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Abstract
Like most physical maps, recent research has suggested that cognitive maps of familiar

environments may have a north-up orientation. We demonstrate that north orientation is not

a necessary feature of cognitive maps and instead may arise due to coincidental alignment

between cardinal directions and the built and natural environment. Experiment 1 demon-

strated that pedestrians have difficulty pointing north while navigating a familiar real-world

environment with roads, buildings, and green spaces oriented oblique to cardinal axes.

Instead, north estimates tended to be parallel or perpendicular to roads. In Experiment 2,

participants did not demonstrate privileged memory access when oriented toward north

while making relative direction judgments. Instead, retrieval was fastest and most accurate

when orientations were aligned with roads. In sum, cognitive maps are not always oriented

north. Rather, in some real-world environments they can be oriented with respect to envi-

ronment-specific features, serving as convenient reference systems for organizing and

using spatial memory.

Introduction
Understanding how individuals acquire, represent, and use spatial knowledge is fundamental
to predicting and optimizing navigation behavior. Tolman’s early [1] proposal that mammals
embody map-like spatial memories is both intuitive and controversial. Under this theory,
humans construct map-like memories of familiar environments that preserve information
about inter-landmark relationships and Euclidean distances. Though the cognitive map meta-
phor has been repeatedly challenged [2–4] some recent data suggest its explanatory power in
understanding the organization of spatial memory. For instance, Gagnon and colleagues dem-
onstrated that environments are more easily learned when initial path segments went north-
ward, aligning oneself with emergent cardinal axes and top-down perspective of a cognitive
map [5]. Interestingly, this pattern emerges even without exposure to a real map of the envi-
ronment, suggesting that cognitive maps default to a north orientation. Similarly, Frankenstein
and colleagues [6] demonstrated privileged access to spatial memories while participants were
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oriented toward north in a virtual environment. Together, these studies suggest that spatial
memory for familiar environments is related to cardinal direction, much like a cartographer’s
map.

The present paper challenges the notion that cognitive maps are necessarily oriented toward
the north. Instead, we suggest that navigators assign a spatial reference system based on salient
and functional environmental features, such as roads, rivers, and landmarks [7,8]. Critically,
the natural alignment or misalignment of these features with cardinal axes dictates the appar-
ent organization of cognitive maps. Specifically, when environmental features are aligned with
cardinal axes, cognitive maps can develop serendipitous alignment with north. Indeed the envi-
ronments used in prior work demonstrate natural or built alignment with cardinal directions.
In [5] the environments contained roads and large scale features oriented parallel and perpen-
dicular with cardinal axes, and in [6] the environment includes a river running east-west
through the town. Confounding cardinal axes and environmental features makes it difficult to
dissociate their organizational influence on cognitive maps.

In contrast to environments tested in prior studies, many real-world environments contain
large-scale features misaligned (oblique) with cardinal axes. For instance, Santa Barbara, CA
has a downtown road network arranged in a grid but oriented approximately 48° oblique to
true north, Manhattan New York, NY is oriented 29° oblique to true north, and Pittsburgh, PA
has a road network and three intersecting rivers also arranged obliquely relative to cardinal
axes. In these cases, it is unclear whether cognitive maps would be oriented toward north given
that large-scale environmental features are oblique to cardinal axes. For the present study we
focused on the Tufts University (Medford, MA) campus, which is characterized by road, build-
ing, and green spaces oriented 42° oblique to magnetic north (currently 27° oblique to true
north). This environment presents the opportunity to assess whether the alignment of cogni-
tive maps with cardinal axes is a necessary organizational principle or simply arises in some
environments due to correlations between environmental features and cardinal directions.

Experiment 1
In our first experiment, we asked pedestrians navigating this environment to spontaneously
point toward north. If cognitive maps of familiar environments are indeed oriented north, then
pedestrians should be able to accurately point in this direction. In contrast, if pedestrians show
high error rates in their pointing estimates, then it is unlikely their cognitive maps are orga-
nized with reference to cardinal axes. Instead, they may show evidence for referencing esti-
mates relative to environmental features such as roads [8,9], or no evidence of feature reliance
or north awareness whatsoever [10]

Method
Ethical Compliance. Research was approved by the Tufts University Social, Behavioral,

and Educational Research Institutional Review Board (SBER IRB; protocol 1310019). This
experiment was approved under provisions of Exempt Category 2 as defined in 45 CFR 46.101
(b), and thus participants did not provide consent.

Participants & Design. Two hundred Tufts University students (Mage = 19.7, SDage = 1.3,
92 male & 108 female) with varied experience living on campus (M = 1.8 years, Range = 0 to 4
years). This desired sample size was based on prior research using pointing tasks in outdoor
environments, which also used 20 participants per location [9]. This was a field study with no
manipulated variables.

