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Abstract The exploration of city maps has exploded
recently due to the wide availability, increasing use of, and
reliance on small positioning and navigational devices for
personal use. In this study, subjects explored small, 3-mile
diameter circular maps exemplifying five different types of
street networks common in the United States, in order to
locate a hypothetical city hall. Chosen locations indicated
that subjects are able to identify more accessible sites.
Monitoring eye position revealed that women explored
maps faster, using more widely dispersed but more narrowly focused gaze clusters than men. The type of street
network influenced the time spent by the eyes in a locale
and differentially affected the size of gaze clusters between
women and men, underscoring the complex interactions of
gender-specific strategies with street network types.
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Introduction
We explore the environment by moving our eyes and fixating
them on the objects of interest. Yarbus (1967) exploited this
fact by recording the x–y coordinates of eye positions and
plotting them on the picture seen. Such plots directly
revealed the objects of interest as those objects with high
density of eye fixations. Moreover, the distribution of eye
fixations within the boundaries of an object provides valuable
information concerning features of interest of the object
itself. For example, when exploring a face, most of the eye
fixations are on the eyes, nose, and mouth, a fact that directly
underscores their importance as crucial features of the face.
This approach was applied to the exploration of maps with
varying degrees of success (Steinke 1987) but has been
revived recently in evaluating static and interactive visual
displays (Fabrikant et al. 2008; Coltekin et al. 2009, 2010).
The recording of eye position during the exploration of
natural scenes by monkeys (Burman and Segraves 1994;
Phillips and Segraves 2010) yielded valuable insights
concerning the neural mechanisms guiding the eyes to the
features of interest in various strategies of scene exploration.
For example, neural activity in the frontal eye fields during
eye fixation predicted the direction and goal of two upcoming
saccades to targets embedded in natural scenes (Phillips and
Segraves 2010). Monitoring eye position has also proved
very useful in identifying the strategy for the route chosen in
complex mazes (Crowe et al. 2000). Indeed, our paper
extends those latter studies to human-made layouts and maps
of cities. Unlike the mazes, which were randomly generated
and restricted, the map stimuli used in this study are rich
networks of straight or/and curved streets arranged in various
designs by human beings over many years.
Small handheld navigational aid devices have been used
increasingly during the past several years. The current wide
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availability of GPS for personal use (e.g., in iPhones) raises
the question of how they are used by the subject, what
strategies are followed, how a search can become more
efficient and effective (i.e., take less time and be more
accurate), and how these devices can support broad band
spatial learning in addition to providing instructions for
reaching specific destinations. In addition, the users vary
widely in gender, age, race, or ethnic background. It would
be important to know how maps, strategies for exploring
maps and differences by gender, age, race, or other characteristics of subjects are interrelated. This is an emergent
field in spatial cognition, which holds great promise for
delineating the effects of these factors and their interaction.
Our study represents an effort in that direction.
It is presently unknown how small-size city maps are
explored by subjects, what strategies are applied, and how
gender and types of street network may affect map
exploration. In our study, we use a common landmark (city
hall) as a desired point of interest. Our general hypothesis
was that both city hall location and the visual exploration
of the map depend on map parameters, and that they vary
with gender.

Methods
Subjects
Twelve healthy human subjects participated in these
experiments as paid volunteers. They ranged in age from
19 to 58 years. Six were women (age 36.8 ± 5.8 years,
mean ± SEM) and six were men (38.8 ± 7.0 years); the
age did not differ significantly between the two genders
(P = 0.36, t test). The research protocol was approved by
the relevant Institutional Review Boards, and informed
consent was obtained from the subjects prior to the study,
according to the Declaration of Helsinki.
Stimuli
Stimuli were maps of 3-mile diameter urban areas, extracted
from street center-line maps compiled by ESRI and representing several U.S. Metropolitan Statistical Areas (Atlanta,
GA; Baltimore, MD; Chicago, IL; Los Angeles, CA; New
York, NY; Pittsburgh, PA; St. Louis, MO; Tampa, FL;
Washington, DC). Street center-line maps, as analyzed here,
show no information other than the position of streets relative to one another, scaled length, alignment, sinuosity, and
pattern of intersections of the street network; scaled street
width, topography, urban development and land use, or any
other kind of three-dimensional information do not feature.
Thus, the choice of stimuli is geared toward studying how
subjects respond to the spatial structure of the street network

