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Abstract

Background: The existence of the complexity in layout and physical parameters are still under investigation in urban
architecture in cognitive science. Current research seems to pay more attention to wayfinding in two-dimensional
environments investigating it in public buildings such as hospitals, airports or university departments, where it is

more common to experience disorientation. Also, the presence of turning walks or staircases undermines the users’
cognitive map. As a consequence, the sense of disorientation would depend on various factors such as the number of
ramps, their location and orientation with respect to the building’s main facade.

Methods: We carry out two case studies: the first one is a qualitative experiment at the University of Bremen; the
second one is a quantitative analysis at the Technical University of Bari. In both studies we select a random sample in
which respondents perform a series of tests. . Participants are not familiar with the building in which the experiment is
conducted but have some knowledge with the surrounding environment.

Results: Main results suggest the importance of building layouts as an important element affecting human cognitive
map in wayfinding. They seem to support the hypothesis that the direction of stairs plays an important role on the
disorientation when navigating complex three-dimensional environments.

Conclusions: This paper is an attempt to understand how the location of staircases affects disorientation and how
this aspect, in turn, affects knowledge acquisition for wayfinding. These findings, coming from experimentations in
indoor environments, seem to evoke a peculiar extension to outdoor environments, too. There is fair interest toward
convenient investigation for outdoor integration and/or generalization. An intriguing future perspective for the pre-
sent research would be the extension to the urban level of spatial cognition.
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Background

Scientific literature usually looks at spatial environments
with different approaches in different domains (Lloyd
2009; Wooldridge and Veloso 1999; Fischer 2000). In
urban planning and/or design studies, the interpreta-
tion given to the role of space ranges from a passive tank
for human actions (anthropization), to a quasi-active
agent which represents parts of the human behavior. As
in a loop, the latter dependents upon the space dimen-
sion (Weyns et al. 2007; Tversky and Hard 2009). In
cognition studies, a spatial environment is largely con-
sidered from the standpoint of agents’ spatial behavior.
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This can be analyzed through low-level (e.g. the search
for an object in a given space) or high level (e.g. enjoy-
ing spatial aesthetics) cognitive actions (Mockler 1989).
Knowledge-based approaches, in urban planning and
spatial organization studies, integrate these two cognitive
aspects (Schon 1983).

A broad and comprehensive conceptualization of spa-
tial environments, oriented to their representation and
management, is an essential stage in building intelligent
devices based on ontological layouts. Space organization
is an important part of human agents’ spatial preroga-
tives constituted by intricate interplays between sensorial
and cognitive attitudes. As a consequence, an investiga-
tion on cognitive potentials of human agents’ abilities
may enhance the understanding of inherent, and often
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cryptic, spatial features. In normal activity processes,
human agents are able to conceptualize spaces and use
this conceptual framework to design and/or organize
spatial processes. Over the last years, in the planning
domain, the interest of the international scientific com-
munity has focused on urban architectural design and/or
layout organization using a series of intriguing and fuzzy
cognitive processes (Hofstadter 1995; Arentze and Tim-
mermans 2006).

The way in which users move through this environment
is highly dependent on the way they perceive it. As a con-
sequence, designers, architects or planners should take
into account several elements when designing an indoor
or outdoor environment.

Wayfinding tasks are easier and more efficient when
the layout is simple and readable. Duckham and Kulik
(2003) show that users do not consider less important
the shape and complexity of the path than its length.
Weisman (1981) argues that the environment legibility
depends on several key features such as the differentia-
tion between different areas, the degree of visual access,
the complexity of spatial layout and the signals. Difficul-
ties arise when translational and rotational motions are
taken into account to define the spatial environment.

