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Abstract

People learn the layout of cities mainly through a series of trips. Wayfinders experience the city structure differently
depending on the mode of transport they use. The acquired mental representation then consists of the directly ob-
served, physically accessible parts of the city. In this paper, we propose a computational model to constructimages
of cities, adapting their content depending on the wayfinder’s accessconstraints. First, we formally study and extend
the classification of Lynch’selements of the city form. Second, we propose a simple approach to analyzing localfunc-
tional relationships between these elements, as experienced by wayfinders. The study of the functional relationships
allows for the construction of the most complete image of thecity that might be acquired by a wayfinder with given
accessibility characteristics. These representations ofurban environments can support advanced spatial assistance
systems and cognitively efficient spatial interfaces.

Keywords: formal modelling of urban environment, functional urban structure, image of the city, mental
representations of space, elements of the city form

1. Introduction

When describing cities, people refer to spatial ob-
jects and the relationships between them. In his seminal
work based on a large numbers of interviews with the
inhabitants of three US cities and the study of accompa-
nying sketch maps, Lynch (1960) classified spatial ob-
jects into fiveelements of the city form: paths, edges,
places, landmarks, and districts. A formalization of this
classification is necessary for the integration of refer-
ences to all Lynchean elements in automatically gener-
ated spatial descriptions. This formalization would en-
able the creation of data models matching the human
experience of space, supporting, e.g., spatial assistance
systems (Schultz and Bhatt, 2010; Tomko and Winter,
2009), and multi-modal routing applications (Liu and
Meng, 2009).

People, integrate these elements with ease in their de-
scriptions of cities. In the sentence “. . .Bahnhofstrasse
connects thetrain station to theCity Center”, a land-
mark (train station), and adistrict (City Center) are
linked by apath(Bahnhofstrasse). References to the el-
ements of the city form are associated through verbs or
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prepositions suggesting the existence of fundamental re-
lationships between the objects that relate to their func-
tion in the city structure (e.g.,connects). These verbs
reflect the object’s characteristics exploitable by people
to perform an action (to move). Such characteristics are
referred to as perceivableaffordances(Norman, 1999),
and relate the object’s perceivable action possibilities to
the person’s capabilities. In this example,connectsim-
plies thatBahnhofstrassemay be used as a path for the
traveller – e.g., a pedestrian or traveller by tram.

Consider all the paths accessible to (i.e., navigable
by) pedestrians in a city: the collection of these paths
is different, and possibly disjoint, from that available
to car drivers, train passengers, or people travelling by
boat. We use the termaccesswith relation to the abil-
ity (legal, physical) to enter and physically move around
within a physical environment. A wayfinder can acquire
spatial knowledge as a pedestrian, a driver or a boat pas-
senger. This knowledge is, however, flexible and can be
interpretedin different contexts – for instance, during a
consecutive bicycle trip. In Lynch’s language of legibil-
ity, the city isreaddifferently.

Through human-subject experiments, Mondschein
et al. (2010) related systematic differences in people’s
cognitive maps to modes of transport used. Images
of the city formed by travellers using different modes
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of transport can be dramatically different. A formal-
ization of the link between accessibility and cognitive
maps would allow for the computation of the perceiv-
able structures of other cities and for travellers using
diverse modes of transport.

We address the hypothesis that representations of a
city structure capturing the functional relationships of
spatial objects can be computed from the properties they
afford to wayfinders with different mobility characteris-
tics. We will use the adjectivefunctionalwith respect
to the relationships of the spatial objects that stem from
the actions they afford to wayfinders travelling through
the city using diverse modes of transport. We present:

1. a link between the interpretation of the structure
of a city (the image of the city) and the context
in which it is interpreted. Context is in this paper
reduced to accessibility – the ability of an agent to
move around within a spatial environment;

2. an extension of Lynch’s classification of elements
of the city form based on formal analysis of their
dimensionality and access-related affordances;

3. a model of observable functional relationships be-
tween Lynch’s elements of the city form. In order
to explore the objects’ relationships, we apply the
concept of the objects’ reference regions;

4. a function that interprets a given city dataset and
classifies it from the perspective of a wayfinder
with given accessibility characteristics (mode of
transport), thus enabling inferences about the po-
tential image of the city that such a wayfinder may
form.

We use mode of transport as proxy for modelling ac-
cess, and we only analyze the urban structure that can
be experienced directly by a wayfinder. Spatial knowl-
edge acquired from maps and other indirect sources is
not considered. Our focus is on the principle of clas-
sification of a finite set of spatial objects that consti-
tute a city and the analysis of their relationships. We
are not addressing the visualization of the classified ur-
ban structure, although the applicability to the selec-
tion operation in cartographic generalization is possible
(Regnauld and McMaster, 2007). In this paper, we also
do not assess the legibility of the city (Golledge, 1978;
Lynch, 1960).