Materials. Ten data collection locations were selected on the Tufts campus; all were imme-
diately adjacent to a road (but not an intersection), and situated on a sidewalk with moderate
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pedestrian traffic. Together the locations sampled the central and peripheral campus (see Fig 1
for location details). We used a Suunto A-30L Field Compass to measure participant pointing
responses. A demographics form probed for age, sex, and number of years living on or near
campus. We also used the Santa Barbara Sense of Direction (SBSOD), a set of 15 questions
probing self-reported environmental spatial ability [11].

Procedures
At each data collection site, two experimenters solicited pedestrian participants; all were
required to be Tufts students. Participants were asked to point north and an experimenter
recorded pointing angles relative to magnetic north. Participants then completed the demo-
graphics form and SBSOD. For the SBSOD, questions are answered on scales anchored at 1
(Strongly Agree) and 7 (Strongly Disagree), negatively phrased items are reverse-scored, and an
average score was calculated. After completing the pointing task and questionnaires, partici-
pants were compensated $5 for their time (approximately 10 minutes).

Data Scoring. To score the pointing estimate data, we related the pointing vector of the
participant’s arm to magnetic North. To measure adjacent route orientation, for each of the 10
data collection locations we plotted a vector along 200m of the adjacent route using Google
Earth and recorded its orientation relative to North. Because our compass measured magnetic
north, and road orientations on Google Earth are depicted with reference to true north, we
converted all Google Earth outputs to magnetic north with reference to the average declination
over the course of the data collection effort (14.8° W centered on 42.407508° N, 71.119142°
W). To do so, we used the International Geomagnetic Reference Field (IGRF) model (http://
www.ngdc.noaa.gov/geomag-web/#declination). To test for overall accuracy, we used circular
statistics to calculate mean [12] pointing angle. Data are included in S1 Dataset.

Results
Overall Accuracy. Collapsed across the 10 data collection locations, participants showed

a mean angle of 19.57° from magnetic north (calculated using circular statistics; mean vector

Fig 1. Data collection sites overlaid on the Tufts University campusmap (with a true north
orientation).Map generated using OpenStreetMap, shared under the CC BY-SA license. http://www.
openstreetmap.org/copyright.

doi:10.1371/journal.pone.0135803.g001
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r = .43). A one-sample circular mean angle test [13] demonstrated that this mean pointing
angle was significantly different from 0 (magnetic north).

A Rayleigh’s circular z test demonstrated that pointing was not uniformly distributed (Ray-
leigh’s z = 37.5, p< .001). The majority of participants (n = 151/200) showed estimates within
the 180° semi-circle centered on north, and this exceeded that of chance (χ2 (1) = 52.02, p<
.001). In other words, participants showed only coarse knowledge of cardinal direction within
a 180° region.

Individual Differences. We evaluated whether participant sex, years of experience with
the campus, or sense of direction (M = 4.12, range 1.47–6.8) would predict overall pointing
error. A multiple linear regression was conducted, with three predictors: sex, years of experi-
ence with the campus, and sense of direction (SBSOD). The single dependent variable was
absolute angular pointing error (0° to 180°). The overall regression model was significant, F(4,
199) = 8.37, p< .001, R2 = .11. Only one predictor, SBSOD, reached significance, t(199) = 3.78,
p< .001, βstd = -.26; higher spatial sense of direction scores predicted lower pointing error.

Follow-up Analysis. The pointing estimates at each of the 10 campus locations, with refer-
ence to the adjacent road orientation, show a striking pattern: mean pointing angles were con-
sistently related to road orientations. Fig 2 depicts this pattern by using circular statistics [12]
to calculate mean pointing directions. Five locations showed mean pointing angles roughly
parallel to adjacent road orientation, and the other five showed mean pointing angles roughly
perpendicular to adjacent road orientation. In other words, on average, participants referenced
their pointing estimates to nearby road orientations, aligning their north estimates either paral-
lel or perpendicular to the nearest road. We tested this pattern by conducting one-sample cir-
cular mean angle tests at each location, asking whether pointing angles differ from the angle
parallel (locations 3, 4, 6, 7, 8) or perpendicular (locations 1, 2, 5, 9, 10) to adjacent roads. In no
location did the pointing angles differ significantly from parallel or perpendicular to adjacent
roads (α = .05).

Experiment 1 Discussion
Our first experiment demonstrates only coarse awareness of cardinal directions in pedestrians
navigating a familiar large-scale environment. Even individuals who were highly familiar with
the campus environment showed overall poor awareness of cardinal directions. This pattern
was qualified by those with a high sense of direction tending to show higher accuracy, converg-
ing with research suggesting the sense of direction questionnaire indexes trait-based differences
in the ability to orient oneself with regard to global spatial reference systems [11]. The predic-
tive value of sense of direction on pointing accuracy was rather weak, however.