Several times, during the history of architecture, the
suggestions and oddities of orientation and rotation
perceptions have been deliberatively used by master
architects as structural elements of buildings functions.
A recent, well-known representative of such approach
is Wright's Guggenheim museum and the ramp-based
visiting path. Also, a number of examples are present
in classical buildings, particularly in Italy, as interesting
attempts to integrate misalignments and disorientations
in the functionality of monuments or notable buildings.
Yet beyond design artifices, the study of translational and
rotational motions in everyday agents’ navigating behav-
iors is today considered a critical element of the cogni-
tion of spatial environments, for urban planning and
design aims.

Current literature recognizes that the pointing ability is
affected by physical or imagined translations. However,
this seems to worsen with the presence of physical or even
imagined rotations (Kelly and McNamara 2008; Presson
and Montello 1994; Risier 2002). With the latter, people
imagine a different perspective with respect to that from
which they learn the environment; this process forces
people to align with the new imagined perspective and
therefore rotate the initial spatial frame of reference (SFR)
(Huttenlocher and Presson 1973; Péruch and Lapin 1993).
This process implies a reduction of pointing tasks accuracy
and an increase of the time required to align the two SFRs.
Translational motions do not involve this cognitive effort.
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The present work is rooted to an understanding of a
more general research effort, aimed at exploring the con-
ceptualization and representation attitudes of human
agents toward space, particularly toward reaching spatial
objectives. The main research interest is to investigate
two types of agents’ cognitive behaviors: (i) Orientation
movement (lower-level behaviors) and memories and
fantasies (higher-level behaviors) during their interac-
tion with the spatial environment. Furthermore, the pre-
sent research tests, through qualitative and quantitative
approaches, the above investigation with ad-hoc case
studies based on a pilot experiment conducted in two
building staircase environments.

The remainder of the paper is structured as follows:
“An interdisciplinary approach” section illustrates the
specific need of an interdisciplinary approach, “Rotation
problem in staircases: an experimental approach” section
describes the case studies and discusses the main find-
ings; “Conclusions” section summarizes and concludes.

An interdisciplinary approach

It is widely recognized, in recent literature and in differ-
ent academic fields, that the comprehension of the con-
text, the space we are moving through, is fundamental
to understand human behavior, both individually and
socially.

Space could—perhaps should—be designed as a sepa-
rate entity, with its own dignity, being able to provide a
meaning or to produce relationships not necessarily con-
ceived by designers (Wineman et al. 2006).

Cognitive sciences have investigated the processes
underlying mental representations of the environment,
and the ability to perform operations on these represen-
tations. However, Dalton and Holscher (2006) argue that
these sciences, focusing purely on cognitive aspects, have
neglected to assess the environment itself and its design.
Hence, the need to find a synergy across different disci-
plines in understanding the relationship between man
and environment comes to light.

It is also recognized that wayfinding is an interactive pro-
cess between users and the surrounding environment with
its physical limits: understanding this interaction is essen-
tial in order to develop predictive models of human behav-
ior. This interactive process is studied by spatial cognition.

Users moving in the built spaces adopt criteria dictated
by specific choices that shape behaviors. These choices
stem from a number of factors such as the destination,
the purpose of the trip, the planned stops, the route, the
layouts’ configurational properties, individual prefer-
ences, culture, background, familiarity with the envi-
ronment. Golledge and Garling (2003) states that each
person encodes spatial information in a different manner.
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Conceptual models that people use to successfully
complete wayfinding tasks, are different depending on a
number of subjective and objective factors. Instead, the
conceptual framework gathering all these elements is
always the same, i.e., the cognitive map.

The knowledge gained while navigating in unfamiliar
environments is stored and integrated in an egocentric
mental representation of the environment, although the
level of acquisition and the underlying cognitive pro-
cesses are not yet entirely clear.

Human beings are also able to build up environments’
mental representations not directly available to the sight.
Quite often they are not based on precise Euclidean coor-
dinates, as either adjacency relations or distances are not
respected. The essential support these mental represen-
tations provide to navigation allow us, when they are
recalled, to know how to reach the destination, or how to
move consciously into the environment without resort-
ing to paper maps or drawings. A salient feature is their
versatility, i.e. their ability to be adapted when new fac-
tors occur, such as impediments, changed conditions in
the environment, assessments of the security situation,
forcing us to change the planned route (2002).

