.2%, and 96.0% for CTIs of 0, 250,

500, and 1000 ms, respectively. These difference were confirmed with a 4 (response condition) x 4

(relation) x 4 (orientation) x 4 (CTI) mixed-model ANOVA, with response condition as a between-

participants factor and all other factors within-participants. No other reliable effects on accuracy

were observed. The condition means and results of this analysis are presented in Tables A9 and

A10, respectively.

Evidence diagnostic of reference frame reconfiguration was again obtained by observance of

the above-advantage version of the axis-asymmetry effect. Overall, participants responded faster

to cues for above than to those for below, left and right, with mean response times of 926, 986,

991, and 991 ms, respectively. These differences were confirmed with a 4 (response condition)

x 4 (relation) x 4 (orientation) x 4 (CTI) mixed-model ANOVA, with response condition as a

between-participants factor and all other factors within-participants. The results of this analysis

are presented in Table 5, and the condition means are presented in Figure 12.
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Figure 12: Mean response time (in ms) by relation, orientation, and cue-to-target interval (CTI; in
ms) in Experiment 3. Presentation is in terms of the target locations in the display relative to the
central cue letter location from which they were accessed. Numbers in bold and underlined were
accessed with above cues, numbers in bold with below cues, numbers in italics with left cues, and
numbers in normal font face with right cues.
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Table 5: Mixed-model ANOVA of mean response times in Experiment 3, with response condition
as a between-participants factor and all other factors within-participants (correct-response trials
only).

Df MSerror F η2
partial Pr(>F)

Relation 3,60 34209 11.32 0.36 0.00 ***
Orientation 3,60 40933 19.44 0.49 0.00 ***
CTI 3,60 28182 468.01 0.96 0.00 ***
Relation x Orientation 9,180 15282 4.50 0.18 0.00 ***
Relation x CTI 9,180 11434 3.80 0.16 0.00 ***
Orientation x CTI 9,180 13172 1.65 0.08 0.10
Relation x Orientation x CTI 27,540 11855 1.25 0.06 0.18

Response Condition 3,20 4451000 0.13 0.02 0.94
Response Condition x Relation 9,60 34209 1.15 0.15 0.34
Response Condition x Orientation 9,60 40933 1.15 0.15 0.34
Response Condition x CTI 9,60 28182 0.81 0.11 0.61
Response Condition x Relation x Orientation 27,180 15282 1.06 0.14 0.39
Response Condition x Relation x CTI 27,180 11434 1.72 0.20 0.02 *
Response Condition x Orientation x CTI 27,180 13172 1.29 0.16 0.16
Response Condition x Relation x Orientation x CTI 81,540 11855 1.15 0.15 0.18

A planned comparison confirmed the advantage for above when compared to below-left-right,

with participants responding a mean difference of 63 ms faster in the above conditions than the

below-left-right conditions, F(1,60) = 33.72, p < .0001. This effect diminished with increasing

intervals for advance preparation [0 ms CTI = 93 ms, 250 ms CTI = 92 ms, 500 ms CTI = 50 ms,

and 1000 ms CTI = 18 ms; all Fs(1, 180) > 15.91 and all ps < 0.0001 except n.s. at CTI = 1000

ms].

Response times decreased as the cue-to-target interval increased, a standard effect in explicit

cuing experiments. Participants responded a mean of 1228, 987, 873, and 806 ms for CTIs of 0,

250, 500, and 1000 ms, respectively.

Two other effects were observed. First, orientation of the cue letter influenced performance,

with participants responding fastest when the cues were upright and at 90 deg, slowest when

upside-down, and at an intermediate at 270 deg [0 deg = 942 ms, 180 deg = 1038 ms, 90 deg

= 940 ms, and 270 deg = 974 ms]. Second, response condition interacted with relation and the

cue-to-target interval. This interaction is discussed in Appendix A.
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Evidence of repetition benefits

Repetition benefits were assessed in a fashion analogous to the previous experiments. Mean re-

sponse times were calculated for correct trials following a correct trial for relation repetitions ver-

sus relation changes (93.9% of the correct trials). These means were analyzed with a 4 x (response

condition) x 2 (relation repetition) x 4 (CTI) mixed-model ANOVA, with response condition as a

between-participants factor and all other factors within-participants. The results of this analysis

are presented in Table 6. Participants responded a mean of 1001 ms when relation changed and

842 ms when relation repeated, yielding a repetition benefit for relation of 160 ms.

Table 6: Mixed-model ANOVA of mean response times in Experiment 3, with response condition
as a between-participants factor and all other factors within-participants (consecutively-correct
trials only; see text).

Df MSerror F η2
partial Pr(>F)

Relation Repetition 1,20 10540 115.88 0.85 0.00 ***
CTI 3,60 4188 330.07 0.94 0.00 ***
Relation Repetition x CTI 3,60 2791 13.78 0.41 0.00 ***

Response Condition 3,20 541025 0.06 0.01 0.98
Response Condition x Relation Repetition 3,20 10540 0.59 0.08 0.63
Response Condition x CTI 9,60 4188 1.22 0.15 0.30
Response Condition x Relation Repetition x CTI 9,60 2791 1.91 0.22 0.07

Evidence of advance reconfiguration

Whether relation repeated or changed interacted with the cue-to-target interval. The condition

means for this interaction are shown in Figure 13. Providing participants time to reconfigure

relation in advance yielded a reduction in switch costs of 133 ms, as confirmed by an interaction

contrast [the difference between relation changes minus relation repeats at CTI 0 vs. 1000 ms;

F(1,60) = 37.85; p < .0001].

Of lesser concern, and as with the correct trials, response times for correct trials following a

correct trial decreased as the cue-to-target interval increased. Participants respond a mean of 1157,

927, 828, and 773 ms for CTIs of 0, 250, 500, and 1000 ms, respectively.
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Figure 13: Mean response time (in ms) by relation repetition and cue-to-target interval in Experi-
ment 3.

