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Path visualization: a method for objective measurement of
spatial visualization
Don R. Lyona, Glenn Gunzelmannb, and Michael Krusmarkc

aOak Ridge Institute for Science and Education, Mesa, AZ, USA; bAir Force Research Laboratory, Dayton,
OH, USA; cL3 Technologies, Dayton, OH, USA

ABSTRACT
The ability to mentally represent spatial information is
a fundamental cognitive process. To many people, this process
feels a bit like visual perception, hence the term ‘spatial visua-
lization’. In this paper, we describe a method for measuring the
accuracy of spatial visualization, specifically visualization of
a complex path in imaginary space. A critical feature of this
method (called Path Visualization) is that it relies on the detec-
tion of intersections in a visualized path. Intersection detection
is an inherently spatial task that requires a spatial representa-
tion. In this paper, we show how the Path Visualization method
works, and how it can be customized to address several key
research issues in human spatial cognition.

KEYWORDS
Spatial memory; spatial
cognition; visualization;
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In its purest form, spatial visualization is the process of imagining the relative
locations of things – points, objects, segments of a route, etc. It is a critical
cognitive ability – useful for everyday tasks from fitting things in your car
trunk to imagining the route you will drive.

This paper describes a technique, called Path Visualization (PV), which
was developed to provide a means for obtaining objective quantitative infor-
mation about spatial visualization. We show how the PV paradigm can yield
a useful accuracy-based and response-time-based quantification of the ‘space’
in which human spatial visualization takes place, and can help address
a range of important issues related to spatial cognition.

The core of the PV task involves visualizing a complex path through
a grid-like space. The path is described sequentially, and the task for parti-
cipants is to identify whether each new path segment intersects with any
previous portion of the path. In some respects, the experience is similar to
visualizing a sequence of driving directions communicated by someone
speaking or texting over a phone. There are myriad variations possible to
this basic task. The space can consist of any network of segments and
vertices, directions may be presented using auditory or visual presentation
(see Figure 1) or as a ‘virtual fly-through’. In addition, various constraints
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can be placed on the size of the space, length of the path, and other task
characteristics. Accuracy and response time data are collected at each step in
the path description to assess various characteristics of memory for the path.
Further details about the task are provided below.

The PV task is similar to several other existing methods that involve
visualization in grid-like spaces (e.g., Attneave & Curlee, 1983; Barshi &
Healy, 2002, 2011; Brooks, 1968; Carlson & Sohn, 2000; Diwadkar,
Carpenter & Just, 2000; Fiore, Borella, Mammarella & Cornoldi, 2011;
Healy et al., 2013; Kerr, 1987, 1993; Schneider, Healy & Barshi, 2004;
Schneider, Healy, Kole & Barshi, 2018; Vecchi & Girelli, 1998). These
methods generally require participants to keep track of changes in the
position of a point in a two-dimensional or three-dimensional array of
locations. The biggest difference between PV and these other methods is
participants’ responses. Instead of asking participants to report the final
location of a point in the grid, or to give a description of the entire path,
PV requires a timed decision (via keypress) after the presentation of each
new path segment. As noted above, the participant must decide, for each
segment, whether or not the new segment of the path intersects with any
previous part of the path. This response requirement changes the nature of
the task in ways that we believe are very useful for examining spatial memory
representations, as opposed to other kinds of memory.

The potential generalizability of PV research to real-world spatial cogni-
tion requires integrating PV results into a larger model of the task of interest.

Down 1 Left 1 Up 1...

1. Participant views verbal description of a path segment….

3…decides if new segment intersects with existing path, 
and indicates decision with keypress

2. .mentally adds segment to path in imaginary 5x5x5 space.. 

Figure 1. Overview of the path visualization task.
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This is because PV trades off real-world complexity for detailed, objective
measurement of processes such as decay and spatial interference that under-
lie spatial visualization accuracy. Once those processes are understood, the
hope is that their measurement can be one factor in a model of performance
in more complex, general, and realistic forms of spatial cognition.

In the meantime, some real-world tasks do involve spatial visualization in
PV-like Euclidean space (for example, getting phone directions for a route in
a typical city center – ‘turn left, go two blocks, then take another left and go
three blocks’, etc.). As noted above, PV also can generalize to 3D grid paths,
and to paths experienced in other ways, such as first-person driving.
However, most kinds of spatial cognition would require many other pieces
in addition to the basic spatial memory process information from PV for
successful modeling and prediction of performance.

In the next sections, we describe the PV task in more detail, and then
provide a brief discussion of the research we have conducted using it. The
goal is to illustrate the capacity of the task to answer questions of interest in
the spatial visualization literature.

1. The path visualization task

It is difficult to find objective measures of any mental operation, but the
nonverbal, ephemeral quality of spatial visualization makes it particularly
elusive. As we argued above, Path Visualization is an objective method that
seems to reduce the likelihood that verbal strategies, such as numeric recod-
ing or verbal rehearsal, could form the basis of responses to spatial queries.
Rather, the task forces the observer to perform a spatial computation (inter-
section detection) on the stimulus sequence. This computation requires
a representation of multiple locations in a complex path that can be used
to assess when the path meets itself.