Experiment 2
Results of our first experiment provide some suggestion that pedestrians show difficulty orient-
ing themselves with regard to cardinal direction. In an environment that is oriented oblique to
cardinal axes, participants instead relied on road orientations to guide pointing estimates.
Road networks may structure cognitive maps in some environments. It could also be the case
that pedestrians are only relying on road orientations because they are of high functional rele-
vance to their navigation task, shifting reliance on perceptible features versus spatial memory
due to task demands [14]. Experiment 2 thus tests spatial memory retrieval in an indoor, seated
context, using a judgment of relative direction (JRD) task.

JRD tasks are able to assess the influence of alignment with spatial reference systems by ori-
enting participants in particular directions (e.g., Standing at the Library and facing Olin Hall)
and then testing their memory for the direction of a third landmark (e.g., Point to the Tennis
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Courts). We refer to the initial orientation as the default vector, and the pointed to location as
the target landmark. A large body of literature demonstrates that aligning the default vector
with a spatial reference system facilitates pointing accuracy and efficiency [7,15–17]. If partici-
pants rely on cardinal axes as a spatial reference system [6], they should show faster and more
accurate responses when the default vector is aligned with cardinal axes. In contrast, if partici-
pants rely on road orientations (as suggested by Experiment 1 and [8,9,18]), they should show
faster and more accurate responses when a default vector is aligned parallel or perpendicular to
primary roads.

Method
Ethical Compliance. Research was approved by the Tufts University Social, Behavioral,

and Educational Research Institutional Review Board (SBER IRB; protocol #1310028), with

Fig 2. Pointing estimates for all locations (ALL) and each of the 10 data collection locations overlaid
onto a magnetic compass, with adjacent road orientation andmean pointing direction indicated
(using circular statistics). Note that this figure is aligned with magnetic north, whereas Fig 1 is aligned with
true north; relating the two figures must thus consider declination.

doi:10.1371/journal.pone.0135803.g002
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secondary approvals from the funding agency (U.S. Army Human Research Protections
Office). Participants provided written informed consent to participate in the study.

Participants & Method. Forty-four Tufts University students (Mage = 19.8, SDage = 1.3, 17
male & 27 female) with varied years of experience living on campus (M = 1.82 years, Range = 0
to 4 years) participated. Our intent was to collect 36 complete data sets (after excluding due to
unawareness of particular landmarks, see below). This desired sample size was based on prior
work using judgment of relative direction tasks [19]. Each participant completed a series of
questionnaires than completed a JRD task; in a within-participants design, JRD trials varied
the default vector between cardinal, road-oriented, and arbitrary orientations.

Materials. The same demographic form used in Experiment 1 probed for age, sex, and
number of years living on or near campus, and we also administered the SBSOD.

We developed a judgment of relative direction (JRD) task with 48 trials. The task used 12 land-
marks from the Tufts campus that, based on our earlier research, tend to be most frequently
recalled during map drawing tasks. Each trial used 3 of these landmarks: two to define a default
vector (e.g., Standing atMiller Hall, facing BarnumHall) and one to define a target landmark
(e.g., Point to Eaton Hall). Four trial conditions were developed, each with default vectors ori-
ented parallel to: magnetic cardinal axes (12 trials), true cardinal axes (12 trials), major campus
road axes (16 trials), or oblique to both cardinal and road axes (8 control trials). In each condition,
initial vectors were balanced across orientations (e.g., N to S, S to N, E toW,W to E), and correct
pointing directions were both positive (clockwise) and negative (counter-clockwise) angles relative
to the initial vector, and distributed around the entire 360° range. We also took care to promote
similar overall initial vector lengths in the cardinal (true, magnetic) and road axis conditions, as
demonstrated in a confirmatory one-way ANOVA, F(2, 39) = .13, p = .88, η2< .01.

Procedures
Participants provided informed consent and then completed the two questionnaires. They then
completed the 48 JRD task trials. A custom software package was developed using the Micro-
soft C# programming language to display JRD trials and collect data. On each trial the default
vector was vertically aligned on the monitor with the standing at and facing landmarks
depicted as labeled black dots 245 pixels apart. An arrow 130 pixels in length emanated from
the standing at landmark and pointed toward the facing landmark. When mouse-clicked, the
arrow would rotate around while its base remained anchored on the standing at landmark. At
the top of the screen the point to landmark was verbally provided. The 48 trials were presented
one at a time in the center of the screen in random order, and participants were provided with
unlimited time to response to each trial. To respond, participants would click on the arrow and
rotate it around until it pointed in their preferred direction. When they were satisfied with the
pointing direction, they would click the next button to continue. For each trial, the software
outputted signed (positive clockwise, negative counter-clockwise) angular deviation from the
correct pointing direction to the indicated position, and response time. Completing the 48 tri-
als took approximately 10 minutes. An additional questionnaire asked participants to specify if
they did not know the location of any of the 12 Tufts JRD landmarks. Note that participants
were always seated at a computer facing a direction (true heading 240°) oblique to both cardi-
nal directions and primary campus road axes. Participants were compensated $10 for their
time (approximately 20 minutes).