In the processes of acquisition, encoding and decod-
ing, as well as information storage, spatial cognitive maps
undergo a series of distortions that make these mental
representations inaccurate or not fully corresponding to
reality. They are characterized by fragmentations, distor-
tions, sometimes overlapped elements in different scales,
simplifications, addition or omission of details in order
to select the information deemed fundamental and to
lighten the cognitive load that otherwise people would
not be able to endure (Thorndyke and Hayes-Roth 1981;
Hochmair and Frank 2000).

Human beings seem to use different navigation strat-
egies and they are able to integrate them successfully
using simplified strategies (Tenbrink and Seifert 2011).
The approach to more complex tasks requires the evalu-
ation of the available strategies to reduce the number of
elements that must be considered simultaneously and
lighten the cognitive load.

Peters (2012) suggests that some elements apply better
to our mental representations because they are closer to
the way we decode and process information. In that work
she claims that in mental representations some elements
are omitted, simplified or exaggerated to fit the scale or
to fit the means of representation used. This incomplete-
ness is critical to reduce the amount of input informa-
tion; it defines what is called schematization.

In more practical terms of structuring a city cognitive
map, Lynch (1960) laid the foundation for researching in
spatial cognition. Relying on a careful study of the maps
drawn by people and on the investigation of the route
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descriptions, he could define some basic elements such
as landmarks, paths, nodes, edges and districts.

All these aspects should be investigated to understand
what kind of processes underlie the construction of cog-
nitive maps when rotational motions come into play. In
fact, it is also recognized that there are places more dif-
ficult to understand and to navigate through, where it is
common to experience a sense of disorientation.

The presence of elements involving rotations implies
the use of different SFRs; their superimposition requires
a cognitive effort which is not needed when simple trans-
lations are performed. In the surrounding environment,
it is possible to define an allocentric SFR based on promi-
nent local or global landmarks. The objects are posi-
tioned relatively to one another creating relations that,
although qualitative, improve the environment legibility
and navigability even after rotational motions take place.
On the other hand, during navigation the interaction
between a human body and the environment produce
changeable relations deriving from perceptual, visual and
proprioceptive flows occurring between the body and the
objects.

It is crucial to understand whether the definition of the
adopted SER in spatial representations is limited to the
egocentric experience or it maintains some relations with
the elements characterizing the environment as its intrin-
sic axes. Shelton and McNamara (1997) argue that, even
with reference to egocentric systems, these systems can
assume allocentric connotations because are influenced
by prominent directions of space. The lack of privileged
directions pushes people to adopt a purely egocentric
SER.

Rotation problem in staircases: an experimental
approach

With reference to the conceptual framework mentioned
above, our research focuses on the influence of rotation
on orientation, particularly with respect to an element
which causes rotations, i.e., staircase. Holscher et al.
(2006), recognize the use of some common strategies.
In our study we investigate how the shape of the con-
structed environment affects spatial knowledge in differ-
ent places.

We carry out two experiments (Figs. 1, 2). The first one
is a pilot (qualitative) study at the University of Bremen.
The second one is carried out at the Technical Univer-
sity of Bari and performs a quantitative analysis. In both
studies we have investigated the performance of users: (i)
When they access stairs directly along their path (case 1);
and (ii) After performing a 90° turn before encountering
the staircase (case 2).

The main aim is to assess to what extent the position of
the stairs relative to the layout increases disorientation.
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Fig. 2 Floorplan 0 in Bari: paths for the 2nd group

In both universities participants are randomly split into  the stairs. To evaluate user’s orientation after encounter-
two groups. The first group covers the stairs on the path-  ing the stairs we ask respondents to perform some point-
way; while the second group turns 90° before encountering  ing tasks towards local and global landmarks located in
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different points of the building, after a learning phase. In
particular, the pointing task is performed by ignoring the
vertical dimension of the building. As a consequence, the
location of landmarks is spatially aligned at the same level.