In the PV task, people try to visualize paths that are described piece-by-
piece within an imaginary space (Figure 1). In our research, we have used
spaces that are either square or cube-shaped, and which are 5 or 7 units long
in each dimension (Lyon, 2010; Lyon, Gunzelmann & Gluck, 2008).1 Paths
start at the center of this grid. Each path consists of a series of segments. Each
segment consists of a direction and a distance, where distances are given in
units on the imaginary grid. In our research, we have limited ourselves to
distances of 1, and have constrained the direction to be perpendicular to the
previous segment. Segment descriptions can be given using synthetic speech

1We did pilot test a 2-dimensional “honeycomb” version of Path Visualization, but found that it was overly difficult
for participants. Not only is the spatial configuration more challenging, but the number of segments that must
intervene between consecutive visits to the same location is higher than with the standard version of the task. As
discussed below, this is one of the primary drivers of difficulty in the task, in terms of both accuracy and response
time.
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(Lyon, 2010, 2011), as text on a monitor (Lyon et al., 2008), as arrows or lines
in a diagram (Lyon, 2009), or as a visual depiction of virtual self-motion (e.g.;
Lyon, 2011; Lyon & Gunzelmann, 2011). Directions can be fixed with respect
to the axes of the grid (an exocentric coordinate system), or they can be
described with respect to an observer moving along the path (an egocentric
coordinate system). For example, the fixed (absolute) segment descriptions
for a short square path which returns to its origin at the center would be:
Forward 1 unit; Left 1 unit; Back 1 unit; Right 1 unit. The relative (ego-
centric) segment descriptions for this same path would be Forward 1, Left 1,
Left 1, Left 1. Participants were always given supervised practice to establish
that they could rapidly and correctly interpret these descriptors.

Note that the fixed segment descriptions are also ego-referenced in the
sense that they are relative to a fixed observer facing the computer screen.
We could have used West and East instead of Right and Left, but these would
also be ego-referenced, as they would be defined relative to a person viewing
the screen (as opposed to absolute East and West in the world). The key
distinction between our ‘exocentric’ descriptors and our ‘egocentric’ descrip-
tors is that the exocentric descriptors reference a fixed observer’s facing
direction, whereas the egocentric descriptors reference the constantly chan-
ging facing direction of an observer on the path.

Note that both of the example paths above are in two dimensions within
a horizontal plane rather than, say, a vertical ‘picture’ plane. Exocentric
picture-plane paths would use the descriptors ‘Right’, ‘Left’, ’Up’, and
‘Down’. For sagittal-plane paths, we would use ‘Forward’, ‘Back’, ‘Left’,
and ‘Right’. Egocentric path descriptors have no need of ‘Forward’ and
‘Back’ because no two segments go in the same direction. So they use only
‘Right’, ‘Left’, ‘Up’ and ‘Down’. For an egocentrically-described path, these
references will often become thoroughly misaligned relative to the partici-
pant’s upright, forward-facing position. As described below, this misalign-
ment has a substantial, albeit systematic, impact on task difficulty and
performance.

On each trial of PV, a path is presented one segment at a time. We have
primarily used paths with 15 segments (e.g. Lyon et al., 2008), but have also
used paths as long as 25 segments (e.g., Lyon, 2010). Before initiating a trial,
a participant is asked to place his/her left index finger on the Left-Arrow key
(not the numeric keypad) and his/her right index finger on the Right-Arrow
key. A trial is initiated by pressing the keypad Enter key with the little finger
of the right hand. At that point, the path is presented, one segment at a time.
In the original PV task, each segment description is displayed in text on the
computer screen for 2 s. Other variations (discussed in later sections of the
paper) use different presentation methods, including auditory presentation.
In the latter condition, participants view a blank (black) screen, keeping their
eyes open.
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The participant’s task is to mentally visualize a path using these segment
descriptions, adding each new segment to the path as it is presented. In post-
experiment interviews, participants reported that this is, in fact, how they
were attempting to do the task.

To verify the accuracy of the participant’s visualized path, after each
segment is presented he/she must press a key as quickly as possible indicating
whether or not the new segment intersected with any previously presented
part of the path. The participant must press the Left-Arrow key if he/she
believes that the segment just presented did not revisit (intersect) any loca-
tion from any of the previously presented segments, including the central
starting location. Pressing the right arrow key indicates the belief that the
most recent segment did revisit one of the locations that are part of the path
presented so far. If either key is pressed within 2 seconds of the stimulus
onset, the reaction time and accuracy of the keypress are recorded. In the
visual version of the task, the segment is displayed until the 2-s display time
has elapsed regardless of when the response is made. If no key is pressed, the
response is scored as a timeout. Whether or not a key is pressed, the next
segment of the path is presented after the prior display has been shown for
2 s and a 133-ms blank screen has been presented. After all segments have
been presented, a feedback screen appears, giving information about reaction
time and accuracy for the trial. Pressing the Enter key initiates the next trial.
Our decision to give feedback was based on observation of participants
during development. PV is by design a very difficult task. Without feedback,
some participants did not maintain enough motivation to give even margin-
ally accurate responses. The task provides various kinds of information about
the accuracy and speed of intersection detection. This includes mean
response times for correctly identified intersections, correctly identified non-
intersections, intersections missed, and non-intersections incorrectly identi-
fied as intersections (false alarms). All of these data bear on the strength and
accuracy of the underlying visuospatial representation of the path. However
we were primarily concerned with the accuracy of the intersection/no-
intersection decision. Therefore participants were instructed to focus on
making this decision accurately, within the limits of the 2 s deadline. They
were told that late responses would be scored as incorrect. In some specific
instances, we have removed the response deadline, to provide even more
encouragement for accuracy.