123

Exp Brain Res (2012) 223:207–217

and particularly its shape, density, and connectivity. The
sample was chosen to represent five ideal types of street
networks (Southworth and Owens 1993; Peponis et al.
2007), namely regular grids, colliding grids, supergrids,
curvilinear grids, and cul-de-sacs.
Regular grids consist of orthogonally intersecting patterns of streets; colliding grids arise from the intersection
of multiple regular grids rotated with respect to one
another, as was typical in many US cities at the turn of the
twentieth century; supergrids consist of sparsely spaced
orthogonally intersecting main arteries (often at 0.5-mile
intervals) with irregular street patterns filling in the large
blocks surrounded by the arteries (as is typical, for example, in Los Angeles); curvilinear grids arise from the
intersection of curvilinear streets as was typical in many
US suburbs developed between the end of the nineteenth
century and the 1950s; and cul-de-sacs consist of hierarchically branching street networks encompassing many
cul-de-sacs as is typical in many low-density US city
suburbs since the 1960s.
Our stimuli were circular in shape to avoid potential
anchoring effects of corners in a rectangular display. They
were composed of black lines of uniform width, representing streets, on a white background. Four stimuli per
street network type (all together 20 stimuli) were presented
to each subject in a pseudorandom sequence.
The stimuli were chosen by a group of seven experts (two
professors and five doctoral students of architecture and urban
design at the School of Architecture, Georgia Institute of
Technology); having understood and agreed on the above
definitions of ideal types, each expert freely and independently explored the center-line maps of the 20 most populated
Metropolitan Statistical Areas in the United States, looking
for possible circular extracts of 3-mile diameter that match
one of the ideal types as perfectly and consistently as possible. The examples identified by each expert were pooled into
a single group. Any examples that did not satisfy the definition according to any of the experts were removed. The
process continued until all experts reached agreement that
each of the five ideal types was well represented by four
particular examples. Thus, while the stimuli were extracted
from particular cities, they are not intended to be the representative of the street network of those cities, or of average
conditions in US metropolitan areas. Rather, they were chosen as appropriate illustrations of a typology that reflects
distinctions that are common in the relevant literature. At the
scale of 3 miles, the most frequent condition in US metropolitan areas would bring together several of the theoretical
types in various hybrid forms. While the sample of stimuli
represents the most distinctly different street network types
that are found in US cities, it is not intended to represent the
larger set of distinctly different types that are found around
the world.
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Experimental paradigm
Setup
Subjects sat comfortably on a chair with chin and arm
supported to stabilize the head and body. The subject’s
right forearm manipulating the mouse lay on a firm horizontal support. Stimuli were presented on a computer
screen placed at eye level and at a distance of *78 cm in
front of the subject.
Task
A trial started by presenting an open circle at the center of a
blank black computer screen; subjects were instructed to
fixate their eyes on this circle and to position the mouse
cursor inside. After 1.5 s, the stimulus appeared and subjects were asked to choose a hypothetical city hall location
by clicking a mouse in the desired location. The subject
was instructed not to trace a path. The experiment proceeded at the subject’s pace.
Data acquisition
The experiment was controlled by a program written in
Visual basic (Microsoft Visual Basic 2005, version 8.0).
Relevant data include (1) time of presentation of stimuli,
(2) x–y position of the mouse (sampled at 200 Hz), and (3)
x–y position of the eye (sampled at 200 Hz). The x–y eye
position was recorded using a video-based pupil/corneal
reflection tracing system (model ETL-400, ISCAN, Inc.,
Burlington, MA).
Data analysis
Behavioral and gaze clusters
During the exploration of city maps, subjects fixated their
eyes on various locations, resulting in distinct x–y eye
position clusters. We used the Matlab K-means clustering
analysis (‘‘kmeans’’ and ‘‘silhouette’’ routines) to identify
x–y eye position clusters. The following parameters were
used in the kmeans routine: distance = ‘sqEuclidean’
(squared Euclidean), start = ‘uniform’ (select k points
uniformly at random from the range of x), and maximum
iterations = 1,000.
The following intrinsic cluster parameters were extracted for each trial: number of clusters, cluster radius (1 SD
of the x- and y-eye position of a particular cluster), average
intercluster distance (defined as the average Euclidean
distance between the centers of all clusters), distance from
the center of the map, and cluster time (time spent in a
cluster). In addition, the following two measures were
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obtained from mouse press data: (1) decision time, defined
as the moment from the start of the trial to the moment
when the mouse started moving toward the chosen location, and (2) the coordinates of the position where the
mouse was clicked locating the hypothetical city hall. To
identify the map parameters that were important in determining where to place the hypothetical city hall, the mouse
clicks were treated as centers of circular buffers. Their
radius was constant for all responses and equal to the mean
radius of all eye position clusters obtained for all 20 stimuli
maps presented to all subjects. The option of an arbitrary
radius for the buffer was rejected as having no advantages;
the convention adopted is sensitive to the scale of the
patches of concentrated interest suggested by subject’s eye
positions while also supporting comparisons across subjects and stimuli.
Space syntax parameters
The whole map and the part of it that was encircled by the
region defined by city hall and gaze clusters (defined
above) were analyzed and characterized by the following
two kinds of measures. The first set comprises the number
of street segments, the number of street intersections, the
number of dead ends, the total length of streets, and the
number of urban blocks. Their derivatives such as distance
between intersections and street length per unit area were
also calculated. These measures together with their derivatives provided an aggregate numerical profile of each
map. Such profiling is a common practice in city planning,
transportation, urban design, and public health literature
(Jacobs 1993; Southworth and Owens 1993; Handy 1996;
Cervero and Kockelman 1997; Matley et al. 2000; Handy
et al. 2003; Frank et al. 2005; American Planning Association 2006; Parks and Schofer 2006; Kerr et al. 2007).
The second set of measures, metric reach, and directional
reach, describe individual street segments (Peponis et al.
2008). Metric reach is a measure of the total street length
available within a walking network distance; directional
reach is a measure of the total street length available within
a specified number of direction changes (zero direction
change provides an estimate of the linear extents of streets
and two direction changes provide an estimate of the extent
of the network which can be reached in immersed navigation without great cognitive effort). Metric and directional
reach are described in more detail below.
Metric reach measures the total street length accessible
from the midpoint of each street segment within a network
distance threshold. This measure expresses the idea of a
‘‘walking shed’’ defined in city planning and urban design
literature (Hess 1997; Hess et al. 1999; Ewing and Cervero
2001). However, the idea is generalized and applied to all
street segments, as a descriptor of network morphology,