According to current literature (Risier 2002), our hypoth-
esis is that the pointing tasks perform better in case 1 than
in case 2. In support of this hypothesis, we argue that when
a person is on the top of the stairs, the walkway direction
does not change compared to the initial position. There-
fore, the egocentric and allocentric SERs do not conflict.

Furthermore, to assess potential effects due to disori-
entation when approaching the stairs, we measure the
pointing accuracy and the latency. The former is a meas-
ure of the configurational knowledge (Richardson et al.
1999); the latter helps to understand the existence of dif-
ferences between landmarks and the ease of access to the
stored information (Montello 1991).

Case study at the University of Bremen

This section briefly describes the case carried out at the
University of Bremen. The sample comprises 30 people
randomly chosen. Participants are not familiar with the
building in which the experiment is conducted but have
some knowledge with the surrounding environment.
We split the sample into two random groups. In the first
group people approached the stairs on their pathway. In
the second group participants need to turn 90° right to
approach the stairs.

Participants, after receiving proper instructions, per-
form some pointing tasks to analyze the existence of dis-
orientation. The pointing tasks are performed for given
landmarks within (local) or nearby (global) the building.
Participants are then conducted throughout various lev-
els of the building and are asked to repeat the pointing
tasks for each level. It is important to note that each level
of the building presents a different layout. The pointing
tasks evaluate accuracy and latency of the orientation
with respect to the given landmarks. Three pointing tasks
are performed.

For the first pointing task, results show a larger mean
error when the stairs are covered after turning 90° than
when these are approached directly. As for the latency,
the second group seems to take more time to answer to
the pointing tasks.

Interestingly, for the second pointing task the mean
error is higher in the case when the stairs are directly
on the user’s pathway than in the case when the users
had to perform a 90° left turn before undertaking the
stairs. Our explanation is that having to face a left turn
to approach the stairs and then a right turn at the top
of the stairwell, participants naturally compensate for
the two turns performed on the basis of proprioception
information.
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The third pointing task sees participants to move to an
upper floor. Similarly to the former case we find no rel-
evant differences between groups for both accuracy and
latency.

Case study at the Technical University of Bari

This section shows the case study carried out at the
Technical University of Bari. In contrast with the for-
mer case, we perform a quantitative analysis with the
use of an ANOVA (Analysis of Variance) test. The sam-
ple comprises 77 people randomly chosen. The sample
is split into two random groups of 39 (group 1) and 36
(group 2) participants, respectively. In this latter group,
two participants are left out because do not complete the
experiment.

The experiment is similar to that carried out at the Uni-
versity of Bremen and therefore we have that in group
1 people approach the stairs on their pathway; while
in group 2, participants turn 90° right to approach the
stairs. Furthermore, participants are not familiar with the
building in which the experiment is carried out but have
knowledge with the surrounding environment.

Participants conduct the experiment in the same level
of the building (contrary to the Bremen case). Also, par-
ticipants perform pointing tasks for given landmarks
within (local) or nearby (global) the building.

In the first pointing task we can argue that there is no
statistically significant difference between the two groups
in terms of accuracy (p = 0.431); for the second pointing
task we have a value of p = 0.488. However, for those who
make mistakes the hypothesis is respected. We argue the
results as follows: those who face the stairs after turn-
ing perceive a rotation on their path but fail to integrate
it properly in their cognitive map. Unlike Bremen, the
hypothesized compensation of knowledge acquisition
does not occur for the Bari case. We believe that this
result is due to the difference occurring in the layouts of
the two buildings and within each level of the buildings.
While in Bremen the layout differs from floor to floor, in
Bari it is always the same for each floor. This also implies
that the participants in the Bremen case, when moving
from level to level, not recognizing the environment of
the previous level to be similar to that of the new level,
rely only on the elements from their own locomotion.