Data Scoring & Analysis
Eight participants, who did not know at least one landmark location as indicated on the final
questionnaire, were eliminated from analyses, resulting in 36 complete data sets. Because we
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made no hypotheses regarding directional (right/left) biases, we analyzed pointing error using
absolute angular error values. For response times, we log10-transformed the data to correct for
a positive skew (Fisher’s skewness pre = 2.15, post = .45); pre-transformed means are detailed
in Table 1. Two repeated-measures ANOVAs were conducted, one for angular error and one
for response times; the ANOVAs considered the 4 alignment conditions of interest: aligned
with magnetic cardinal axes, true cardinal axes, major campus road axes, or oblique to both
cardinal and road axes. Follow-up comparisons used paired samples t-tests with a Bonferroni
corrected alpha (α = .017). As in Experiment 1, we also assessed whether individual differences
in participant sex, years on campus, and sense of direction modulated any of these effects. Data
are included in S2 Dataset.

Results
Angular Error. A main effect of alignment, F(3, 105) = 11.57, p< .001, η2 = .25, demon-

strated lowest angular error in the road aligned condition relative to the other three conditions,
as depicted in Fig 3. Paired t-tests confirmed lower error in the road aligned condition relative

Table 1. Raw (pre-transform) response timemeans and standard deviations for each of the four alignment conditions.

Magnetic Axes True Axes Road Axes Off-Axis

Mean (msec) 17287.1 15976.7 14157.1 14318.8

SD 7971.9 8056.1 5975.5 4686.2

doi:10.1371/journal.pone.0135803.t001

Fig 3. Bars depict mean angular error, in absolute degrees, for each of the four alignment conditions. Line depicts mean response times (log10-
transformed), for each of the four alignment conditions. Error bars indicate 95% confidence intervals.

doi:10.1371/journal.pone.0135803.g003
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to the magnetic aligned, t(35) = 5.39, p< .001, Cohen’s d = .90, true aligned, t(35) = 3.89, p<
.001, Cohen’s d = .65, and off-axis control, t(35) = 5.98, p< .001, Cohen’s d = 1.0, conditions.

Response Times. Amain effect of alignment, F(3, 105) = 4.53, p< .01, η2 = .12, demon-
strated fastest response times in the road aligned condition relative to the other three condi-
tions, as detailed in Fig 3. Paired t-tests confirmed faster response times in the road aligned
condition relative to the magnetic aligned, t(35) = 5.34, p< .001, Cohen’s d = .90, and true
aligned, t(35) = 2.84, p< .01, Cohen’s d = .49, conditions. The road aligned and off-axis control
conditions did not differ, t(35) = 1.27, p = .21.

Individual Differences. A series of linear multiple regressions assessed whether participant
sex, years of experience with the campus, or sense of direction (M = 3.59, range 2.33–5.4) predicted
angular error in each of the four alignment conditions. Two regressions reached significance. First,
the regression predicting angular error in the road-aligned condition, F(3, 35) = 2.88, p = .051,
R2 = .21, with higher SBSOD scores predicting lower error, t(35) = 2.38, p = .024, βstd = .38. Second
the regression predicting angular error in the off-axis control condition, F(3, 35) = 3.12, p< .05,
R2 = .23, with higher SBSOD scores predicting lower error, t(35) = 3.05, p< .01, βstd = .48.

Based on a reviewer request, we also conducted an omnibus linear multiple regression to
assess whether participant sex, years of experience with the campus, or sense of direction pre-
dicted overall angular error (averaged across all four conditions). The overall regression was
non-significant, F(3, 35) = .86, p = .47, R2 = .08.

Experiment 2 Discussion
Our second experiment demonstrated that even without perceiving the environment during
testing, participants produced faster responses with lower angular error when default vectors
were aligned with road orientations. Aligning with true or magnetic cardinal axes produced
angular error rates very similar to aligning with a random, oblique direction. Response times
showed a similar pattern. Supporting Experiment 1, individual differences in sense of direction
predicted lower angular error, but specifically when participants were aligned with roads or an
off-axis orientation. Overall, we found support for our hypothesis of privileged spatial memory
access when participants are aligned with road orientations rather than cardinal directions.