We believe that the PV task is particularly useful for studying spatial
memory representations because it requires an inherently spatial response –
detecting path intersections. We suggest that the continuous intersection
detection task is less susceptible to the use of non-spatial strategies than
some other kinds of responses would be.

Let us examine this claim in more detail. Suppose we were to give
participants a list of verbal path segments, as in the PV task, but instead of
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requiring continuous intersection responses, we ask the participant to report
the coordinates of the endpoint of the final path segment. In theory, the
participant could keep track of the coordinates of the current endpoint,
updating it after each path segment is presented (e.g. from 1, 2, 2 to 2, 2,
2). Only the final set of coordinates needs to be reported, so one needs to
store only a set of three numbers. Using this strategy, a participant may not
need to generate an explicitly spatial representation of the path.

However, trying to apply this strategy to PV would seem to be much more
difficult. In order to detect an intersection after, say, the tenth path segment
is presented, one would need both the updated coordinates of the current
endpoint and the coordinates of the previous nine segments in order to know
if there is an intersection (matching set of coordinates) among them. In some
of our experiments, we use larger spaces and a path length of 25 segments, so
the raw storage requirement for coordinates would be very large for the later
path segments.

Another possible non-spatial strategy for doing the PV task would be to
verbally rehearse the list of segment directions (“right 1, up 1, left 1, down 1”,
etc.). The memory load for this method seems to be much lower than with
the coordinate strategy. The verbal descriptions could be chunked together to
further reduce memory load. We eliminated the possibility of chunking
several segments that could form a line by requiring that each segment be
a 90-degree turn. However other chunking possibilities exist (for example,
the list above forms a square). In fact, if the task were to draw the path after
the last segment, verbal rehearsal could be a viable strategy because one could
regenerate the path at drawing time from the verbal instructions without
generating and storing a spatial representation of it during presentation.

The problem with using this strategy for PV is that the path segment
descriptions do not contain the spatial information necessary to determine
whether or not an intersection has occurred. The description “Left 1” does
not specify where in the space the segment’s endpoint is. It is only useful for
detecting an intersection if one already has a representation of the points in
space that have been visited by previous path segments.

So it seems unlikely that coordinate or verbal representations by them-
selves could support the spatial intersection detection in PV, especially given
the speed with which the task unfolds. The alternative seems to be some kind
of spatial representation, especially given that participants generally report
that they are trying to picture the paths in their heads. Of course the resulting
spatial representations are not always exact representations of the paths.
Participants make plenty of errors, especially in the later path segments. An
anonymous reviewer suggested a reasonable strategy for these later segments,
namely, constructing a spatial ‘envelope’ around a region that contains the
current wanderings of the path, and using this, rather than specifically
visualized path segments, as a basis for response. This spatial strategy is
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one possible adaptation that participants make to accommodate the limited
capacity of spatial visualization. In fact, one of the topics we examine below is
the usefulness of PV for understanding the nature of these limitations.

To summarize: The Path Visualization task was designed to elicit and
objectively measure the accuracy of complex spatial visualization. It requires
participants to visualize complex, sequentially described paths through ima-
ginary space to identify intersections of the path with itself. We now turn to
some of the ways that we have used PV to address various issues in human
spatial cognition.

2. Using path visualization to study human spatial cognition

Much of human spatial cognition relies on some form of spatial visualization.
Obviously a single task cannot address all of those diverse aspects of spatial
cognition. However, we have found that the basic path visualization task
described above can be modified in a large number of ways to address what is
perhaps a surprising variety of issues.

In the following sub-sections, we look at how PV can be used to address
some fundamental issues regarding the capacity of spatial mental visualiza-
tion. Our work in this area has used what we will call the standard PV task –
a square or cube-shaped space with verbal (text or spoken) segment descrip-
tions – with minor variations in the number of path segments and/or path
description, depending on the particular goals of the experiments. After we
discuss uses of the standard PV task, the subsequent section discusses some
interesting variations of the task that can be used to address other kinds of
issues in spatial cognition.

2.1. Path visualization and human spatial visualization capacity

What limits people’s capacity to visualize spatial information? Spatial visua-
lization is used by everyone, frequently, throughout every day. Yet the
capacity to mentally visualize complex spatial information accurately is so
limited and cognitively demanding that we often resort to a plethora of both
low-tech and high-tech aids, such as sketches and GPS, to reduce our reliance
on these cognitive processes. What are the underlying mechanisms that lead
to this drastic capacity limitation?

We have used the PV task to address this issue. The task provides very
detailed, objective information about many different aspects of spatial visua-
lization. This allowed us to use PV to test a computational model that helps
explain why spatial visualization capacity is so limited. By testing different
versions of this model against PV data, we were able to isolate several key
processes that underlie spatial visualization capacity (e.g., Lyon et al., 2008).
This research was part of the development of a general framework for
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understanding the capacities and limitations of human spatial competence
more comprehensively (Gunzelmann & Lyon, 2011).