Contrarily, for the Bari case, the respondents, when
exiting from the stairwell, may recognize the environ-
ment and rely more on this realization rather than their
own memory. As a consequence, they neglect the posi-
tion of the stairs relative to their path and recognize that
they canceled out the rotation movement. Therefore, for
the Bari case geometry plays an important role.

The third pointing task, similarly to the other point-
ing tasks, does not provide statistically significant
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results (p = 0.473) at 95 % C.I in the difference between
groups. However, it is worthy to note that the mean error,
increases during the first pointing task, decreases during
the second pointing task-as if crossing the atrium in some
way helps to provide stability to the map-, then increases
again during the third pointing task. We argue that this
could be simply due to the increased cognitive load. Dur-
ing locomotion, mammals and particularly humans, acti-
vate a navigation process that allows the integration of
rotations and translations. This provides an estimate of
the current position and defines the orientation within
a wider environment. Such a process, known as path
integration, derives from information received from our
senses or proprioception when controlling the movement
of the body (Kelly et al. 2008, 2009; Etienne and Jeffery
2004; Philbeck and O’Leary 2005; Kelly and McNamara
2008).

The case for retrieval

This section illustrates the case for retrieval carried out in
the experiments conducted at the Universities of Bremen
and Bari.

People are able to update relations to objects even
after imagining movements, not only after performing
them. This task is in general more complicated and usu-
ally requires more time to be assessed. As a consequence,
accuracy can also be affected.

Therefore, it is interesting to determine how partici-
pants rebuild their cognitive maps. For this purpose, at
completion of a navigation tour through the building,
participants are taken into a room with no windows.
Here are asked to imagine them standing in a precise
location of the building and repeat the pointing task from
the imagined position.

Once again, we evaluate the accuracy and latency
and compare them between the two groups. Literature
reports that the pointing tasks from an imagined per-
spective misaligned with the body are more difficult to
perform because the body SFR conflicts with that of the
environment (Presson and Montello 1994).

In the case of the first group, this conflict would not
occur because participants are asked to imagine them-
selves, albeit at a different point, in the same perspective
from which the environment is learned. In other words,
it is as if the mental map is aligned with the environment.

In the second group such alignment would not exist
since the position in which participants are asked to
imagine themselves is rotated by 90° with respect to the
learning (initial) position.

In both universities, participants in the second group
make pointing task mistakes which are almost all approx-
imated to rotations of 90°. This clearly indicates that they
do not integrate the position of the stairs rotated by the
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same angle relative to the position of learning. This seems
to confirm the hypothesis.

However, it can also be the case that participants, hav-
ing acquired some knowledge about the process of the
experiment, use specific strategies to retrieve the spatial
information and identify landmarks.

As for latencies, these seem to be always slightly higher
when stairs require a 90° turn. This indicates greater dif-
ficulty in accessing the information stored. The following
figures (Figs. 3, 4) show the case for accuracy (measured
in degrees) and latencies (measures in seconds).

Figure 3 shows that the participants of the second group
in Bremen have not correctly integrated the direction of
the stairs. They, in fact, are rotated 90° with respect to the
direction of the walkway. It is interesting to observe that
the accuracy diagrams have approximately the same trend
and are phase-shifted by approximately 70°.

Figure 4 shows that almost the same trend is achieved
for the retrieval experiment in Bari. This supports the
hypothesis that the processes underlying the retrieval of
spatial relationships can be considered being similar to
those when rotation occurs.