Discussion
Natural and built environments show highly varied alignment between large-scale features
(e.g., roads, rows of buildings, mountain ranges) and cardinal directions. In some cases, large-
scale features align with cardinal directions and can produce evidence for north-oriented cog-
nitive maps [5,6]. The present results suggest this earlier evidence does not reflect a necessary
feature of cognitive maps, but may emerge due to coincidental alignment between environ-
mental features and cardinal directions. In an environment with large-scale features oriented
oblique to cardinal direction, two experiments demonstrated no evidence for north-oriented
cognitive maps. The first experiment showed generally poor awareness of cardinal direction
among pedestrians navigating a familiar campus environment. If cognitive maps were oriented
toward north [5,6], pedestrians should show awareness of the north direction while navigating,
particularly as spatial memories become better formed with extended experience with the envi-
ronment [20,21]. Instead, participants showed generally low awareness of cardinal directions
and this pattern was found in pedestrians with both low and high levels of experience with the
campus environment. Rather than structuring their understanding of the environment based
on cardinal direction, participants showed a reliance on road orientation, producing pointing
estimates parallel or perpendicular to road axes. In this particular environment, which was ori-
ented oblique to cardinal axes, such a strategy fails to accurately guide cardinal direction
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estimates. Of course, participants may still be able to orient themselves successfully in the pres-
ence of a map, though we did not test this possibility.

Individual Differences
Our first experiment also demonstrated that pedestrians exhibit individual differences in their
ability to orient north, with higher sense of direction scores predicting lower angular error in
pointing estimates. As suggested by prior research, skilled navigators may maintain awareness
of global spatial references systems and use this information to guide navigation [11,22,23];
these global reference systems may include cardinal direction in some environments, whereas
in others (like the one presently used) they are bound to large-scale environmental features. In
contrast, navigators with relatively low sense of direction may rely on relatively local cues like
individual landmarks and turn directions to guide movement. Still others may show flexible
reliance on varied reference systems as they become more or less available, salient, or easy to
use [24].

Because roads are highly salient and functional features for navigating pedestrians, there
was a chance that Experiment 1’s field data reflected task-relevant reliance on roads [14] rather
than the structure of spatial memory. Thus, Experiment 2 required spatial memory retrieval
while indoors and unable to directly perceive the campus environment, using a task well-vali-
dated in the extant literature. With this task, we found strong evidence supporting reliance on
road orientations for structuring spatial memory. When participants were mentally oriented
parallel with cardinal directions (true or magnetic), they were markedly slower and more error
prone when retrieving relative direction information. In contrast, participants showed the low-
est error rates and fastest response times when their imagined orientations were aligned with
the road network. This pattern was robust across participants of varied sex and years of experi-
ence with campus. Participants with higher sense of direction were generally more accurate at
making relative direction judgments, especially when aligned with roads or an off-axis orienta-
tion. Together with our first experiment, these data strongly support our hypothesis that north
orientation is not a necessary feature of cognitive maps.

Theoretical Implications
Accuracy in pointing towards north likely relies on: 1) experiential knowledge; 2) map knowl-
edge; 3) ability to align experiential and map knowledge; and 4) the actual alignment between
cardinal directions and environmental features. Without access to a map or compass, experien-
tial knowledge of an environment results in learning the directions towards landmarks relative
to the body (egocentric), but also directions relative to salient environmental features (allo-
centric) [25–27]. Spatial memory research demonstrates that individuals assign a “privileged
axis” [28] to salient patterns in the environment, such as rows of landmarks [29,30], or their
physical facing direction when initially learning the environment [19,31]. In contrast, knowl-
edge gained from a map privileges the top of the map [32,33] and given the prevalence of
north-up maps, the privileged direction is typically north.

In the current experiment, the oblique alignment between cardinal directions and road net-
works around the Tufts campus likely interfered with pedestrians’ ability to align their experi-
ential and map knowledge. The process of aligning cardinal directions with oblique
environmental features is likely similar to using a misaligned You-Are-Here map, in that a
mental transformation strategy must be chosen and applied correctly [34]. However, unlike
using a misaligned map, cognitive maps must be recalled from memory and any transforma-
tions must be imagined. It is not currently clear what types of transformation strategies partici-
pants attempted to use, or their effectiveness. Mental transformation strategies likely require
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considerable cognitive load (similar to using a misaligned You-Are-Here map [35]), contribut-
ing to pointing errors and a reliance on visual cues over map knowledge. Greater accuracy in
pointing towards north, for good sense of direction individuals, might have been due to select-
ing and/or implementing more accurate transformation strategies.

Limitations
The Tufts University campus provides a unique opportunity to examine spatial representations
of an environment with large-scale environmental features oriented oblique to cardinal direc-
tion. We do point out, however, that while the primary campus map viewed by incoming stu-
dents and visitors (http://campusmaps.tufts.edu/medford/) is aligned toward true north, a
printable map available on the campus website is indeed aligned congruent with major road
axes (http://campusmaps.tufts.edu/docs/Tufts_Medford-Som_Map.pdf). While it seems
unlikely relative to viewing the north-aligned map, it is possible that some of our participants
had been exposed to the road-aligned version, altering the orientation of their cognitive maps
[6]. We have no direct data to support or refute this possibility. We might expect that if this
were the case, however, increased familiarity with the environment should reduce such an
influence given a presumably lower reliance on maps; our data do not support such a pattern.