Discussion

As in the previous experiments, high performance accuracy confirmed that participants reconfig-

ured their reference frames, and the axis-asymmetry effect provided evidence diagnostic of that

reconfiguration, confirming that they oriented their reference frames as per the subblocks of cues

presented in the same orientation. Of greater concern, both repetition benefits and evidence of ad-

vance reconfiguration for relation were observed in a context where relation was the only reference

frame property that needed to be reconfigured. Importantly, these effects occurred in a range of

response times similar to the same effects observed in Experiment 2. Although both the concept-

driven and property-driven hypotheses predicted effects for both these measures — and thus the

findings from this experiment cannot distinguish between them — the pattern of results obtained

make possible some useful comparisons across experiments that will be considered and discussed

in the General Discussion.

51



Chapter VI

Experiment 4: Advance Reconfiguration of Orientation

Experiment 4 was designed as a compliment to Experiment 3. The purpose of the experiment was

to conduct a focused investigation of orientation in regards to the two hypotheses, measuring both

repetition benefits and advance reconfiguration in a fashion similar to Experiments 2 and 3. The

only differences from Experiment 3 were that it was relation, rather than orientation, that remained

the same within subblocks and that it was orientation, rather than relation, that varied randomly

from trial to trial (as it had in Experiments 1 and 2). Thus, compared to Experiment 4, it was the

changes in relation that were predictable rather than the changes in orientation.

Because relation only varied between subblocks, repetition benefits and reductions in switch

costs could only be assessed for orientation in this experiment. Repetition benefits were not ob-

served for orientation in Experiments 1 and 2, and Experiment 2 revealed no evidence that orien-

tation could be reconfigured in advance. Thus, based on the previous findings, neither repetition

benefits nor advance reconfiguration for orientation were predicted.

These predictions match those of the concept-driven hypothesis. Under this hypothesis, it is the

retrieval of the spatial concept and its reference frame parameters that drives reconfiguration and

that requires all reference frame parameters to be reconfigured. If the spatial concept (relation) is

not changing, then this processing is not required and consequently repetition benefits and benefits

due to advance reconfiguration for orientation should not be observed.

The property-driven hypothesis, in contrast, predicts both repetition benefits and advance re-

configuration for orientation. Under this hypothesis, reference frame parameters only need be

reconfigured when their corresponding properties in the environment have changed. Thus, a repe-

tition of orientation relative to a change in orientation should exhibit a repetition benefit, and the

opportunity to reconfigure orientation in advance should reduce the switch costs of doing so.

Altogether, then, there were two goals for Experiment 4. The first was to assess the two hypoth-
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esis under conditions in which only a single property, orientation, needed to be reconfigured and

for which the two hypotheses make competing predictions (in contrast to Experiment 3). The sec-

ond goal was to provide a basis for comparison across experiments for both measures, in addition

to those provided by Experiments 2 and 3, to help further assess the hypotheses.

Method

Participants

Twenty-four individuals, 11 male and 14 female, were recruited from Vanderbilt’s undergraduate

research pool and received course credit for their participation. No participants from a previous

experiment participated in this experiment.

Apparatus and stimuli

The apparatus, stimuli, and response conditions were the same as in Experiment 3, with the fol-

lowing exceptions. First, relation (rather than orientation) did not vary between trials but rather

was constant for subblocks of 96 trials, only changing after the presentation of a pause screen and

participants’ subsequent press of a key. Thus, changes in relation were infrequent and predictable.

Orientation again varied randomly from trial to trial, as it had in Experiments 1 and 2. The order

of the four relation subblocks within each block was randomized individually for each participant

subject to the same constraints applied to the ordering of orientation subblocks in Experiment 3.

Instructional and practice trials were conducted as in Experiment 3 but with relation (rather than

orientation) remaining constant for subblocks of four and 24 trials, respectively.

Procedure

The procedure and instructions were the same as those in Experiment 3 with the following ex-

ceptions. First, participants were informed that the relation specified by the cue letter would only

change after the pause screens and thus changes in relation were entirely predictable. Second, the

relation specified by cue letters (rather than the orientation of the cue letter) remained the same

for subblocks during the instructional and practice trials as well as the experimental trials, as just
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described.

Results

The practice block, the first trial of each experimental block, and each trial following a pause screen

were excluded from the analysis (1.0% of the trials). The transition for each trial was classified as

to whether orientation changed or repeated from one trial to the next. Three sets of analyses were

conducted, one to determined if reconfiguration had occurred, one to assess repetition benefits for

orientation, and one to assess advance reconfiguration for orientation.

Evidence of reconfiguration

The accuracy results confirmed that participants reconfigured their reference frames, with a mean

accuracy of 96.81% (SEM = 0.1408). Accuracy varied across with relation, with mean accuracies

of 97.5%, 96.2%, 96.6%, and 97.0% for for above, below, left, and right, respectively. Accu-

racy also increased with the cue-to-target interval, with mean accuracies of 94.6%, 97.2%, 97.6%,

and 97.9% for CTIs of 0, 250, 500, and 1000 ms, respectively. Other effects on accuracy were

observed and are discussed in Appendix A. These difference were confirmed with a 4 (response

condition) x 4 (relation) x 4 (orientation) x 4 (CTI) mixed-model ANOVA, with response condi-

tion as a between-participants factor and all other factors within-participants. No other reliable

effects on accuracy were observed. The condition means and results of this analysis are presented

in Tables A13 and A14, respectively.

The above-advantage version of the axis-asymmetry effect provided evidence diagnostic of

reference frame reconfiguration. In every condition, participants responded faster to cues for above

than to those for below, left and right, with mean response times of 676, 756, 749, and 733 ms,

respectively. These differences were confirmed with a 4 (response condition) x 4 (relation) x 4

(orientation) x 4 (CTI) mixed-model ANOVA, with response condition as a between-participants

factor and all other factors within-participants. The results of this analysis are presented in Table 7,

and the condition means are presented in Figure 14.