123

210

rather than to locations of special interest, such as schools
or parks, as a descriptor of their catchment area. For the
purpose of this study, metric reach was computed at 1/6 of
a mile radius, to describe the relationship of each segment
to its immediate surroundings.
Directional reach measures the total street length accessible from the midpoint of each street segment within a
number of direction changes. The importance of direction
changes as a map network property is implicitly recognized
in the planning literature when the straight line distance
between points is compared to the actually available shortest
path distance (Hess 1997; Randall and Baetz 2001; Handy
et al. 2003; Lee and Moudon 2006). It is also explicitly
recognized in the literature on environmental psychology
(Sadalla and Magel 1980; Moeser 1988; O’Neil 1991;
Montello 1991; Bailenson et al. 1998, 2000; Jansen-Osman
and Wiedenbauer 2004). In space syntax, direction changes
are taken as a basis for measuring universal network distances (from all possible origins to all possible destinations)
in order to model pedestrian movement in urban areas
(Hillier et al. 1987, 1993; Peponis et al. 1989, 1997; Penn
et al. 1998; Hillier and Iida 2005; Baran et al. 2008), to
interpret the preferential presence of certain streets in cognitive maps drawn by subjects, or the structural congruence
between cognitive maps and actual street networks (Kim and
Penn 2003), or to model route choices in virtual urban
environments (Conroy Dalton 2003). For the purposes of this
study, directional reach was estimated for 0 and 2 direction
changes, taking 30 degrees as the threshold for identifying a
direction change—a threshold which has been found to
provide descriptions of street networks that are well correlated with pedestrian movement and commercial land uses.
Statistical procedures
Data were analyzed using standard statistical methods
(Snedecor and Cochran 1989) and either the SPSS IBM
statistical package (version 20) or the SAS JMP package
(version 9). Data were transformed to normalize their distribution and stabilize the variance (Snedecor and Cochran
1989). Specifically, the following data were log-transformed: number of eye position clusters, distance of cluster
from the center, cluster time, number of street segments per
cluster area (street segment density), number of street
intersections per cluster area (street intersection density),
and number of dead ends per cluster area (dead end density).
Results
The set of stimulus maps is shown in Fig. 1, arranged by
type. The way in which maps appeared on the black screen
is illustrated in Fig. 2, for a representative subset of stimuli.
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Decision time
Subjects decided on the city hall location after a decision
time of 8.378 ± 0.374 s (mean ± SEM, N = 228 valid
trials). Women took less time to decide than men (Fig. 3;
7.57 ± 0.47 s vs. 9.20 ± 0.58 s, P = 0.028, t test); the
type of city street network did not have a statistically significant effect. The first question to be examined is whether
decision time was affected by stimulus map characteristics.
Stimulus type did not affect decision time whether considering all subjects ðF4;223 ¼ 1:23; P ¼ 0:3; partial g2 ¼
0:02Þ; or men (F4;108 ¼ 0:41; P ¼ 0:8; partial g2 ¼ 0:015Þ
and women ðF4;110 ¼ 1:18; P ¼ 0:32; partial g2 ¼ 0:041Þ;
separately. The effect of all common city planning measures on decision time was evaluated using a stepwise
multiple linear regression where the decision time was the
dependent variable and the following stimulus parameters
were the independent variables: total street length in the
stimulus, number of intersections in the stimulus, number
of dead ends in the stimulus, number of intersections
per street length, number of dead ends per street length,
average distance between intersections, number of road
segments in the stimulus, average length of road segments,
average distance of road segment centroids from the center
of the stimulus, average mean directional distance of each
road segment from all others, average directional reach
with zero direction changes, average directional reach with
zero direction changes expressed as a proportion of total
street length in the stimulus, average directional reach with
two direction changes, and average mean metric reach at
sixth of a mile radius. Of these variables, only the average
directional reach with zero direction changes expressed as
a proportion of total street length in the stimulus was statistically significantly and negatively associated with
decision time ðt226 ¼ 2:27; P ¼ 0:024; r ¼ 0:15Þ. Thus,
subjects spent less time when dealing with stimuli whose
streets are longer and less sinuous.
A different issue concerns the possible dependence of
decision time on particular space syntax parameters of
chosen city hall locations, that is, the position of mouse
click. This was evaluated by performing a stepwise multiple linear regression where the decision time was
the dependent variable and the following parameters of
the circular mouse click buffer (see ‘‘Methods’’) were the
independent variables: relative directional distances associated with the mouse click, relative directional reach with
zero direction changes, relative directional reach with two
direction changes, and relative metric reach at 1/6 mile
radius. (These parameters were standardized relative to the
stimulus by subtracting the mean value of the parameter for
the whole stimulus and dividing by the standard deviation.)
We found that only the relative directional reach with two