Our spatial visualization model was implemented in ACT-R (Anderson,
2007), which is a computationally-implemented general theory of human
cognition. Our model accounts for visualization capacity limits using three
processes. Two of these processes – associative interference and decay – were
already part of the declarative knowledge component of the ACT-R archi-
tecture with a long history of empirical support (e.g., Anderson & Lebiere,
1998). However, some aspects of our PV data showed that human visualiza-
tion capacity is substantially lower than would be expected from the limita-
tions imposed solely by associative interference and decay. We found that
many human visualization errors were explicitly spatial in nature. That is to
say, they occurred when the material to be visualized was clustered (or
crowded) together in (imaginary) space. We modeled these visualization
crowding effects using a third process which we called spatial interference.
Spatial interference was not part of the ACT-R architecture, but we found it
to be a critical mechanism for explaining the performance of subjects doing
the PV task. More details of this effort can be found in (Lyon et al., 2008).

2.2. PV and the role of associative interference and decay in reducing
visualization capacity

In addition to modeling the processes that limit spatial visualization capacity,
we conducted studies to further clarify how the processes work, separately
and together, in determining visualization accuracy. It turns out that when
people attempt to visualize complex spatial paths, different kinds of errors
arise from limitations associated with different underlying processes.
A particularly interesting situation is when a path segment results in an
intersection. According to our ACT-R model, two processes should be
especially relevant to this situation: Associative interference and decay.
These processes are known to be important determinants of accuracy in
memory for verbal materials, and our work has shown that they play
significant roles in spatial visualization as well.

We conducted further research to determine which of these two processes
contribute most to visualization accuracy. Results indicate that one can
separate the effects of associative interference and decay using data available
in the PV paradigm. For example, unsurprisingly, the amount of decay in the
representation of a particular path location ought to depend on how far back
along the path it was presented before the path reaches it again. This variable
is called ‘lag’. In contrast, the amount of associative interference that affects
a particular path element may be affected by the number of other path
elements that have been presented. As more and more segments are pre-
sented, people may become less likely to accurately localize a particular prior
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segment. This variable is called ‘list size’ because it is the size of the list of
path segments presented (and, ideally, held in memory) prior to each
response. So, for a 25-segment path, the minimum list size is 3 (for the fourth
path segment – the first possible intersection), and the maximum is 24.

Lag and list size are often correlated, but not always. To compare the effects of
decay and associative interference on accuracy, one can look at the effect on
people’s visualization accuracy when either lag or list size is held constant. For
example, if lag has a minimal, independent effect on accuracy, then there should
be minimal lag effect when list size is constant. Figure 2 shows the effects of lag
when list size is held constant. There is still a substantial effect of lag on accuracy.

Figure 3 shows the effect of list size for various values of lag when lag is
held constant. It is clear from the iso-lag lines that list size has a much
smaller effect than lag.

Although conclusions are limited because these two variables were not
independently manipulated, the fact that lag effects are substantially greater
than list size effects suggests that decay is a greater limitation than associative
interference on the human capacity to generate complex spatial representations
(Lyon, 2011). Indeed, we suggest that interference effects in Path Visualization
are not so much associative (in the traditional verbal memory sense). Rather,
they are explicitly spatial. Next, we discuss these spatial interference effects.

2.3. PV and the role of spatial interference in reducing visualization
capacity

As noted above, our computational model includes a third source of visua-
lization capacity limits – spatial interference. Interference based on spatial
proximity has been proposed in some neural models of visuospatial memory

Figure 2. Path visualization accuracy as a function of lag (defined for intersecting segments only)
when list size is held constant at 25 path segments.
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capacity (c.f. Constantinidis & Klingberg, 2016). Evidence for spatial inter-
ference in the PV task comes from the robust and consistent finding that,
when people attempt to visualize complex random paths, those paths in
which the segments bunch together lead to substantially more errors than
do paths that wander throughout the space (that is, are ‘spread out’).

One can quantify this spatial interference effect in the PV paradigm by
examining visualization accuracy as a function of the number of times that
prior parts of a path have visited nodes in the visualized space that are adjacent
to the node that is currently being queried. Figure 4 shows a typical result.

The PV data also allow a signal detection analysis of intersection detect-
ability. The result, shown in Figure 5, confirms that D-prime falls as crowd-
ing increases.

Figure 4. Path visualization accuracy and response time as a function of path crowding. Note
that an accuracy of 0.5 is chance performance.

Figure 3. Path visualization accuracy as a function of list size for various values of lag.
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As noted above, we were able to emulate this spatial interference effect in
ACT-R (Lyon et al., 2008). The resulting model accounted well for human
visualization performance under a variety of conditions including three-
dimensional visualization spaces, various kinds of 2D spaces, and both
egocentric and allocentric path presentation. We also conducted additional
studies to examine some other characteristics of spatial interference.

For example, one issue with potential practical implications is the question
of whether or not spatial interference can be reduced with practice. In one
sense, the answer to this question is an easy ‘yes.’ Most participants show
some flattening of the crowding function over the first several hours of
practice. However, spatial interference never disappears over the range of
practice our participants received (up to 12 hours; Lyon, 2010).