A planned comparison confirmed the advantage for above when compared to below-left-right,
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Figure 14: Mean response time (in ms) by relation, orientation, and cue-to-target interval (CTI; in
ms) in Experiment 4. Presentation is in terms of the target locations in the display relative to the
central cue letter location from which they were accessed. Numbers in bold and underlined were
accessed with above cues, numbers in bold with below cues, numbers in italics with left cues, and
numbers in normal font face with right cues.
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Table 7: Mixed-model ANOVA of mean response times in Experiment 4, with response condition
as a between-participants factor and all other factors within-participants (correct-response trials
only).

Df MSerror F η2
partial Pr(>F)

Relation 3,60 34083 14.92 0.43 0.00 ***
Orientation 3,60 11288 9.07 0.31 0.00 ***
CTI 3,60 13233 345.60 0.95 0.00 ***
Relation x Orientation 9,180 6507 1.90 0.09 0.05 .
Relation x CTI 9,180 5637 7.67 0.28 0.00 ***
Orientation x CTI 9,180 4619 2.13 0.10 0.03 *
Relation x Orientation x CTI 27,540 4553 1.02 0.05 0.44

Response Condition 3,20 3132266 0.50 0.07 0.69
Response Condition x Relation 9,60 34083 0.79 0.11 0.63
Response Condition x Orientation 9,60 11288 0.28 0.04 0.98
Response Condition x CTI 9,60 13233 1.49 0.18 0.17
Response Condition x Relation x Orientation 27,180 6507 0.73 0.10 0.84
Response Condition x Relation x CTI 27,180 5637 1.09 0.14 0.35
Response Condition x Orientation x CTI 27,180 4619 1.27 0.16 0.18
Response Condition x Relation x Orientation x CTI 81,540 4553 1.17 0.15 0.16

with participants responding a mean difference of 70 ms faster in the above conditions than the

below-left-right conditions, F(1,60) = 41.67, p < .0001. This effect diminished with increasing

intervals for advance preparation [0 ms CTI = 128 ms, 250 ms CTI = 65 ms, 500 ms CTI = 43 ms,

and 1000 ms CTI = 45 ms; all Fs(1, 180) > 23.41 and all ps < 0.0001]. Planned comparisons also

confirmed that participants reconfigured their reference frames by reorienting them based on the

cue’s orientation, responding faster to above than below-left-right for all four orientations in which

the cue letter could appear [0 deg = 63 ms, 90 deg = 64 ms, 180 deg = 92 ms, and 270 deg = 62

ms; all Fs(1, 180) > 42.91; all ps < .0001]. This effect also diminished with increasing intervals

for advance preparation, but remained reliable for all 16 combinations of orientation and CTI [all

Fs > 4.8; all ps < 0.04].

Response times decreased as the cue-to-target interval increased, as expected for cuing exper-

iments. Participants responded a mean of 888, 709, 662, and 655 ms for CTIs of 0, 250, 500, and

1000 ms, respectively

Two other effects were observed. First, orientation of the cue letter influenced performance,
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with participants responding fastest when the cues were upright, slowest when upside-down, and at

intermediate and similar speeds when at 90 and 270 deg [0 deg = 712 ms, 180 deg = 751 ms, 90 deg

= 729 ms, and 723 deg = 941 ms]. Second, these differences diminished as the cue-target-interval

increased, as shown in Table A16.

Evidence of repetition benefits

Repetition benefits were assessed as in Experiment 3. Mean response times were calculated for

correct trials following a correct trial for orientation repetitions versus relation changes (96.1% of

the correct trials). These means were analyzed with a 4 x (response condition) x 2 (orientation

repetition) x 4 (CTI) mixed-model ANOVA, with response condition as a between-participants

factor and all other factors within-participants. The results of this analysis are presented in Table 6.

Participants responded a mean of 728 ms when orientation changed and 686 ms when orientation

repeated, yielding a repetition benefit for orientation of 42 ms.

Table 8: Mixed-model ANOVA of mean response times in Experiment 4, with response condition
as a between-participants factor and all other factors within-participants (consecutively-correct
trials only; see text).

Df MSerror F η2
partial Pr(>F)

Orientation Repetition 1,20 4469 18.60 0.48 0.00 ***
CTI 3,60 1667 289.47 0.94 0.00 ***
Orientation Repetition x CTI 3,60 1288 9.50 0.32 0.00 ***

Response Condition 3,20 354162 0.53 0.07 0.66
Response Condition x Orientation Repetition 3,20 4469 0.20 0.03 0.89
Response Condition x CTI 9,60 1667 1.99 0.23 0.06
Response Condition x Orientation Repetition x CTI 9,60 1288 0.58 0.08 0.80

Evidence of advance reconfiguration

Whether orientation repeated or changed interacted with the cue-to-target interval. The condition

means for this interaction are shown in Figure 15. Providing participants time to reconfigure

orientation in advance yielded a reduction in switch costs of 66 ms, as confirmed by an interaction

contrast [the difference between relation changes minus relation repeats at CTI 0 vs. 1000 ms;
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F(1,60) = 20.29; p < .0001].

Figure 15: Mean response time (in ms) by repeating property and cue-to-target interval in Experi-
ment 4.

Of lesser concern, and as with the correct trials, response times for correct trials following a

correct trial decreased as the cue-to-target interval increased. Participants respond a mean of 855,

683, 645, and 644 ms for CTIs of 0, 250, 500, and 1000 ms, respectively.

Discussion

Accuracy confirmed that participants reconfigured their reference frames and the axis-asymmetry

effect provided evidence diagnostic of that reconfiguration, similar to the previous experiments.