Reg. Chicago 2

Reg. Los Angeles 1

Reg. Tampa 1

Col. Los Angeles 1

Col. New York 1

Col. New York 2

Col. St Louis 1

Cur. Atlanta 1

Cur. New York 1

Cur. Pittsburgh 1

COLLIDING GRIDS

Reg. Chicago 1

CURVILINEAR GRIDS

Fig. 1 The set of stimulus maps
used in the experiment. Maps
are colored to represent an
aspect of spatial structure. The
spectrum from red to blue
corresponds to the variation of
street length that is accessible
within two direction changes
from the center of each street
segment. Coloring is according
to Jenks natural breaks with red
corresponding to higher values
and blue to lower. Each
stimulus map is colored
according to its own range of
values

211

REGULAR GRIDS

Exp Brain Res (2012) 223:207–217

SUPER-GRIDS

Cur. Washington DC 1

Sup. Los Angeles 2

Sup. Los Angeles 3

Sup. Tampa 1

Cul. Atlanta 1

Cul. Atlanta 2

Cul. Baltimore 1

Cul. St Louis 1

CUL DE SACS

Sup. Los Angeles 1

direction changes had a significant positive effect of the
decision time ðt222 ¼ 2:93; P ¼ 0:004; r ¼ 0:193Þ. Thus,
subjects who chose a syntactically more central location
spent more time examining the stimuli.
Space syntax analysis of chosen city hall locations
Chosen city hall locations were 0.567 ± 0.02 miles
(mean ± SEM, N = 228 trials) away from the stimulus
center (more than a third of the available radius), on
average, without significant effects of gender or network
type. Supposing the desirable city hall location to be
prominent, the data indicate that subjects did not equate
prominence with the geometric center of the stimulus, but

3miles

looked at the street network, as was intended for the
experiment (see ‘‘Discussion’’). The question is what
properties of the network are associated with their choices.
The street segments associated with mouse press buffers
had longer linear extension (zero direction changes reach)
ðF1;34299 ¼ 589:0; P\0:001; g2 ¼ 0017Þ, more street length
accessible within two direction changes (two direction
changes reach) ðF1;34299 ¼ 919:2; P\0:001; g2 ¼ 0:026Þ,
and more street length accessible within a 6th of a mile
(metric reach) ðF1;34299 ¼ 98:8; P\0:001; g2 ¼ 0:003Þ, as
compared to other street segments. (The analysis is based on
standardized values in order to allow pooling the data from
different stimuli.) Thus, in general, subjects placed city
hall in more accessible locations, as was expected.
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Fig. 2 Examples of the five
types of map street networks
used as stimuli: regular grid,
colliding grid, cul-de-sac,
curvilinear grid, and supergrid

Men and women did not differ statistically significant as to
the mean standardized values for the same space syntax
variables describing their mouse press buffer.
Given the consistent decision and success of subjects to
place city hall in objectively better connected and more
accessible locations, the question as to how subjects
explored the maps visually becomes even more interesting.
Examples of eye positions are shown in Fig. 4. The analysis of the pattern of clustering of these positions led to the
strongest and more interesting findings of the study.
Gender differences in map exploration