This paper is organized as follows: in Section 2, we
discuss the role of accessibility on the acquisition of
spatial mental representations of urban environments.
We identify gaps in current approaches to formal de-
scriptions of the urban form. In Section 3, we pro-
pose the building blocks of a formal model of images of

urban environments grounded in accessibility. In Sec-
tion 4 we operationalize the model in a formalized and
executable manner, and in Section 5 we demonstrate the
model and evaluate its behaviour on an artificial exam-
ple of a city structure. We discuss our findings and fu-
ture work in Section 6.

2. Background

2.1. Accessibility and the emergence of spatial mental
representations

People are mobile sentient agents, acquiring spatial
knowledge primarily during locomotion through a phys-
ical environment. During consecutive trips, the spatial
knowledge progressively integrates and progresses from
coarse landmark knowledge through route to complex
survey knowledge (Downs and Stea, 1977; Ishikawa and
Montello, 2006; Siegel and White, 1975). The resulting
mental representations can be incomplete and distorted
(Golledge, 1978; Stevens and Coupe, 1978; Tversky,
1993, 2003). These imperfections are reflected in peo-
ple’s estimates of distances, in judgements of spatial re-
lationships, and in gaps detectable in map sketches. Di-
rectly acquired spatial knowledge may be further com-
plemented from secondary sources, such as maps or
text.

When communicating, people select references from
their spatial knowledge (Tomko and Winter, 2009), such
as: “. . . theriver is between thecity centerand thecas-
tle”. These descriptions are grounded in their experi-
ence of the objects – the river separates this city into two
distinct regions. Human conceptualizations of cities are
especially conditioned by their ability to access parts of
the environment. The relationships between objects are
frequently described based on their affordances (Gib-
son, 1979). Norman (1999) relates the perceivable ac-
tion possibilities of objects to the action capabilities of
agents, more in line with our use, and similar to e.g.,
Kuhn (2001).

2.2. Elements of urban form
According to Lynch (1960), human spatial concep-

tualizations of cities consist of representations of spa-
tial objects that are instances of five elements. Their
arrangement and relationships determine the legibility
of a city. While never formally systematized by Lynch
himself, we observe that he identifies the elements in
functions of two basic qualities: dimensionality in 2D
space (point-like, linear and areal), and their support of
a wayfinder’s locomotion. These are the definitions pro-
vided by Lynch (1960, p.47), emphasis added and short-
ened:
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Nodes are points, the strategic spots in a city into which
an observer can enter, and which are the intensive
foci to and from which they are travelling. They
may be primarily junctions, places of a break in
transportation, a crossing or convergence of paths.

Landmarks are another type of point-reference, but in
this case the observer does not enter within them,
they are external.

Paths [...] channels along which the observer[...]
moves. [...] they are the dominant elements[of
a city] image. People observe the city while mov-
ing through it, and along these paths other envi-
ronmental elements are arranged and related.

Edges are the linear elements not used or considered
as paths. They are boundaries between two phases,
linear breaks in continuity.

Districts [...] are sections of the city, conceived as
having two-dimensional extent, which the observer
mentally enters “inside of”, and which are recog-
nizable as having some common, identifying char-
acter. Always identifiable from the inside, they are
also used for exterior reference if visible from out-
side.

Two groups of elements of city form are discernible.
First, paths, nodes and districts facilitate movement of
people. Second, we find elements that inhibit move-
ment, namely edges and landmarks, which can be
viewed, but cannot be entered. Spatial objects thus have
different functions in the city structure, related to acces-
sibility (Table 1). They either increase the integration
of the environment and contribute to its cohesion and
homogeneity (e.g., paths connecting parts of the city,
edges connecting paths, and districts formed by perceiv-
ing groups of edges, paths and landmarks as regions of
homogeneous character), or increase its heterogeneity
by fragmentation (e.g., rivers separating city districts)
and differentiation (landmarks representing islands of
distinction in a city, with regions of the city beingwithin
their reference region and others outside of it (Couclelis
et al., 1987; Winter et al., 2008)).

Lynch’s work laid a foundation for the study of spatial
conceptualizations (e.g., Buttimer and Seamon, 1980;
Stevens, 2006) (also see Section 2.1). The lack of a
formal definition of the five elements limited the abil-
ity to model and study the images of different cities in
a grounded, formal, and possibly quantitative manner.
Different approaches to classify the environment led to
the inability to compare the results of the individual re-
search endeavours.