More importantly, a repetition benefit for orientation was observed that had not been seen in pre-

vious experiments, except in the form of an incremental benefit that occurred when orientation

repeated along with relation (Experiment 2). Similarly, a benefit due to advance reconfiguration

for orientation was observed that also had not previous occurred, again except in the form of an

increased reduction in switch costs when orientation could be reconfigured in advance along with

relation (Experiment 2). The repetition benefit was the smallest of any of repetition benefits ob-
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served across all four experiments. The reduction in switch cost evincing advance reconfiguration

was also the smallest observed across the experiments, and was half the magnitude of the corre-

sponding reduction in switch costs observed for relation in Experiment 3.

These results match the predictions of the property-driven hypothesis and are not supportive

of the concept-driven hypothesis. This makes the findings from this experiment unique and in

contradiction to those from the other experiments. Why this was the case, what it might mean, and

attempts to clarify the discrepancy are discussed shortly in the General Discussion.
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Chapter VII

General Discussion

How do people reconfigure their reference frames when mapping from linguistic to perceptual rep-

resentations of space for the purpose of directing attention? Is it the retrieval of a spatial concept

and the reference frame parameters it requires that drives reconfiguration? Or is the reconfigura-

tion of reference frame parameters driven by property changes in the environment such that only

those properties that have changed require their corresponding parameters be reconfigured? The

evidence from four experiments is mixed, at times favoring the concept-driven hypothesis, with

caveats, and at other times favoring the property-driven hypothesis, with caveats.

The concept-driven hypothesis predicts repetition benefits and advance reconfiguration for rela-

tion and no repetition benefits and no advance reconfiguration for other reference frame properties

such as position and orientation. This was the pattern of results in Experiments 1–3. However,

when orientation repeated along with relation in Experiment 2, repetition benefits increased. Sim-

ilarly, when time for advance preparation was provided and both orientation and relation required

reconfiguration in Experiment 2, greater reductions in switch costs were observed than when time

for advance preparation was provided and only relation required reconfiguration. In addition, when

relation remained constant in Experiment 4, orientation benefited from repetitions and could be re-

configured in advance.

Thus, when relation changed, the concept-driven account was fully supported. In addition,

when relation repeated, the concept-driven account was fully supported in regards to its predictions

of repetition benefits for and the advance reconfiguration of relation. However, also when relation

repeated, the concept-driven account was consistently contradicted due to both repetition benefits

for orientation and the advance reconfiguration of orientation.

In comparison, the property-driven account predicts repetition benefits for and advance recon-

figuration of position, orientation, and relation. The predictions for relation overlap with those
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of the concept-driven hypothesis, and thus were equally and fully supported in Experiments 1–3.

However, neither position nor orientation benefited from repetition in Experiment 1, which only

occurred for either property in the cases when relation had changed. In addition, orientation did

not benefit from repetition nor could it be reconfigured in advance in Experiment 2 when relation

changed, but these effects did occur when relation repeated. Moreover, when relation remained

constant in Experiment 4, orientation benefited from repetitions and could be reconfigured in ad-

vance.

Thus, when relation changed, the property-driven account was fully contradicted. However,

when relation repeated, the property-driven account was fully supported.

Taken together, then, the results as considered thus far indicate that, when relation changes,

the concept-driven account is the correct one and that, when relation changes, the property-driven

account is better supported. Before considering what this means and how both accounts could be

true, it is useful first to consider what the pattern of results across the experiments reveal.

Figure 16 presents the mean time course functions for each condition in Experiments 2–4

together and on a common scale. A couple of aspects of these functions are worth noting.

First, Figure 17 shows these mean time course functions collapsed over repetition conditions.

Mean responses times were much longer, decreased much more, and did not reach a clear asymp-

tote when the spatial concept could change (Experiments 2 and 3) — even if it did not always

change (i.e., one quarter of the trials) and regardless of whether another parameter might have

needed reconfiguration (Experiment 2) or never needed reconfiguration (Experiment 3) — com-

pared to when it could not change (Experiment 4). In addition, the time course function when the

spatial concept could not change (Experiment 4) does not overlap much with those when it could

change (Experiments 2 and 3), and roughly starts (i.e., at CTI = 0 ms) at about the same time the

others leave off (i.e., at CTIs = 1000 ms).

The concept-driven hypothesis can explain this pattern of time course functions as due to the

fact that reconfiguration involves retrieving a spatial concept along with the knowledge of which

reference frame parameters it requires and then reconfiguring all the parameters, which is a time-
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Figure 16: Mean response time (ms) by cue-to-target interval (CTI; in ms) per type of repeating
property in Experiments 2–4.

consuming process that can start as soon as it is needed and that can be completely bypassed

when not needed. The property-driven hypothesis does not explain this pattern well, as it would

predict more similarity between functions where only one property could change (Experiments 3

and 4) and a dissimilar function with longer response times where two properties could change

(Experiment 2).

Second, Figure 18 shows the time course functions for the reductions in switch costs. The

switch costs were much higher, reduced much more, and did not reach a clear asymptote when

the spatial concept changed (Experiments 2 and 3) — regardless of whether another parameter did

(Experiment 2) or did not (Experiment 3) require reconfiguration — compared to when it did not

change (Experiment 4). In addition, the time course function when the spatial concept could not

change (Experiment 4) does not overlap much with those when it could change (Experiments 2

and 3), and roughly starts (i.e., at CTI = 0 ms) at about the same time the others leave off (i.e., at

CTIs = 1000 ms). The concept-driven hypothesis can explain this pattern of switch cost functions
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Figure 17: Mean response time (ms) by cue-to-target interval (CTI; in ms) across Experiments
2–4.

for the same reasons it can explain the mean response time functions, and the property-driven

hypotheses does not accommodate this pattern of switch cost functions well for the same reasons

it does accommodate the mean time course functions well.