Fig. 3 Average decision times (mean ± SEM) for men and women
(N = 113 trials for men and 115 trials for women)
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Gender and spatial map attributes had independent, major,
and systematic effects on various aspects of map exploration. We analyzed these relations using an ANCOVA where
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Colliding Grids:
New York

Cul de Sacs:
Atlanta

Curvilinear Grids:
Pittsburgh

Regular Grids:
Chicago

Supergrids:
Los Angeles

eye cluster center

intercluster distance was higher in women ðF1;1377 ¼
70:2; P\1015 ; partial g2 ¼ 0:049Þ and was significantly
affected by street network type ðF4;1377 ¼ 3:91; P ¼
0:004; partial g2 ¼ 0:011Þ, with the regular grids having the
smallest average intercluster distance. In addition, there was a
significant interaction between gender and street network
type ðF1;1377 ¼ 2:74; P ¼ 0:027; partial g2 ¼ 0:008Þ, in
that men (in contrast to women) had much higher intercluster
distances for the cul-de-sac grid (relative to the other grids).
(d) Average time spent in each cluster (adjusted for cluster
radius) did not differ significantly between genders but was
significantly affected by the street network type ðF4;1376 ¼
4:22; P ¼ 0:002; partial g2 ¼ 0:012Þ with the curvilinear
grid having the highest cluster time and being significantly
higher than any other network type. Finally, (e) an analysis of
street connectivity attributes of eye clusters yielded the
following results. (1) There was a highly significant effect
of stimulus type on street segment density ðF4;1337 ¼
147:5; P\0:001; partial g2 ¼ 0:3062Þ, with the curvilinear
grid having the lowest density. There was no significant
effect of gender or Gender 9 Stimulus type interaction.
(2) The same results were obtained for the total street intersection density, where the stimulus type had a significant
effect ðF4;1253 ¼ 56:42; P\0:001; partial g2 ¼ 0:153Þ, with
the curvilinear grid having the lowest density. Finally, (3),
with respect to the dead end density per cluster, the stimulus type had a significant effect ðF4;592 ¼ 14:89; P ¼
0:001; partial g2 ¼ 0:091Þ, with the supergrid having the
highest density. There was no significant effect of Gender
or Gender 9Stimulus type interaction.

mouse press

Fig. 4 Visual exploration of city maps. Eye position clusters from a
man (left column) and a woman (right column). Different colors
denote separate clusters; red circles indicate cluster centers; red and
yellow larger circles indicate the chosen city hall locations

the stimulus type and gender were fixed factors and age was
a covariate. We found the following (Fig. 5). (a) The number
of clusters decreased with age (P = 0.002) and was higher in
women ðF1;221 ¼ 7:97; P ¼ 0:005; partial g2 ¼ 0:035Þ but
did not differ significantly among street network types; also,
the Gender 9 Street Network interaction was not significant.
(b) The cluster radius was smaller in women ðF1;1377 ¼
56:32; P\1012 ; partial g2 ¼ 0:039Þ and was significantly
affected by street network type ðF4;1381 ¼ 2:56; P ¼
0:028; partial g2 ¼ 0:008Þ, with the regular grids having the
smallest average cluster size. In addition, there was a strong
interaction between gender and street network type
(P \ 10-4), in that women and men had practically identical
cluster sizes for the regular (linear) grid, but men had larger
cluster sizes for all of the other grids. (c) The average

Discussion
This work contributes to the field of spatial cognition,
particularly to human map exploration. Images of the
environment may be stored in spatial memory as cognitive
maps (Tolman 1948). This is a more complex issue than a
simple mental representation of a conventional map, which
led Tversky (1993) to call the mental representation a
cognitive collage. Mental models derive from different
informational sources. For example, humans can construct
cognitive maps from cartographic maps and spatial
descriptions (Taylor and Tversky 1992a, b, 1996). These
researchers also discussed how the configuration of the
environment may affect perspective choice (Taylor and
Tversky 1996). An extension of this research led to the
discovery of representational flexibility, that is, using
spatial information in a goal-oriented manner (Taylor et al.
1999; Brunye et al. 2008). Brunye and Taylor (2009) further explored the fact that perspective goal, while studying
a map, may lead to spatial memory difference. Specifically,
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Fig. 5 Eye position cluster differences between women and men (per response). Bars are means (±SEM). N = 113 trials for men and 115 trials
for women

by monitoring eye position in a goal-oriented map study,
they found that the perspective goals actively controlled the
allocation of visual attention and gathering of information,
resulting in goal-perspective specificity.