One of the notable formal spatial modelling streams
in urban research is space syntax (Hillier and Hanson,
1984), based around the notion of visual accessibility
to express the configuration of space, and introducing
quantitative analysis of graphs constructed from axial
lines. Attempts to re-define a subset of Lynch’s ele-
ments through space syntax based on space syntax mea-
sures exploring lines of sight (axial lines and isovists)
were proposed by Conroy Dalton and Bafna (2003) and
Morello and Ratti (2009). Especially the latter offer
computational approaches to identify parts of the city
attributable to the five elements, based on 3D urban dig-
ital elevation model visibility analysis. Recently, a link
between salient elements of the city form and the scal-
ing properties of the city’s street network structure has
been suggested (Jiang, 2012). These approaches opera-
tionalized some of the concepts presented by Lynch, but
did either not explore the definitions systematically, or
did not cover all of the elements of the city form. We
provide a complementary approach concerned with for-
mal exploration of the elements of the city, providing
a means to computationally approximate spatial mental
representations of urban environments.

2.3. Representation granularity and reference regions
of spatial objects

No representation of a geographic environment con-
sisting of a finite set of elements can capture all of the
details of the world’s structure. The granularity of the
representation of a city determines the number of spa-
tial objects shown, or conceptualized (Hobbs, 1985).
In a representation, two objects are represented as one
if they are indistinguishable for any relevant purpose.
Any representation only allows the structure of a city
to be explored at a given level of complexity, optimally
providing enough detail for the reasoning at hand, but
not exceeding it (Chang et al., 2007; Timpf and Kuhn,
2003; Tomko and Winter, 2009). For other tasks, repre-
sentations of coarser or finer granularity may be neces-
sary (e.g., Tenbrink and Winter, 2009), applying differ-
ent criteria for indistinguishability (Stell and Worboys,
1999).

Objects in spatial mental representations are sur-
rounded by irregular regions in which the perceived in-
fluence of the given object is greater than that of any
other (Kettani and Moulin, 1999; Montello, 2003). An
object is the anchor point of its proximal reference re-
gion (Couclelis et al., 1987; Hirtle, 2003). As a corol-
lary, reference regions contain only the anchor object.
Reference regions can be operationalized computation-
ally to model spatial adjacency, reflecting observed spa-
tial relationships between objects without direct spatial
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intersection of their physical boundaries and interiors
(Gold, 1989).

2.4. Context and perspective changes

Context is hard to define (Dey, 2001), and it is not
possible or practical to operationalise all aspects of con-
text. A pragmatic approach is to reduce the operational-
ization to only the facets of context that are directly per-
taining to the agent’s information needs. Freksa et al.
(2007) suggested an operational approach to identify
aspects of context. They referred to the cognitive pro-
cesses that determine the relationships between an envi-
ronment, an agent interacting with the environment, and
an external representation of that environment (a map).
In this paper, the external map is not given but it is con-
structed based on the identified information needs of the
agent.

The formation of the mental representation of an en-
vironment is dependent on relevant facets of the context
in which it is acquired or used (e.g., mode of transport
(Mondschein et al., 2010)). Accessibility is a defining
influence on the classification of spatial objects into el-
ements of the city form (Lynch, 1960), and thus under-
pins the interpretation of the city’s structure. We will
call this simplified model of contextperspective. Note
that we use this term in its cognitive sense, and not as
used in vision.

A change of perspective activates a different inter-
pretation of the mental representation. In dialogue,
the information giver may consider the travel mode of
the information recipient which may be different to the
travel mode used when the knowledge was acquired. A
change of perspective alters the perceivable affordances
of the environment Lynch (1960, p. 48):“The image
of the city may occasionally shift its type with different
circumstances of viewing. Thus an expressway may be
a path for the driver, and edge for the pedestrian.”.

3. Model specification

In this section, we present our approach for mod-
elling the representation of the structure of cities from
the changing perspective of a mobile agent.

3.1. Agents perspective defined through accessibility

Following from Section 2.4, we defineperspective:
Definition: Perspectiveis the agent’s experience of

an environment, relating the agent’s mobility character-
istics with the environmental affordances.

We also defineaccessibility:

Definition: Accessibilityis the affordance of a spatial
object relative to the movement capabilities of a mobile
agent. If the agent can enter the inside of an object un-
der a given perspectiveκ, the object is accessible (note
that this relates to spatial objectsper se,and not their
geometric representations).

Accessibility is not restricted to transport (Couclelis
and Getis, 1999). More complex and richer characteris-
tics of accessibility may include physical characteristics
(slope, surface), emotional (pertaining to ones prefer-
ences) or legal restrictions (no access zones, rights of
passage). We tie the perceivable environmental affor-
dances of the urban environment to theactionsthey af-
ford to the mobile agent. This is further referred to as
thefunctionof the spatial object.