Whereas our first experiment clearly demonstrates value of the SBSOD in predicting point-
ing error, our second experiment provides relatively equivocal results. Experiment 2 results
suggest that higher SBSOD predicts lower angular error in the road-aligned and control condi-
tions, but not the north-aligned conditions (as might be expected [11]). However, this result
may be due to a relatively restricted range of SBSOD scores in Experiment 2 which tended to
occupy the center of the scale range. A larger or more diverse sample may have afforded a
more robust understanding of SBSOD influences on angular error in our JRD task.

Conclusions
Overall, we demonstrate that navigators spontaneously assign a global reference system to aid
in organizing and retrieving memories of familiar environments. This reference system, how-
ever, is not always based on cardinal direction. Rather, spatial memory appears to flexibly shift
reliance on alternate reference systems based on the (mis)alignment of environmental features
with cardinal direction.

Supporting Information
S1 Dataset. Experiment 1 pointing data in absolute degrees relative to magnetic north,
including participant age, sex, years of experience with campus, and SBSOD.
(XLSX)

S2 Dataset. Experiment 2 error rates (columns F-I) and response times (columns J-M) for
conditions aligned with magnetic north (“Mag”), true north (“True”), roads (“Road”), or
arbitrary orientations (“Ctrl”). Includes also participant age, sex, years of experience with
campus, and SBSOD.
(XLSX)

Author Contributions
Conceived and designed the experiments: TTB HB HAT. Performed the experiments: LAH.
Analyzed the data: TTB HB. Contributed reagents/materials/analysis tools: HB. Wrote the
paper: TTB HB LAH HAT.

The Orientation of Cognitive Maps

PLOS ONE | DOI:10.1371/journal.pone.0135803 September 9, 2015 10 / 12

http://campusmaps.tufts.edu/medford/
http://campusmaps.tufts.edu/docs/Tufts_Medford-Som_Map.pdf
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135803.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135803.s002


References
1. Tolman EC. Cognitive maps in rats and men. Psychol Rev. 1948; 55: 189–208. doi: 10.1037/h0061626

PMID: 18870876

2. Foo P, WarrenWH, Duchon A, Tarr MJ. Do Humans Integrate Routes Into a Cognitive Map? Map- Ver-
sus Landmark-Based Navigation of Novel Shortcuts. J Exp Psychol Learn MemCogn. 2005; 31: 195–
215. Available: http://www.editlib.org/p/70920/. PMID: 15755239

3. Ekstrom AD, Arnold AEGF, Iaria G. A critical review of the allocentric spatial representation and its neu-
ral underpinnings: toward a network-based perspective. Front Hum Neurosci. 2014; 8: 803. doi: 10.
3389/fnhum.2014.00803 PMID: 25346679

4. Tversky B. Cognitive maps, cognitive collages, and spatial mental models. In: Frank AU, Campari I, edi-
tors. Spatial Information Theory: A Theoretical Basis for GIS. Berlin, Germany: Springer; 1993. pp.
14–24.

5. Gagnon SA, Brunyé TT, Gardony A, Noordzij ML, Mahoney CR, Taylor HA. Stepping Into a Map: Initial
Heading Direction Influences Spatial Memory Flexibility. Cogn Sci. 2013; doi: 10.1111/cogs.12055

6. Frankenstein J, Mohler BJ, Bulthoff HH, Meilinger T. Is the map in our head oriented north? Psychol
Sci. 2012; 23: 120–125. doi: 10.1177/0956797611429467 PMID: 22207644

7. McNamara TP, Rump B, Werner S. Egocentric and geocentric frames of reference in memory of large-
scale space. Psychon Bull Rev. 2003; 10: 589–95. Available: http://www.ncbi.nlm.nih.gov/pubmed/
14620351. PMID: 14620351

8. Marchette SA, Yerramsetti A, Burns TJ, Shelton AL. Spatial memory in the real world: long-term repre-
sentations of everyday environments. Mem Cognit. 2011; 39: 1401–8. doi: 10.3758/s13421-011-0108-
x PMID: 21584854

9. Montello DR. Spatial Orientation and the Angularity of Urban Routes: A Field Study. Environ Behav.
1991; 23: 47–69. doi: 10.1177/0013916591231003

10. Sholl MJ. Cognitive maps as orienting schemata. J Exp Psychol Learn MemCogn. 1987; 13: 615–28.
Available: http://www.ncbi.nlm.nih.gov/pubmed/2959744. PMID: 2959744

11. Hegarty M, Richardson AE, Montello DR, Lovelace K, Subbiah I. Development of a self-report measure
of environmental spatial ability. Intelligence. 2002; 30: 425–447. Available: http://www.sciencedirect.
com/science/article/pii/S0160289602001162.