Reading city maps
The increasingly frequent use of small-scale (handheld)
visual navigation devices (such as GPS and iPhones)
is currently dominated by tools that provide aids or
instructions for reaching a specified destination. Of equal,
if not greater, interest is the question of how these
devices can support more open-ended patterns of exploration of an environment (e.g., when subjects look at
Google maps to identify possible facilities of a given kind
in their surroundings). In this study, we focused on how
such ‘‘open ended’’ exploration patterns related to the
spatial structure of the street network map, in the absence
of any information on land use, physical 3D form or
activity patterns.
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Stimuli maps are essentially rich networks of straight or
curved streets, arranged in various designs reflecting years
of planned and/or spontaneous urban development. We
used stimuli that are real maps of US cities and they represent distinct types of street network of US metropolitan
areas. This study did not explore the urban network around
the world; we leave that issue for future work. We used
recordings of eye position as an indicator of the cognitive
processes during map–user interaction. Specifically, we
sought to identify strategies for navigation and exploration
on maps and the diverse spatial structures of street networks that are typical in US cities. This exploration of the
map was initiated by asking subjects to place a hypothetical
city hall on a location of choice. In a way, by asking
subjects to find a desired location for city hall, we were
asking them to examine the map and identify some sort of
‘‘center of network gravity.’’
The various aspects involved in the analysis included
the following: (a) global, categorical city map measures:
map grid type; (b) space syntax measures of the stimulus as
a whole; (c) global performance measure: decision time;
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(d) intrinsic gaze cluster parameters (see ‘‘Methods’’);
(e) space syntax gaze cluster attributes (see ‘‘Methods’’);
and (f) space syntax city hall location (i.e., mouse click)
attributes. We had the following objectives in analyzing the
relationships between different factors and variables:
(1) Effects on decision time: how do gender and map
attributes (independent variables) affect the decision time
(dependent variable)? How do specific space syntax features/attributes of the stimulus affect the decision time?
(2) Effects on intrinsic gaze cluster parameters: how do
gender, and city map grid type affect number of clusters
and other cluster parameters? (3) Effects on cluster time:
how does cluster time depend on cluster space syntax
attributes? (4) Reasons for choosing a location: what are
the space syntax attributes of the location chosen for city
hall? We discuss our findings as follows.
Location choices
Subjects placed city hall away from the stimulus center
and, as we predicted, at locations that were easy to access.
The buffer area around the chosen location had longer
straight streets, more street length available within 1/6 of a
mile and more street length available within two direction
changes compared to the rest of the stimulus. In addition,
subjects who spent more time exploring maps chose locations from which more street length is available within two
direction changes. Thus, the expenditure of exploration
effort seemed oriented toward a diagnosis of syntactic
centrality. This result indirectly suggests that the processes
of reasoning may be involved. Understanding how this
work is an open question for further work. Our results,
however, particularly those about gender differences, suggest that there are alternative processes that lead to similar
outcomes, as discussed below.
Gender differences
We found that both women and men chose city hall locations with very similar space syntax attributes. But previous research suggests that men and women tend to explore
maps differently, and they tend to select different environmental features to guide their behavior. For example,
women tend to use topological cues such as landmarks,
whereas men tend to use cardinal references (e.g., compass
points) (Choi and Silverman 1996; Dabbs et al. 1998).
Similar differences are found when men and women learn a
new route: men need fewer trials to learn a designated
route, whereas women remember more details about
landmarks along the path (Galea and Kimura 1993). In
summary, men tend to navigate with preference to the
geometrical properties of space, whereas women prefer
specific objects to find their way (Kimura 1999). Similar
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findings were reported by Mueller et al. (2008), namely
that women employ a navigational strategy based on
memory, whereas men rely on spatial relations. Finally,
Brandner (2007) examined gender-related differences of
exploratory strategy. It was found that women rely primarily on a local searching strategy, whereas men rely on a
global strategy.
By using maps which offer no information on landmarks
or other details about an environment, we document striking
gender differences regarding map examination strategies
which shed new light on the topic. Women appear more
efficient than men in reading relatively abstract patterns of
network geometry and connectivity. Compared to men,
women decide faster, use more eye clusters per map, at
greater distances from the center of the map and from other
clusters, with smaller but more ‘‘street packed’’ clusters, that
is, with a higher density of street segments, intersections,
and dead ends.
The most intriguing difference between men and women
is the way in which they respond to the complexity of
the different types of street networks compared to regular
grids: men increase cluster size for a smaller number of
clusters and women increase inter-cluster distances for a
larger number of clusters. This implies that men proceed by
tracking street extensions and connections over a smaller
set of expanding areas while women proceed by adding
more comparisons of local conditions across the map as a
whole. How these two radically different processes of
exploration lead to similar final outcomes remains an open
question. Further research is needed on map exploration
logic as well as the interaction of map exploration logic
and the intrinsic structure of street networks.
Our results also suggest some underlying cognitive
constraints. The fact that both men and women spend more
time per cluster in curvilinear grids, suggests that the
hierarchy of streets is less evident when the extension and
pattern of intersections of the street segments covered by a
cluster has to be tracked over directions and direction
changes set at unpredictable angles relative to one another.
This interpretation is corroborated by the fact that clusters
in curvilinear grids are associated with smaller densities of
street segments and intersections; thus, the expenditure of
more time cannot be attributed to the presence of more
information. It is more likely linked to the nature of the
information examined.
Thus, the exploration of city maps is a rich process
involving interactions between gender-specific map exploration strategies, types of street networks, and space syntax
attributes.
Acknowledgments This work was supported by the McKnight
Presidential Chair in Cognitive Neuroscience, the American Legion
Brain Sciences Chair (University of Minnesota), and the US