Finally, an additional comparison across experiments is revealing. The mean response times

for the conditions in which the reference frame properties changed in each experiment can be

compared to each other as another way of estimating repetition benefits and in a fashion analogous

to the logic of Jersild’s (1927) “alternating tasks” procedure. The condition where both relation and

orientation changed in Experiment 2 is analogous to a “task alternation” condition, the condition

where relation changed in Experiment 3 is analogous to a “task repetition” condition for orientation

(because orientation always repeated), and the condition where orientation changed in Experiment

4 is analogous to a “task repetition” condition for relation (because relation always repeated). The

mean response times for these conditions were 986, 1001, and 728 ms, respectively (collapsing

over CTI).
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Figure 18: Mean switch cost (in ms) by cue-to-target interval (CTI; in ms) across Experiments
2–4.

Calculated in this way, repeating relation yields a repetition benefit of 258 ms — that is, 986 -

728 ms (for Experiment 2 - Experiment 4, respectively) — quite similar to the 232 ms repetition

benefit observed for relation in Experiment 3 (at CTI = 0). Repeating orientation yields a repetition

benefit of –15 ms — that is, 986 - 1001 ms (for Experiment 2 - Experiment 3, respectively) —

which is more consistent with the lack of repetition benefits for orientation than their presence.

Thus, this converging evidence is more supportive of an account where relation (spatial concepts)

drives reference frame reconfiguration than an account where either relation or orientation drives

reconfiguration.

Altogether, then, the weight of the evidence better supports the concept-driven hypothesis than

the property-driven hypothesis. When only repetition benefits and advance reconfiguration are con-

sidered within experiment, the support for two hypotheses is fairly equivalent, and whether relation

changes or repeats greatly influences how well one hypothesis or the other accommodates the re-

sults. When the results are considered across experiments, however, the concept-driven hypothesis
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fairs better.

Implications and Future Directions

Although the concept-driven hypothesis arguably fit the data better and could better explain the

patterns of time course functions across experiments, direct support for it over the property-driven

account was not overwhelming. How might both hypothesis be correct?

The key difference distinguishing whether the concept-driven account or the property-driven

was better supported was whether relation changed or remained the same from one trial to the next.

Under the concept-driven account, changes in relation induce the retrieval of a new spatial concept

and the reference frame parameters it needs and then requires all reference frame parameters be

reconfigured. If the relation does not change, this does not happen, and the reference configuration

is unchanged. Under the property-driven account, changes in relation only require reconfiguration

of the relation parameter. If relation is unchanged, the relation parameter is not reconfigured. Can

these accounts be reconciled to develop a different account that might better explain the present

findings?

It seems reasonable that a hybrid account that builds on the predictions supported by each

hypothesis uniquely and supported by both together could do so. What would such an account

look like?

It could be that reference frame reconfiguration proceeds as follows. If the spatial concept

needs to change, then reconfiguration proceeds per the concept-driven hypothesis. That is, when

the spatial relation changes, a new spatial concept is retrieved along with knowledge of which

reference frame parameters it requires and all reference frame parameters are reconfigured. If the

spatial concept does not need to change, however, then reconfiguration proceeds per the property-

driven hypothesis. Only those reference frame properties that have changed are reconfigured, with

changes to relation being a singular exception that induces a different mode of reconfiguration (i.e.,

one based on the retrieval of a new spatial concept).

Such a hybrid account would better predict the results of the present experiments than either
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account alone. However, it would require two different modes of reconfiguration processing, and

a way of determining which mode to use depending on whether the spatial relation changes or

stays the same. Testing such a hypothesis might be possible by developing a method of disrupting,

slowing, or otherwise affecting one mode of reconfiguration processing and not other. Another

possible approach might be to find a way to affect the processes that determine which mode of

processing is selected.

Conclusions

How do people reconfigure references frames to map conceptual representations of space into

perceptual ones for the purpose of directing attention? Previous research and the present results

suggest that the knowledge of which reference frame parameters are needed is retrieved from

memory along with the spatial concept. All these parameters are then reconfigured in accordance

with the spatial concept’s semantics and in accordance with the relevant context as part of a task

set which is then executed to construct the reference frame. Thus, reference frame reconfigura-

tion is driven by spatial concepts. When a new spatial concept is needed, the reference frame

must be reconfigured in its entirety. When the spatial concept is unchanged, the reference frame

does not change. This account, referred to as the concept-driven hypothesis of reference frame

reconfiguration, was only partially supported, however, although it did receive better support than

an alternative property-driven hypothesis that posited changes to reference frame parameters are

driven by changes to their corresponding properties in the environment. The concept-driven hy-

pothesis was fully supported when spatial concepts had to change, but evidence contradictory to its

predictions was found when the spatial concept did not have to change. It is possible that a hybrid

account, one in which the concept-driven account applies when the spatial concept changes and the

property-driven account applies when the spatial concept is unchanged, could more fully explain

reference frame reconfiguration. Such an account fits well with the present results but must await

future research to see if it holds up under scrutiny.

66



Appendix A

Experiment 1

Accuracy

Accuracy varied reliably with relation in Experiment 1, as reported in the main text. The condi-

tion means and analysis results for accuracy are reported in greater detail in Tables A1 and A2,

respectively.

Table A1: Mean accuracy (percent correct) by position, relation, and orientation in Experiment 1.

Position Relation 1 90 180 270

1 A 97.92 95.83 94.10 95.14
B 95.14 94.10 96.18 95.83
L 95.14 94.44 95.83 96.53
R 95.83 94.79 95.83 96.18

2 A 96.18 97.22 97.92 97.22
B 96.53 95.14 97.57 97.57
L 93.75 95.14 95.83 96.87
R 96.87 97.57 94.10 95.83

3 A 96.87 97.92 97.22 95.49
B 94.44 94.79 95.49 94.79
L 95.83 95.14 93.40 97.57
R 96.53 93.75 95.83 97.22

4 A 96.87 97.92 97.92 96.53
B 95.14 95.49 96.18 92.36
L 93.40 94.79 95.14 94.44
R 97.57 97.22 92.71 95.49
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Table A2: Mixed-model ANOVA of accuracy in Experiment 1, with response condition as a
between-participants factor and all other factors within-participants.