Conclusions

In general, a crucial problem of urban planning and
architecture is to design functional spaces, aesthetically
pleasing, easily accessible, taking into account their social
impact. For this purpose, it is essential to understand
how these environments are used in terms of pedestrian
flows, in order to provide decision support systems dur-
ing the design and the planning phases. As there is a sub-
stantial difference in the manner of conceiving spaces
from the experts, architects or designers, and lay people,
then the understanding of how people live and interact
within a constructed environment is the heart of the
design choices. Such comprehension can be achieved by
a careful observation and monitoring of behaviors.

It is now widely recognized that cognitive maps can be
mentally recalled for different purposes during a way-
finding task- such as, remembering a path, estimating a
distance or angle, inferring new solutions, planning new
ways, making decisions. These operations may imply sev-
eral operations, among which mental rotation is certainly
one of the most delicate.

Montello (1991) suggests that the difficulty in keep-
ing in mind routes with turns, or those ones that are
not perfectly straight, can be attributed to the heuristics
defined by Tversky (1981). That is to say, spatial memory
is influenced by the assumption of reference axes deter-
mined by preeminent characteristics of the environment.
The author argues that the problem is that the choice of
such prominent features, capable of causing observable
distortions, is not immediate, and universal, therefore, it
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Fig. 3 Comparison between mean errors, in absolute value, during the retrieval for accuracies and latencies in Bremen

does not allow absolute predictions. Moreover, Sadalla
and Montello argue that when one performs rotations,
it is more difficult to keep the egocentric reference axes
aligned with the surrounding environment or with the
global references (Sadalla and Montello 1989).

In this framework, the present paper has analyzed the
effect of rotation for wayfinding in navigating multi-
level buildings. The situations discussed in the present
study may actually occur in indoor (staircases, turns)
as well as outdoor (e.g. roundabouts) environments: in
this case, the experimentation focused on university
departments.

We tried to understand whether rotations carried out
to cover staircase are perceived as such (i.e. the mental
map built up during the navigation is rotated too when

spatial relationships are recalled), or not. In the lat-
ter case, we tried to understand whether users when
identifying their position in the layout of the environ-
ment, simply mentally retrace the different segments of
the path, regardless of the rotations performed. In both
cases, we aimed at understanding how the shape of the
built environment affects people’s spatial knowledge in
different places.

The results seem to support the hypothesis that the
direction of stairs plays an important role on the diso-
rientation when navigating complex three-dimensional
environments. Results also suggest that people are par-
ticularly sensitive to disorientation after rotations due
to the presence of stairs. In fact, a preferred environ-
mental direction seems to occur. Furthermore, people
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Fig. 4 Comparison between mean errors, in absolute value, during the retrieval for accuracies and latencies in Bari

are unable to get the right orientation between multiple
floors after performing turns. We argue that this is due to
the following reasons: (i) It is not an easy task for people
to integrate, in their cognitive map, different levels dur-
ing navigation; and (ii) People have difficulties in prop-
erly updating their location after performing turns to
cover stairs. As a consequence, turns are not perceived as
rotations.

This latter aspect should be properly taken into account
in emergency situations. Participants probably represent the
layout in relation to the reference direction selected during
the learning phase and retain this configuration even after
the rotations, according to the literature. It suggests that spa-
tial memories may be based on orientation-dependent rep-
resentations; when instead misalignments occur, conflicts
trigger between different SFRs (Tenbrink and Seifert 2011).

The above findings, coming from experimentations in
indoor environments, seem to evoke a peculiar extension

to outdoor environments, too. In fact, rotation itself is
much less relevant to confined spaces (such as buildings)
than to open spaces, where possible tracks are rather multi-
directional and often unconstrained by narrow pathways
and corridors (Borri and Camarda 2009). Turning streets,
roundabouts, urban stairways, but also simple multidi-
rectional walking in wider city neighborhoods involve
repeated updating of mental maps of directions that can
enforce the interest toward the present study approach.

In the end, this circumstance suggests that there is fair
interest toward convenient investigation for outdoor
integration and/or generalization. This extension to the
urban level of spatial cognition represents an intriguing
future perspective for the present research.
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