123

216
Department of Veterans Affairs. We thank Annah Adane for help
with the experiments.
Conflict of interest Authors declare that they do not have any
financial relationship relevant to this article to disclose and no conflict
of interest.

References
American Planning Association (2006) Planning and urban design
standards. Wiley, Hoboken
Bailenson JN, Shum MS, Uttal DH (1998) Road climbing: principles
governing asymmetric route choices on maps. J Environ Psychol
18:251–264
Bailenson JN, Shum MS, Uttal DH (2000) The initial segment
strategy: a heuristic for route selection. Mem Cognit 28:306–318
Baran PK, Rodriguez DA, Khattak AJ (2008) Space syntax and
walking in a new urbanist and suburban neighborhoods. Urban
Des 13:5–28
Brandner C (2007) Strategy selection during exploratory behavior:
sex differences. Judgm Decis Mak 2:326–332
Brunye TT, Taylor HA (2009) When goal constrain: eye movements
and memory for goal-oriented map study. Appl Cognit Psychol
23:772–787
Brunye TT, Rapp DN, Taylor HA (2008) Representational flexibility
and specificity following spatial descriptions of real-world
environments. Cognition 108:418–443
Burman DD, Segraves MA (1994) Primate frontal eye field activity
during natural scanning eye movements. J Neurophysiol 71:
1266–1271
Cervero R, Kockelman K (1997) Travel demand and the 3Ds: density,
diversity, and design. Transp Res D-TR E 2:199–219
Choi J, Silverman I (1996) Sexual dimorphism in spatial behaviors:
applications to route learning. Evol Cognit 2:165–171
Coltekin A, Heil B, Garlandini S, Fabrikant SI (2009) Evaluating the
effectiveness of interactive map interface designs: a case study
integrating usability metrics with eye-movement analysis. Cartogr Geogr Inform Sci 36:5–17
Coltekin A, Fabrikant SI, Lacayo M (2010) Exploring the efficiency
of users’ visual analytics strategies based on sequence analysis of
eye movement recordings. Int J Geogr Inform Sci 24:1559–1575
Conroy Dalton R (2003) The secret is to follow your nose. Environ
Behav 35:107–131
Crowe DA, Averbeck BB, Chafee MV, Anderson JH, Georgopoulos
AP (2000) Mental maze solving. J Cogn Neurosci 12:813–827
Dabbs JM, Chang EL, Strong RA, Milun R (1998) Spatial ability,
navigation strategy, and geographic knowledge among men and
women. Evol Hum Behav 19:89–98
Ewing R, Cervero R (2001) Travel and the built environment: a
synthesis. Transp Res Rec 1780:87–114
Fabrikant SI, Rebich-Hespanha S, Andrienko N, Andrienko G,
Montello DR (2008) Novel method to measure inference
affordance in static small-multiple map displays representing
dynamic processes. Cartogr J 45:201–215
Frank LD, Schmid TL, Sallis JF, Chapman J, Saelens BE (2005)
Linking objectively measured physical activity with objectively
measured urban form. Am J Prev Med 28:117–125
Galea LAM, Kimura D (1993) Sex differences in route-learning. Pers
Individ Diff 14:53–65
Handy S (1996) Urban form and pedestrian choices: study of Austin
neighborhoods. Transp Res Rec 1552:135–144
Handy S, Paterson RG, Butler K (2003) Planning for street
connectivity: getting from here to there. APA, Planning Advisory Service, Report number 515, Chicago