The mere fact that people get better at a particular visualization task does
not prove that spatial visualization itself has improved. Other aspects of
performing the task could have become more efficient, leading to better
performance on the particular laboratory task but not generalizing to other
visualization situations. We therefore looked for evidence that the reduction
in spatial interference was actually spatial. To do this, we analyzed accuracy
as a function of not only the number of path segments adjacent to the
queried node, but also at further distances from the node in visualized
space. We compared the effects of hours of practice for locations in the
ring of path locations that were adjacent to the current segment and locations
that were one space further away (‘second ring’ locations). The results are
shown in Figure 6.

The left panel shows the effect of interfering segments that are adjacent to
the queried segment. The right panel shows the effect of segments that are
further away. The interfering effect of more distant segments is essentially

11109876543
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Figure 5. D-prime for the detection of path intersections as number of visits to adjacent path
locations increases.
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eliminated with practice. The results suggest that, with practice, people can
learn to narrow the focus or sharpen the resolution of spatial attention and
thus reduce the effects of interference when trying to visualize complex
material (Lyon, 2010).

2.4. Measuring individual differences in spatial visualization with PV

Visualization of complex spatial material is difficult. People occasionally
opine that they are ‘not a good visualizer’ or that they have difficulty with
‘spatial thinking.’ The results of our studies confirm the idea that individuals
differ substantially in visualization accuracy. As a first step toward the
possible amelioration of these differences, we attempted to determine what
process or processes underlie them.

Some basic results for individual differences in the path visualization task
are shown in Figure 7. Participants were separated into groups based on
a combination of accuracy and response time. Figure 7 contains data for the
two groups of particular interest. Participants whose accuracy was above the
median and whose response time was below the median were classified as
strong visualizers. Participants with below-median accuracy and above-
median response time were classified as weak visualizers. Data were further
divided by cases in which the path intersected with itself and those in which
it did not.

Validation of our model had shown that performance in no-intersection
cases is mostly affected by spatial interference; whereas, performance in
intersection cases is subject to decay and associative interference. As is
evident from Figure 7, differences between weak and strong visualizers
were much larger for intersection cases than for no-intersection cases. This

Figure 6. Increase in spatial visualization accuracy with hours of practice in the presence of
interfering path segments.
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suggest that either decay or associative interference (or both) may underlie
individual differences.

There are obviously many things that could cause these individual differ-
ences in Path Visualization accuracy, including possible differences in strat-
egy for doing the task. As noted earlier, participant interviews show that
almost everyone’s subjective impression is of trying to view a mental ‘draw-
ing’ of the path. However one could do this in various ways. Some people
might try to visualize only the last few segments that were presented, while
others might try to visualize the entire path. The choice of strategy might
reflect one’s general ability to create strong mental visualizations, or it could
simply reflect a preferred tradeoff between getting the maximum accuracy for
short-lag cases, and sacrificing some short-lag cases for the ability to know
when the path re-enters a distant area. The PV task provides data (for
example, the slope of lag effects) that could potentially be used to address
this and other issues for understanding individual differences in spatial
visualization.

The results in the previous sections were all obtained using the basic Path
Visualization task, albeit with some variation in list size (path length).
However, there are many other aspects of the task that can be modified
and tuned to address various aspects of human spatial cognition. We now
turn to issues that we have addressed using other variations of PV.

Figure 7. Path visualization accuracy for weak versus strong visualizers, by intersection/no-
intersection cases.
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3. Variations of the path visualization task

The essence of the PV task is the requirement that participants identify
intersections in a visualized path. It is difficult to imagine effective non-
spatial strategies for making such intersection judgments accurately. Indeed,
as noted earlier, most participants report attempting to visualize the paths. As
long as this intersection-detection element is preserved, one can design
a large number of variations of PV that can be used to address a range of
spatial visualization issues. In the remainder of the paper, we give examples
of such issues and corresponding variations in PV that can be used to address
them.

3.1. The ‘egocentric/allocentric descriptors’ variation: do ego-referenced
and fixed-coordinate (‘allocentric’) descriptions use the same spatial
visualization/memory system?

As noted earlier, paths in the PV task can be described using fixed-coordinate
allocentric (sometimes called exocentric) descriptors, in which the labels
“up,” “down,” “right,” etc., always refer to the same directions in an external
(to the path) coordinate system defined by an observer facing the screen, or
ego-referenced descriptors, in which the labels are relative to an imaginary
observer moving along the path. These two kinds of descriptors are related to
two different representations of space. In the context of the PV task, an
egocentric representation means that the segments are described relative to
an imaginary observer moving along the path, whereas in an allocentric
representation, the path is viewed from a fixed point somewhere else (for
example, looking at the screen). There is no logically necessary connection
between types of path descriptors and types of spatial representations; one
can perform mental transformations to obtain either kind of representation
from either kind of descriptor (c.f. Loomis, Klatzky, Avraamides, Lippa and
Golledge (2007). There is, however, a strong natural correspondence between
ego-referenced descriptors and egocentric representations, and between
fixed-coordinate descriptors and allocentric representations.