12. Berens P. CircStat: A MATLAB toolbox for circular statistics. J Stat Softw. 2009; 31: 1–21. doi: 10.1002/
wics.10

13. Zar JH. Biostatistical analysis. Boston, MA: Prentice Hall; 1999.

14. Janzen G, Schade M, Katz S, Herrmann T. Strategies for detour finding in a virtual maze: The role of
visual perspective. J Environ Psychol. 2001; 21: 149–163. doi: 10.1006/jevp.2000.0195

15. McNamara TP. Mental representations of spatial relations. Cogn Psychol. 1986; 18: 87–121. doi: 10.
1016/0010-0285(86)90016-2 PMID: 3948491

16. Golledge RG.Wayfinding Behavior: Cognitive Mapping and Other Spatial Processes [Internet]. Balti-
more, MD: Johns Hopkins University Press; 1999. Available: http://books.google.com/books?hl =
en&lr=&id=TjzxpAWiamUC&pgis=1

17. Iaria G, Palermo L, Committeri G, Barton JJS. Age differences in the formation and use of cognitive
maps. Behav Brain Res. 2009; 196: 187–191. doi: 10.1016/j.bbr.2008.08.040 PMID: 18817815

18. Werner S, Schmidt K. Environmental reference systems for large-scale spaces. Spat Cogn Comput.
Kluwer Academic Publishers; 1999; 1: 447–473. doi: 10.1023/A:1010095831166

19. MouW, McNamara TP, Valiquette CM, Rump B. Allocentric and egocentric updating of spatial memo-
ries. Journal of experimental psychology. Learning, memory, and cognition. 2004. doi: 10.1037/0278-
7393.30.1.142

20. Herman JF, Kail RV, Siegel AW. Cognitive maps of a college campus: A new look at freshman orienta-
tion. Bull Psychon Soc. 2013; 13: 183–186. doi: 10.3758/BF03335054

21. Ishikawa T, Montello DR. Spatial knowledge acquisition from direct experience in the environment: indi-
vidual differences in the development of metric knowledge and the integration of separately learned
places. Cogn Psychol. 2006; 52: 93–129. doi: 10.1016/j.cogpsych.2005.08.003 PMID: 16375882

22. Pazzaglia F, De Beni R. Strategies of processing spatial information in survey and landmark-centred
individuals. Eur J Cogn Psychol. 2001; 13: 493–508. doi: 10.1080/09541440125778

23. Kozlowski LT, Bryant KJ. Sense of Direction, Spatial Orientation, and Cognitive Maps. J Exp Psychol
Hum Percept Perform. 1977; 3: 590–598. Available: http://eric.ed.gov/?id=EJ175041

24. Taylor HA, Brunyé TT, Taylor ST. Spatial Mental Representation: Implications for Navigation System
Design. Rev Hum Factors Ergon. 2008; 4: 1–40. doi: 10.1518/155723408X342835

The Orientation of Cognitive Maps

PLOS ONE | DOI:10.1371/journal.pone.0135803 September 9, 2015 11 / 12

http://dx.doi.org/10.1037/h0061626
http://www.ncbi.nlm.nih.gov/pubmed/18870876
http://www.editlib.org/p/70920/
http://www.ncbi.nlm.nih.gov/pubmed/15755239
http://dx.doi.org/10.3389/fnhum.2014.00803
http://dx.doi.org/10.3389/fnhum.2014.00803
http://www.ncbi.nlm.nih.gov/pubmed/25346679
http://dx.doi.org/10.1111/cogs.12055
http://dx.doi.org/10.1177/0956797611429467
http://www.ncbi.nlm.nih.gov/pubmed/22207644
http://www.ncbi.nlm.nih.gov/pubmed/14620351
http://www.ncbi.nlm.nih.gov/pubmed/14620351
http://www.ncbi.nlm.nih.gov/pubmed/14620351
http://dx.doi.org/10.3758/s13421-011-0108-x
http://dx.doi.org/10.3758/s13421-011-0108-x
http://www.ncbi.nlm.nih.gov/pubmed/21584854
http://dx.doi.org/10.1177/0013916591231003
http://www.ncbi.nlm.nih.gov/pubmed/2959744
http://www.ncbi.nlm.nih.gov/pubmed/2959744
http://www.sciencedirect.com/science/article/pii/S0160289602001162
http://www.sciencedirect.com/science/article/pii/S0160289602001162
http://dx.doi.org/10.1002/wics.10
http://dx.doi.org/10.1002/wics.10
http://dx.doi.org/10.1006/jevp.2000.0195
http://dx.doi.org/10.1016/0010-0285(86)90016-2
http://dx.doi.org/10.1016/0010-0285(86)90016-2
http://www.ncbi.nlm.nih.gov/pubmed/3948491
http://books.google.com/books?hl�=�en&amp;lr=&amp;id=TjzxpAWiamUC&amp;pgis=1
http://books.google.com/books?hl�=�en&amp;lr=&amp;id=TjzxpAWiamUC&amp;pgis=1
http://dx.doi.org/10.1016/j.bbr.2008.08.040
http://www.ncbi.nlm.nih.gov/pubmed/18817815
http://dx.doi.org/10.1023/A:1010095831166
http://dx.doi.org/10.1037/0278-7393.30.1.142
http://dx.doi.org/10.1037/0278-7393.30.1.142
http://dx.doi.org/10.3758/BF03335054
http://dx.doi.org/10.1016/j.cogpsych.2005.08.003
http://www.ncbi.nlm.nih.gov/pubmed/16375882
http://dx.doi.org/10.1080/09541440125778
http://eric.ed.gov/?id=EJ175041
http://dx.doi.org/10.1518/155723408X342835