Df MSerror F η2
partial Pr(>F)

Relation 3,60 0.00560 3.28 0.14 0.03 *
Orientation 3,60 0.00332 0.17 0.01 0.92
Position 3,60 0.00280 1.82 0.08 0.15
Relation x Orientation 9,180 0.00339 1.90 0.09 0.06
Relation x Position 9,180 0.00295 1.13 0.05 0.35
Orientation x Position 9,180 0.00272 1.25 0.06 0.27
Relation x Orientation x Position 27,540 0.00330 1.07 0.05 0.37

Response Condition 3,20 0.02850 0.39 0.05 0.76
Response Condition x Relation 9,60 0.00560 1.79 0.21 0.09
Response Condition x Orientation 9,60 0.00332 0.35 0.05 0.95
Response Condition x Position 9,60 0.00280 0.64 0.09 0.76
Response Condition x Relation x Orientation 27,180 0.82000 0.00 0.00 0.72
Response Condition x Relation x Position 27,180 0.88000 0.00 0.00 0.65
Response Condition x Orientation x Position 27,180 0.82000 0.00 0.00 0.72
Response Condition x Relation x Orientation x
Position

81,540 1.02000 0.00 0.00 0.44
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Response condition interactions

As noted in the main text, response condition interacted marginally with relation and position (p

< 0.052) in Experiment 1. The mean response times associated with this three-way interaction are

presented in Table A3.

Inspection of these mean response times (a) reveals that responses were always faster for the

average of the above-below cues than for the average of the left-right cues and (b) suggests that

the interaction was primarily driven by faster responses in one response condition relative to the

others, and that the size of this difference was moderated by position. Specifically, regarding the

latter, participants in the vertical black-white response condition consistently responded faster than

participants in the other three response conditions, at all positions. However, the magnitude of this

difference seemed to vary depending on the position of the cue. Other interpretations of this three-

way interaction are certainly possible. This finding does not pose a threat to the validity of findings

or interpretations reported elsewhere.
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Table A3: Mean response time (in ms) by position, relation, and response condition in Experiment
1. For the vertical response conditions, the color before the hyphen was mapped to 8 on the keypad,
the color after the hyphen to 2 on the keypad. For the horizontal response conditions, the color
before the hyphen was mapped to 4 on the keypad, the color after the hyphen to 6 on the keypad.

Posi-
tion

Rela-
tion

Response Condition

Vertical
Black-White

Vertical
White-Black

Horizontal
Black-White

Horizontal
White-Black

1 A 1054 1274 1316 1451
B 1120 1458 1441 1606
L 1141 1460 1450 1893
R 1172 1594 1422 1678

2 A 1060 1301 1259 1449
B 1143 1434 1374 1607
L 1204 1469 1418 1857
R 1196 1506 1664 1752

3 A 1049 1246 1261 1558
B 1140 1492 1332 1577
L 1195 1428 1571 1776
R 1174 1498 1525 1681

4 A 1048 1288 1328 1476
B 1159 1428 1380 1622
L 1223 1440 1423 1820
R 1218 1556 1439 1639
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Experiment 2

Accuracy

Accuracy varied reliably with both relation and the cue-to-target interval in Experiment 2, as re-

ported in the main text. The condition means and analysis results for accuracy are reported in

greater detail in Tables A4 and A5, respectively.

Table A4: Mean accuracy (percent correct) by relation, orientation, and cue-to-target interval (CTI;
in ms) in Experiment 2.

CTI Relation 0 90 180 270

0 A 0.96 0.94 0.96 0.98
B 0.97 0.98 0.97 0.94
L 0.96 0.94 0.94 0.94
R 0.96 0.95 0.94 0.95

250 A 0.98 0.96 0.98 0.98
B 0.94 0.97 0.99 0.96
L 0.94 0.94 0.92 0.96
R 0.97 0.97 0.94 0.97

500 A 0.97 0.98 0.99 0.98
B 0.98 0.96 0.96 0.99
L 0.97 0.97 0.95 0.95
R 0.97 0.97 0.96 0.95

1000 A 0.99 0.99 0.99 0.98
B 0.98 0.97 0.97 0.97
L 0.96 0.98 0.96 0.96
R 0.97 0.97 0.96 0.98
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Table A5: Mixed-model ANOVA of accuracy in Experiment 2, with response condition as a
between-participants factor and all other factors within-participants.

Df MSerror F η2
partial Pr(>F)

Relation 3,60 0.0075 5.18 0.21 0.00 **
Orientation 3,60 0.0027 0.93 0.04 0.43
CTI 3,60 0.0038 7.35 0.27 0.00 ***
Relation x Orientation 9,180 0.0026 1.52 0.07 0.14
Relation x CTI 9,180 0.0028 0.78 0.04 0.63
Orientation x CTI 9,180 0.0025 0.60 0.03 0.80
Relation x Orientation x CTI 27,540 0.0029 1.46 0.07 0.07

Response Condition 3,20 0.0214 0.91 0.12 0.46
Response Condition x Relation 9,60 0.0075 0.49 0.07 0.88
Response Condition x Orientation 9,60 0.0027 1.11 0.14 0.37
Response Condition x CTI 9,60 0.0038 0.48 0.07 0.89
Response Condition x Relation x Orientation 27,180 0.0026 1.03 0.13 0.43
Response Condition x Relation x CTI 27,180 0.0028 1.44 0.18 0.08
Response Condition x Orientation x CTI 27,180 0.0025 0.49 0.07 0.98
Response Condition x Relation x Orientation x CTI 81,540 0.0029 0.79 0.11 0.91
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Response times

Orientation and the cue-to-target interval interacted in Experiment 2. The condition means for this

interaction are shown in Table A6. This interaction reveals an advantage for responding at 0, 90,

or 270 deg over responding at 180 deg, and that this difference diminished as the cue-to-target

interval increased.