Both egocentric and allocentric reference frames are critical to the ability
to navigate in the world, but they are quite different. Egocentric representa-
tion arises naturally when moving through space; allocentric representation
is natural for a map-like depiction.

The PV task can be given with either fixed-coordinate or ego-referenced
path descriptors. Since all other aspects of the task are the same with either
descriptor type, PV provides a clean comparison of performance given path
descriptors from different frames of reference. We have directly compared
visualization accuracy and response time for 3D paths presented from either
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egocentric or allocentric perspectives. We found that people were substan-
tially less accurate for egocentric presentation.

Moreover, when we attempted to account for PV accuracy data using our
ACT-R-based model of visualization accuracy (Lyon et al., 2008), we found,
unsurprisingly, that a model developed for the allocentric presentation con-
dition could not account for this egocentric-allocentric accuracy difference.
Something about the egocentric descriptors caused accuracy to decrease, so
a model for the egocentric condition would need to incorporate whatever this
factor is. Based on participant reports and our own subjective experience, we
hypothesized that, in both conditions, people were attempting to visualize the
path from a fixed allocentric perspective, as if viewing the space from an
external point. As noted earlier, there is no direct evidence that they were
using imagery to do this; they could have been using a more abstract yet still
allocentric spatial representation of some kind.

If this hypothesis is correct, then perhaps the reason for the difference
in observed accuracy is that, unlike egocentric descriptors, the allocentric
descriptors are compatible with a fixed-viewpoint allocentric representa-
tion. For example, if you are looking at a cube-shaped array of dots, ‘up’
is always toward the top of the cube. However, as noted above, our
egocentric descriptors are based on the viewpoint of an observer travel-
ing along the path, so the (allocentric) direction they reference changes
as the observer changes facing direction. If one is constructing a fixed-
reference allocentric ‘map’ of the path, then it appears necessary to
convert each egocentric reference to the equivalent allocentric one. The
mental operations needed to do this should make the task more difficult
for egocentric descriptors, especially when the time available to respond
is restricted.

We therefore conducted another study with data from different partici-
pants who had performed a 3D-path, egocentric presentation verbal-
description task with unrestricted response times (Gunzelmann & Lyon,
2011; Lyon & Gunzelmann, 2009). When we analyzed response times in
this task as a function of the visualized egocentric position of an observer on
the path, we found a surprisingly consistent relationship between response
time and the number of transformations that would be required to bring the
observer back to a standard, upright, forward-facing position from which an
allocentric mental map could be visualized. (Analysis of accuracy data
showed no evidence for a speed/accuracy tradeoff.) The results are shown
in Figure 8.

When we incorporated an egocentric-to-allocentric transformation pro-
cess with these temporal characteristics into our ACT-R model, we were able
to account for overall accuracy and at least the general pattern of some of the
key internal characteristics of data for egocentric path descriptions (Lyon &
Gunzelmann, 2009). For example, Figure 9 shows the model and data for 3D
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paths versus paths that are restricted to single planes. The model captures
some of the variation due to differences in the difficulty of visualizing 3D
egocentric movements in different planes.

Figure 8. Path visualization response time as a function of the number of visualized transforma-
tions required to return an observer to upright, forward-facing position on a 3D, egocentrically-
presented path (figure from Gunzelmann & Lyon, 2011).

Figure 9. Comparison of ACT-R model (green) and human visualization accuracy (blue) data for
various sub-conditions in a path visualization experiment using egocentric verbal descriptions of
the path segments. In the 3D condition, the described paths could wander in all three dimen-
sions in a 5 × 5 cube space. In the other conditions, the paths were constrained to a particular
planar slice of the space.
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These studies illustrate how PV can be used to better understand one
aspect of the cognitively significant distinction between egocentric and allo-
centric representations of space – the egocentric-to-allocentric transforma-
tion process.

3.2. The ‘virtual fly-through’ variation of path visualization: how does
linguistically described space differ from visually experienced space?

The studies discussed above were conducted using verbal presentation of the
material to be visualized. We also wondered whether the key results would
generalize to spatial visualization tasks in which people have the experience
of actually moving through the space to be visualized.

Some occupations (e.g., laparoscopic surgeons, drone pilots) require opera-
tors to construct a spatial representation from a video feed. Experienced space
(the video feed) might be processed in the brain by an episodic memory system
in which visual details and impressions of speed and distance are preserved.
Linguistically-described space might be visualized differently. There are many
questions related to this issue that do not have complete answers in the
literature (c.f., Avraamides, Loomis, Klatzky, & Golledge, 2004). How might
the representations of these two sources of spatial information differ? Are
capacity limits different in the two representations? Do they use different
rules of organization? Are the patterns of likely spatial errors different? Do
they reflect the same individual spatial abilities?

To address these issues, one must have a way of presenting the same
spatial information, requiring the same response, in both linguistic and
visual-motion forms, and without confounding effects of specific knowledge
or strategies. This can be accomplished using the PV task because the same
paths can be presented using either linguistic descriptions (c.f., Franklin &
Tversky, 1990) or a visually rich virtual fly-through.

In one PV study (Lyon & Gunzelmann, 2011), we provided participants
with egocentric 3D paths under two conditions: (1) the standard verbal
description condition, and (2) a virtual-travel condition in which travel
along a 3D path was depicted from an egocentric perspective using virtual
travel through undifferentiated 3D tunnels (Figure 10).