25. Siegel AW,White SH. The development of spatial representations of large-scale environments. Adv
Child Dev Behav. 1975; 10: 9–55. Available: http://www.ncbi.nlm.nih.gov/pubmed/1101663. PMID:
1101663

26. Thorndyke PW, Hayes-Roth B. Differences in spatial knowledge acquired frommaps and navigation.
Cogn Psychol. 1982; 14: 560–89. Available: http://www.ncbi.nlm.nih.gov/pubmed/7140211. PMID:
7140211

27. Montello DR. A new framework for understanding the acquisition of spatial knowledge in large-scale
environments. In: Egenhofer MJ, Golledge RG, editors. Spatial and Temporal Reasoning in Geographic
Information Systems. New York, NY: Oxford University Press; 1998. pp. 143–154.

28. McNamara TP, Shelton AL. Cognitive maps and the hippocampus. Trends in Cognitive Sciences.
2003. pp. 333–335. doi: 10.1016/S1364-6613(03)00167-0 PMID: 12907223

29. MouW, McNamara TP. Intrinsic frames of reference in spatial memory. J Exp Psychol Learn Mem
Cogn. 2002; 28: 162–170. doi: 10.1037/0278-7393.28.1.162 PMID: 11827078

30. Shelton AL, McNamara TP. Systems of spatial reference in humanmemory. Cogn Psychol. 2001; 43:
274–310. doi: 10.1006/cogp.2001.0758 PMID: 11741344

31. Shelton AL, McNamara T. Orientation and perspective dependence in route and survey learning. J Exp
Psychol Learn MemCogn. 2004; 30: 158–70. doi: 10.1037/0278-7393.30.1.158 PMID: 14736304

32. Evans GW, Pezdek K. Cognitive mapping: knowledge of real-world distance and location information. J
Exp Psychol Hum Learn. 1980; 6: 13–24. doi: 10.1037/0278-7393.6.1.13 PMID: 7373242

33. Richardson AE, Montello DR, Hegarty M. Spatial knowledge acquisition frommaps and from navigation
in real and virtual environments. Mem Cognit. 1999; 27: 741–750. doi: 10.3758/BF03211566 PMID:
10479831

34. Montello DR. You are where? The Function and Frustration of You-Are-Here (YAH) Maps. Spat Cogn
Comput. 2010; 37–41. doi: 10.1080/13875860903585323

35. LevinewM, Marchon I, Hanley G. The Placement and Misplacement of You-Are-Here Maps. Environ
Behav. 1984; 16: 139–157. doi: 10.1177/0013916584162001

The Orientation of Cognitive Maps

PLOS ONE | DOI:10.1371/journal.pone.0135803 September 9, 2015 12 / 12

http://www.ncbi.nlm.nih.gov/pubmed/1101663
http://www.ncbi.nlm.nih.gov/pubmed/1101663
http://www.ncbi.nlm.nih.gov/pubmed/7140211
http://www.ncbi.nlm.nih.gov/pubmed/7140211
http://dx.doi.org/10.1016/S1364-6613(03)00167-0
http://www.ncbi.nlm.nih.gov/pubmed/12907223
http://dx.doi.org/10.1037/0278-7393.28.1.162
http://www.ncbi.nlm.nih.gov/pubmed/11827078
http://dx.doi.org/10.1006/cogp.2001.0758
http://www.ncbi.nlm.nih.gov/pubmed/11741344
http://dx.doi.org/10.1037/0278-7393.30.1.158
http://www.ncbi.nlm.nih.gov/pubmed/14736304
http://dx.doi.org/10.1037/0278-7393.6.1.13
http://www.ncbi.nlm.nih.gov/pubmed/7373242
http://dx.doi.org/10.3758/BF03211566
http://www.ncbi.nlm.nih.gov/pubmed/10479831
http://dx.doi.org/10.1080/13875860903585323
http://dx.doi.org/10.1177/0013916584162001