123

Exp Brain Res (2012) 223:207–217
Hess P (1997) Measures of connectivity. Places 11:58–65
Hess PM, Moudon AV, Snyder MC, Stanilov K (1999) Site design
and transportation travel. Transp Res Rec 1674:9–19
Hillier B, Iida S (2005) Network and psychological effects of urban
movement. In: Cohn AG, Mark DM (eds) COSIT 2005.
Springer, Berlin, pp 475–490
Hillier B, Burdett R, Peponis J, Penn A (1987) Creating life: or does
architecture determine anything? Arch Comport Arch Behav
3:233–250
Hillier B, Penn A, Hanson J, Grajewski T, Xu J (1993) Natural
movement: or configuration and attraction in urban pedestrian
movement. Environ Plan B 20:29–66
Jacobs A (1993) Great streets. MIT Press, Boston
Jansen-Osman P, Wiedenbauer G (2004) The influence of turns on
distance cognition. Environ Behav 36:70–813
Kerr J, Frank L, Sallis JF, Chapman J (2007) Urban form correlates of
pedestrian travel in youth: differences by gender, race-ethnicity
and household attributes. Transp Res D-TR E 12:177–182
Kim YO, Penn A (2003) Linking the spatial syntax of cognitive maps to
the spatial syntax of the environment. Environ Behav 36:483–504
Kimura D (1999) Sex and cognition. MIT Press, Cambridge
Lee G, Moudon AV (2006) The 3Ds ? R: quantifying land use and
urban form correlates of walking. Transp Res D 11:204–215
Matley TM, Goldman LM, Fineman B (2000) Pedestrian travel
potential in northern New Jersey. Transp Res Rec 1705:1–8
Moeser SD (1988) Cognitive mapping in a complex building. Environ
Behav 20:21–49
Montello DR (1991) Spatial orientation and the angularity of urban
routes: a field study. Environ Behav 2:47–69
Mueller SC, Jackson CPT, Skeleton RW (2008) Sex differences in a
virtual water maze: an eye tracking and pupillometry study.
Behav Brain Res 193:209–215
O’Neil MJ (1991) The effects of signage and floor plan configuration
on way finding accuracy. Environ Behav 24:47–69
Parks JR, Schofer JL (2006) Characterizing neighborhood pedestrian
environments with secondary data. Transp Res D-TR E 11:250–263
Penn A, Hillier B, Banister D, Xu J (1998) Configurational modeling
of urban movement networks. Environ Plan B 25:59–84
Peponis J, Hadjinikolaou E, Livieratos C, Fatouros DA (1989) The
spatial core of urban culture. Ekistic 334(335):43–55
Peponis J, Ross C, Rashid M (1997) The structure of urban space,
movement and co-presence: the case of Atlanta. Geoforum 28:
341–358
Peponis J, Allen D, Haynie D, Scoppa M, Zhang Z (2007) Measuring
the configuration of street networks: the spatial profiles of 118
urban areas in the 12 most populated metropolitan regions in the
US. In: Proceedings of 6 international space syntax symposium,
Istanbul, 0002
Peponis J, Bafna S, Zhang Z (2008) The connectivity of streets: reach
and directional distance. Environ Plan B 35:881–901
Phillips AN, Segraves MA (2010) Predictive activity in macaque
frontal eye field neurons during natural scene searching. J Neurophysiol 103:1238–1252
Randall TA, Baetz BW (2001) Evaluating pedestrian connectivity for
suburban sustainability. J Urban Plan Dev 127:1–15
Sadalla EK, Magel SG (1980) The perception of traversed distance.
Environ Behav 12:183–193
Snedecor GW, Cochran WG (1989) Statistical methods. Iowa State
Univ Press, Ames
Southworth M, Owens PM (1993) The evolving metropolis: studies of
community, neighborhood, and street form at the urban edge.
J Am Plan Assoc 59:271–287
Steinke TR (1987) Eye movement studies in cartography and related
fields. Cartographica 24:40–73
Taylor HA, Tversky B (1992a) Description and depictions of the
environments. Mem Cogn 20:483–496

Exp Brain Res (2012) 223:207–217
Taylor HA, Tversky B (1992b) Spatial mental models derived from
survey and route descriptions. J Mem Lang 31:261–292
Taylor HA, Tversky B (1996) Perspective in spatial descriptions.
J Mem Lang 35:371–391
Taylor HA, Naylor SJ, Chechile NA (1999) Goal-specific influences
on the representation of spatial perspective. Mem Cogn 27:
309–319

217
Tolman B (1948) Cognitive maps in rats and man. Psychol Rev
55:189–208
Tversky B (1993) Cognitive maps, cognitive collages, and spatial
mental models. In: Frank AU, Campari I (eds) Spatial information theory: a theoretical basis for GIS. Springer, Berlin
Yarbus AL (1967) Eye movements and vision. Plenum Press, New
York

123