Table A6: Mean response time (in ms) by orientation and cue-to-target interval (CTI; in ms) in
Experiment 2.

Orientation 0 250 500 1000

0 1187 971 833 750
90 1212 999 842 749
180 1327 1060 906 787
270 1210 975 816 761
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Response condition interactions

Effects involving response condition were observed in Experiment 2. First, response condition

interacted with the cue-to-target interval. The condition means for this interaction are shown in

Table A7. The interaction indicates that participants responded faster with the keypad when keys

8 and 6 were mapped to responses indicating black and keys 2 and 4 were mapped to responses

indicating white than when keys 2 and 4 were mapped were mapped to black and keys 8 and 6

were mapped to white, and that this pattern of mean response times maintained as response times

decreased with increasing intervals available for advance preparation. The faster conditions were

the ones in which black response were mapped to the right pointing finger. This finding does not

pose a threat to the validity of findings or interpretations reported elsewhere.

Table A7: Mean response time (in ms) by response condition and cue-to-target interval (CTI; in
ms) in Experiment 2.

CTI
Response Condition 0 250 500 1000

Vertical Black-White 1205 948 821 731
Vertical White-Black 1254 1056 901 864
Horizontal Black-White 1306 1063 889 772
Horizontal White-Black 1171 939 786 682
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Second, response condition interacted with orientation and the cue-to-target interval. The

means for this interaction are shown in Table A8. Generally speaking, this interaction reveals

the same advantage for the vertical black-white and horizontal white-black conditions over verti-

cal white-black and horizontal black-white pattern of mean response that reduced with increasing

CTIs as the interaction just reported, but with responses fastest at 0 deg, slowest at 180 deg, and at

intermediate values at 90 and 270 deg (similar to the main effect reported in the main text). This

interaction also poses no threat to validity.

Table A8: Mean response time (in ms) by response condition, orientation, and cue-to-target interval
(CTI; in ms) in Experiment 2.

Orientation
CTI Response Condition 0 90 180 270

0 Vertical Black-White 1155 1194 1279 1192
Vertical White-Black 1206 1221 1367 1221
Horizontal Black-White 1233 1261 1428 1302
Horizontal White-Black 1154 1174 1232 1126

250 Vertical Black-White 894 980 1010 908
Vertical White-Black 1051 1029 1135 1006
Horizontal Black-White 1023 1068 1094 1066
Horizontal White-Black 917 919 1000 920

500 Vertical Black-White 827 782 848 826
Vertical White-Black 864 884 999 857
Horizontal Black-White 878 883 949 848
Horizontal White-Black 762 819 828 735

1000 Vertical Black-White 730 706 736 750
Vertical White-Black 855 887 874 840
Horizontal Black-White 757 751 828 750
Horizontal White-Black 659 653 709 705
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Experiment 3

Accuracy

Accuracy varied reliably with both relation and the cue-to-target interval in Experiment 3, as re-

ported in the main text. The condition means and analysis results for accuracy are reported in

greater detail in Tables A9 and A10, respectively. In addition, response condition interacted with

the cue-to-target interval. This interaction is discussed below and the associated condition means

are shown in Table A11.

Table A9: Mean accuracy (percent correct) by relation, orientation, and cue-to-target interval (CTI;
in ms) in Experiment 3.

CTI Relation 0 90 180 270

0 A 0.94 0.94 0.95 0.94
B 0.91 0.93 0.93 0.94
L 0.93 0.91 0.93 0.89
R 0.96 0.88 0.91 0.93

250 A 0.95 0.95 0.95 0.94
B 0.94 0.92 0.92 0.94
L 0.93 0.95 0.91 0.94
R 0.93 0.95 0.94 0.93

500 A 0.98 0.96 0.98 0.96
B 0.93 0.95 0.96 0.96
L 0.95 0.95 0.92 0.96
R 0.96 0.94 0.93 0.94

1000 A 0.98 0.99 0.97 0.96
B 0.96 0.95 0.96 0.94
L 0.94 0.94 0.96 0.95
R 0.98 0.95 0.95 0.96
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Table A10: Mixed-model ANOVA of accuracy in Experiment 3, with response condition as a
between-participants factor and all other factors within-participants.

Df MSerror F η2
partial Pr(>F)

Relation 3,60 0.0079 5.07 0.20 0.00 **
Orientation 3,60 0.0066 0.59 0.03 0.62
CTI 3,60 0.0033 25.28 0.56 0.00 ***
Relation x Orientation 9,180 0.0045 1.16 0.05 0.32
Relation x CTI 9,180 0.0038 0.35 0.02 0.96
Orientation x CTI 9,180 0.0041 0.86 0.04 0.56
Relation x Orientation x CTI 27,540 0.0044 1.48 0.07 0.06

Response Condition 3,20 0.0883 1.07 0.14 0.38
Response Condition x Relation 9,60 0.0079 0.42 0.06 0.92
Response Condition x Orientation 9,60 0.0066 1.06 0.14 0.41
Response Condition x CTI 9,60 0.0033 2.08 0.24 0.05 .
Response Condition x Relation x Orientation 27,180 0.0045 1.00 0.13 0.48
Response Condition x Relation x CTI 27,180 0.0038 1.06 0.14 0.39
Response Condition x Orientation x CTI 27,180 0.0041 0.79 0.11 0.76
Response Condition x Relation x Orientation x CTI 81,540 0.0044 0.85 0.11 0.82
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Response condition and the cue-to-target interval interacted in Experiment 3. The interaction

reveals a small advantage for the horizontal response conditions when compared to the vertical

ones that diminishes with the cue-to-target interval. As this interaction does not involve relation, it

has no bearing on the axis-asymmetry effect.

Table A11: Mean accuracy (percent correct) by response condition and cue-to-target interval (CTI;
in ms) in Experiment 3.