The primary research question was whether or not spatial visualization
accuracy would be the same under the two conditions. ‘The same’ means not
only equal overall accuracy, but also the same patterns of accuracy in
a variety of sub-measures provided by the Path Visualization methodology.
If the pattern of accuracy data is nearly identical for these subjectively very
different conditions, then we could be confident that our model of spatial
visualization would generalize.

However, there were theoretical reasons to expect differences in accuracy.
For example, it was possible that the experience of virtual motion would
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leave a stronger trace in episodic memory. It was also possible that the virtual
motion display would make mental visualization more difficult.

The primary results of the comparison are shown in Figure 11. It is clear
that accuracy is nearly identical for all path lengths. This result was con-
firmed by more detailed comparisons.

This result has implications for existing theoretical accounts of human
spatial representation. For instance, it provides support for theories in which
spatial information (as opposed to non-spatial information, such as color and
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Figure 10. Method for comparing path visualization accuracy for verbally-described 3D paths
with paths depicted by a ‘virtual fly-through’. Presentation in the verbally-described condition
could be either egocentric or allocentric. The figure depicts an example of the egocentric case.
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texture) is visualized at an abstract level that is not inextricably bound to
a particular sensory experience (Loomis et al., 2007).

3.3. The auditory/visual presentation variation: does visual presentation
produce a spatial visualization advantage?

Finally, we have done some exploratory research using PV to investigate the
effect of presentation modality on the accuracy of spatial visualization. One
might wonder whether the presence of a visual stimulus, even a brief one,
might lead to better visualization than if the path were presented using
spoken verbal descriptions. There are at least two possible reasons why visual
presentation might improve accuracy over auditory presentation: (1) a visual
memory trace of the visually presented path segment might remain; and/or
(2) it might take longer to generate a visualization of a path segment from
auditory presentation than from showing the segment visually, leaving less
time available for processing new stimuli.

We directly compared visualization accuracy for speech presentation ver-
sus briefly presented visual presentation of path segments. The results are
shown in Figures 12 and 13.

Figure 12 shows accuracy for the two conditions as a function of lag. As
predicted, accuracy for visual presentation is consistently higher. However,
note that the lag functions are nearly parallel for the two conditions. Because
our modeling has shown that the effects of lag are an indicator of the
strength of the decay process, these results suggest that both visual and
auditory conditions may be approximately equally affected by decay.

Figure 12. Accuracy of path visualization as a function of lag for auditory versus visual
presentation.
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Figure 13 shows further accuracy data, this time as a function of number
of near visits, which is an indicator of spatial interference. Again, the func-
tions are nearly parallel, suggesting that spatial interference operates similarly
in both conditions.

If the underlying processes of spatial interference and decay operate
similarly in both conditions, why is accuracy higher in the visual condition?
We cannot rule out either of the possible explanations mentioned earlier (i.e.,
visual memory trace and auditory-to-visual translation time). However, an
analysis of response times in the auditory condition (which are generally
longer than in the visual condition) suggests that a translation process may
account for at least part of the accuracy difference.

We derived two tentative conclusions from our studies looking at possible
influences of visual perception on visualization. First, paths presented using
either egocentric verbal descriptions or a virtual fly-through are visualized
with essentially equal accuracy. Second, we found no compelling reason to
think that visualizing material that has been briefly visually presented is
fundamentally different than visualizing auditory material, except that the
latter typically takes more time.

4. Other potentially useful PV task variations

We have pilot-tested numerous other variations of PV that could be useful
for addressing spatial cognition issues. If the intersection-detection compo-
nent of the task is preserved, other aspects can be changed substantially while

Figure 13. Accuracy of path visualization as a function of number of adjacent path segments for
auditory versus visual presentation.
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preserving the ability of the task to tap spatial visualization itself. In the
previous section, we gave some examples of experimental variations in the
context of studies comparing vision and visualization. There are many other
variations that we have found to be reasonably easy to implement and
potentially useful.

For example, we have explored the differences between 2D and 3D repre-
sentations of space using several different PV variations. Using verbal path
descriptors, one can restrict the path to a particular plane of 3D space
(horizontal, picture-plane, or sagittal). One can then compare visualization
performance for the different planes, and for paths that wander through 3D
space.

As noted earlier, we have also made these comparisons using virtual
egocentric travel through 2D and 3D space. In fact, using virtual travel,
one can take PV out of the realm of orthogonal path segments. We have
looked at spatial visualization in the much more complicated space of paths
with 60-degree and 120-degree turns. One can also examine virtual travel
performance in which the path segments are orthogonal, but the observer
never changes facing direction. Thus, instead of moving ‘up’ by tipping
backward and then moving up one unit, the observer simply slides up one
unit as if in an elevator. This allows researchers to separate the effects of
facing changes from the other effects of virtual travel on path visualization
accuracy.

Many of the aforementioned PV variations were used only in pilot studies,
and some of the data and analyses in this paper are as yet unpublished. We
mention them only to illustrate the variety of potentially useful ways that one
could modify the PV task and analyze the resulting data.

A few PV variations have found their way to publication in journals or
conference proceedings. The standard PV method was used in Lyon et al.
(2008) and Lyon (2010, 2011)). The Egocentric/Allocentric Descriptors var-
iation was discussed in Lyon and Gunzelmann (2009) and Gunzelmann and
Lyon (2011). The Virtual ‘Fly-Through’ variation was published in Lyon and
Gunzelmann (2011), and the Reference Grid variation can be found in Lyon
(2009).

5. Conclusion

The Path Visualization task provides an objective method for studying
temporary, complex spatial representations. As far as we know, the task
cannot be performed accurately without constructing a spatial representation
of the path. Alternative methods do not seem feasible. For example, the non-
spatial strategy of rehearsing and thus remembering the list of verbal path
descriptions would be sufficient if the task were to recall the path description.
However it is insufficient to detect path intersections because the verbal
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segment descriptions by themselves are not tied to actual locations in the
path space. So this strategy still needs a spatial representation of visited
locations in order to support performance on PV.

Another conceivable strategy, coding visited locations as numerical coor-
dinates, does contain the spatial information required to detect intersections.
However this strategy would require storing the coordinates of all of the
endpoints of previous path segments. For the later segments of a 25-segment
path, this means remembering dozens of digits. It would also require pro-
cesses to rapidly compare the current endpoint coordinates to the list of
stored coordinates.

PV participants are interviewed following data collection. Not surprisingly,
they do not report using either verbal rehearsal or numerical coding, but do
often report trying to ‘see’ the path in their mind. Of course subjective
reports are far from definitive. Constructing a detailed spatial representation
of the path is very effortful, so people no doubt try other strategies (such as
the ‘envelope’ strategy mentioned earlier). However nobody reported finding
a successful verbal or numerical strategy.

So, what kind of cognitive representation underlies performance on PV? If
it is not a verbal description or list of stored numerical coordinates, it must
be some other representation that contains information about locations in
a 2D or 3D space. When the task was initially designed, we viewed PV as an
objective, data-rich way to study the mechanisms that underlie ‘spatial
mental images’. By this term, we meant mental processes that produce
a weak, vaguely vision-like representation of objects and their relative loca-
tions. Note that this definition includes the notion of a subjective experience
that incorporates, albeit weakly, properties of visualized objects such as color,
texture, length, etc. In contrast, the phrase ‘spatial visualization’ is the tradi-
tional term for this kind of task. It is a more neutral term that makes no
necessary commitment to an image-like subjective experience. We use the
term ‘spatial representation’ to refer to some of underlying cognitive pro-
cesses used in spatial visualization tasks as well as other spatial tasks.

Because we were interested specifically in the visualization of location
information, PV provides no information about other visual features (color,
object shape, etc.). Therefore the task might tap a very abstract kind of
imagery, if indeed it can be called imagery at all. For example, it is highly
unlikely (and never reported to us) that participants visualized, say, white
picket fences or logs when they reported imagining parts of the paths. Had
they done so, accuracy and speed may have suffered due to interference
produced by representing irrelevant visual information (e.g. the visual impe-
dance hypothesis, Knauff, 2013).

Moreover, even if we take subjective reports seriously and assume parti-
cipants are visualizing a weak picture of white line segments against the black
monitor, it is by no means clear that the visual image itself is the cognitive
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mechanism that underlies performance. Instead performance may be
mediated by a more abstract spatial representation – for example, the spatial
layout model proposed by Knauff (2013). Therefore, it is probably useful to
view terms such as ‘mental imagery’ and ‘visual mental image’ as referring to
the subjective experience of visualization. Questions about whether the
mental imagery process pushes activity into what would normally be con-
sidered visual cortex, and whether that activity could possibly have some
benefit for representing spatial information are beyond the scope of this
paper. However given that the PV task elicits ubiquitous subjective reports
of mental imagery, together with objective measurements of accuracy and
response time, PV may be useful in answering such questions.

6. Summary

A key advantage of the Path Visualization task is that it measures both
accuracy and response-time data in a variety of different task permutations.
This flexibility allows researchers to address many different issues in spatial
cognition. We have illustrated several such issues, namely: (1) the sources of
the limited capacity of spatial visualization; (2) the effects of egocentric vs.
allocentric perspective on visualization; (3) visualization of verbally described
vs. visually experienced space; and (4) the effects of auditory vs. visual
presentation of visualizable information.

In addition there are many other issues that could be addressed using PV.
For example: (1) The effects of transcranial stimulation on spatial visualiza-
tion (Wu et al., 2014); (2) The role of spatial working memory in language
comprehension (Oakhill, Yuill & Garnham, 2011); (3) The rather striking
degradation of spatial working memory with advanced age (Toepper et al.,
2014); (4) The relationship of spatial working memory and problem solving
(Chuderski & Jastrzębski, 2018); (5) The role of spatial working memory in
autism (Jiang, Capistrano & Palm, 2014); and (6) Various controversies in
the study of mental imagery (e.g. Kosslyn, Thompson & Ganis, 2006).

We suggest that the PV task provides a relatively pure and objective
measure of spatial visualization. It should be part of the toolkits of research-
ers who must deal with the theoretical and methodological problems encoun-
tered while studying the nature of human spatial representation, as well as
the many other laboratory and real-life phenomena that depend on spatial
visualization.
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