CTI
Response Condition 0 250 500 1000

Vertical Black-White 0.94 0.95 0.97 0.97
Vertical White-Black 0.95 0.95 0.96 0.96
Horizontal White-Black 0.91 0.95 0.95 0.95
Horizontal Black-White 0.90 0.91 0.93 0.95
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Response condition interactions

Response condition, relation, and the cue-to-target interval interacted in Experiment 3. The con-

dition means for this interaction are shown in Table A12. The pattern of response times can be

described as an advantage for the horizontal response conditions over the vertical ones that dimin-

ished with increasing preparation time. Importantly, the mean response time for above was shorter

than that for below-left-right 12 of the 16 combinations, three of which were at CTI = 1000 ms.

The mean difference never exceeded 35 ms and was never for more than one of the below-left-right

cues. Thus, there is little evidence this interaction invalidates or limits any other findings reported.

Table A12: Mean response time (in ms) by response condition, relation, and cue-to-target interval
(CTI; in ms) in Experiment 3.

CTI Response Condition A B L R

0 Vertical Black-White 1218 1327 1285 1246
Vertical White-Black 1153 1327 1308 1297
Horizontal Black-White 1145 1232 1198 1239
Horizontal White-Black 1116 1163 1176 1217

250 Vertical Black-White 939 1067 1079 999
Vertical White-Black 930 1001 1038 1104
Horizontal Black-White 860 951 953 978
Horizontal White-Black 943 1006 947 999

500 Vertical Black-White 833 875 947 908
Vertical White-Black 858 918 960 902
Horizontal Black-White 813 802 862 892
Horizontal White-Black 838 865 847 853

1000 Vertical Black-White 788 828 848 844
Vertical White-Black 839 871 887 804
Horizontal Black-White 771 782 761 796
Horizontal White-Black 774 758 765 781
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Experiment 4

Accuracy

Accuracy varied reliably with relation, as reported in the main text. The condition means and

analysis results for accuracy are reported in greater detail in Tables A13 and A14, respectively.

In addition to relation, accuracy also varied with orientation, with mean accuracies of 96.6%,

97.5%, 96.3%, and 96.8% for orientations of 0, 90, 180, and 270 deg, respectively. Orientation

interacted with the cue-to-target interval to exert a small influence on accuracy. This interaction is

discussed below and the associated condition means are shown in Table A15.

Table A13: Mean accuracy (percent correct) by relation, orientation, and cue-to-target interval
(CTI; in ms) in Experiment 4.

CTI Relation 0 90 180 270

0 A 0.94 0.99 0.95 0.96
B 0.92 0.94 0.95 0.95
L 0.93 0.96 0.92 0.94
R 0.95 0.96 0.93 0.95

250 A 0.99 0.99 0.98 0.98
B 0.96 0.96 0.96 0.98
L 0.98 0.97 0.96 0.96
R 0.96 0.99 0.97 0.97

500 A 0.99 0.96 0.98 0.97
B 0.97 0.96 0.96 0.97
L 0.99 0.99 0.97 0.97
R 0.99 0.98 0.98 0.98

1000 A 0.98 0.99 0.98 0.98
B 0.98 0.97 0.97 0.98
L 0.99 1.00 0.96 0.98
R 0.98 0.98 0.98 0.98
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Table A14: Mixed-model ANOVA of accuracy in Experiment 4, with response condition as a
between-participants factor and all other factors within-participants.

Df MSerror F η2
partial Pr(>F)

Relation 3,60 0.0023 5.29 0.21 0.00 **
Orientation 3,60 0.0018 5.64 0.22 0.00 *
CTI 3,60 0.0040 22.02 0.52 0.00 ***
Relation x Orientation 9,180 0.0026 1.38 0.06 0.20
Relation x CTI 9,180 0.0025 1.22 0.06 0.29
Orientation x CTI 9,180 0.0021 1.91 0.09 0.05 .
Relation x Orientation x CTI 27,540 0.0027 0.57 0.03 0.96

Response Condition 3,20 0.0210 0.35 0.05 0.79
Response Condition x Relation 9,60 0.0023 0.73 0.10 0.68
Response Condition x Orientation 9,60 0.0018 2.48 0.27 0.02
Response Condition x CTI 9,60 0.0040 0.97 0.13 0.47
Response Condition x Relation x Orientation 27,180 0.0026 0.92 0.12 0.58
Response Condition x Relation x CTI 27,180 0.0025 0.78 0.10 0.77
Response Condition x Orientation x CTI 27,180 0.0021 1.39 0.17 0.11
Response Condition x Relation x Orientation x CTI 81,540 0.0027 1.17 0.15 0.16
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Orientation and the cue-to-target interval interacted in Experiment 4. The interaction indicates

a slight advantage for 90 and 270 deg over 0 and 180 deg that diminishes rapidly with the cue-

to-target interval. As this interaction does not involve relation, it has no bearing on the axis-

asymmetry effect.

Table A15: Mean accuracy (percent correct) by orientation and cue-to-target interval (CTI; in ms)
in Experiment 4.

CTI
Orientation 0 250 500 1000

0 0.93 0.97 0.98 0.98
90 0.96 0.98 0.97 0.99

180 0.94 0.97 0.97 0.97
270 0.95 0.97 0.97 0.98
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Response times

Orientation and the cue-to-target interval interacted in Experiment 4. The condition means for this

interaction are shown in Table A16. This interaction reveals an advantage for responding at 0, 90,

or 270 deg over responding at 180 deg, and that this difference diminished as the cue-to-target

interval increased. This finding does not pose a threat to the validity of findings or interpretations

reported elsewhere.

Table A16: Mean response time (in ms) by orientation and cue-to-target interval (CTI; in ms) in
Experiment 4.

CTI
Orientation 0 250 500 1000

0 860 691 647 650
90 885 712 663 654
180 927 736 676 665
270 882 697 662 651
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