3.2. Modeling primitives

We develop our formalization of elements of the city
form in function of the two fundamental distinguish-
ing qualities – dimensionality (0D, 1D and 2D within
a two-dimensional space) and accessibility (accessible,
non-accessible). The combinations of these qualities al-
low the definition of six distinct spatial primitives. As
Lynch’s classification only consists of five elements, we
introduce therestricted district:

Definition: Restricted districtis a medium-to-large
section of the city, conceived of as having a two-
dimensional extent, which the observer cannot enter and
explore its inside. Restricted districts are only observ-
able from outside (if at all) and thus their common iden-
tifying character may not be always identifiable.

This definition of restricted districts fills the gap in
Table 1, and provides an access-based symmetry: node-
landmark, path-edge, and district-restricted district.

Table 1: Combinations of accessibility and dimensionalityof Lynch’s
original five elements of the city form and the addedrestricted district.

Dimensions accessible non-accessible
0 node landmark
1 path edge
2 district restricted district

The omission of the restricted district by Lynch stems
from the method used – sketches of cities solicited in
interviews, with special emphasis on visual distinctive-
ness (Lynch, 1960, pp. 140-144). In these sketches,
large expanses of blank space can be observed in re-
gions described in the text as named places that are diffi-
cult to access. Due to inaccessibility, restricted districts
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are omitted from externalizations of the mental spatial
representations. Often, only edges representing their
boundary are depicted. Note that some blank spaces
may be due to omissions as a result of incomplete mem-
ory. Such areas would, however, not be named and dis-
cussed in text.

Restricted districts are inaccessible to agents under
a given context. They are contained in, neighbouring,
or surrounding accessible parts of the city. Examples
include lakes (not accessible for pedestrians), large pri-
vate properties (not accessible to the public), or military
zones (not accessible to civilians). If such an area can-
not be accessed and learned by locomotion, it presents a
void in the mental representations. We do not consider
indirect learning of such areas by observation from dis-
tance, e.g., from a viewing platform, or from secondary
sources such as maps and photographs. Mental repre-
sentations of restricted districts cannot contain paths,
nodes or internal edges. They may, however, contain
districts which in turn contain such elements (e.g., the
case of West Berlin during the Cold war). It is impos-
sible for an agent to make statements about a restricted
district based on experience acquired by locomotion un-
der the given perspective. The inside of a restricted dis-
trict can only be characterized based on partial external
observations which may not always be possible (e.g., if
occluded by an edge, such as a wall (Figure 1)).

Prominent elements of spatial mental conceptualiza-
tions are often found at borders of restricted districts,
e.g., where paths are close to or crossing gaps in edges
(gates in city walls, bridges over rivers), or where a dis-
trict neighbours a restricted district (esplanades). The
presence of the boundary where modes of transport need
to be changed often leads to an emergence of nodes and
transition zones (orswitch points, see Section 5.2). Ex-
amples are ports – highly prominent nodes where at
least two functional perspectives merge (transport by
land and transport by water), or public transport stops.
Such nodes present a bridge between two functional
perspectives of the city. Purely structural approaches
to urban analysis ignoring the change of functional per-
spectives may fail at identifying these prominent nodes.

3.3. Constant granularity

In the following model we only consider representa-
tions at single granularities. The elements that form a
given conceptualization of a city are a finite set of ele-
mentary building blocks of the city as sensed, concep-
tualized, or captured in a database. This is expressed by
a restriction not allowing for the nesting of spatial ob-
jects that are instances of the same element of the city

form class. This restriction also reflects the depictions
of cities captured by Lynch.

Thus, a path cannot contain further paths, or a district
cannot contain further districts. As a district has a com-
mon, shared character, it is impossible to distinguish an-
other district inside it. This second district would need
to have again a distinct character on its own. This is
only possible at a conceptualization of a finer granu-
larity, where the two districts’ characters can be dis-
tinguished, effectively leading to a fragmentation of the
larger district. Note that a district can contain paths and
nodes. As per Lynch’s definition, the inside of a district
must be accessible to the moving agent in order to form
a mental representation. As agents move along paths
only, a district therefore must contain at least one path.

We explicitly avoid the discussion of appropriateness
of granularity for the representation of a given city –
there is no single, appropriate level of representation.
The method proposed assumes a given granularity of
representation manifested by a finite, static set of spatial
objects. It takes such an input and computes the classifi-
cation of this environment in function of the perspective
of the agent.

3.4. Modelling reference regions
Following Section 2.3, we consider reference regions

as 2D areas fully containing the anchor object. It is
common to approximate reference regions of point-like
objects through Voronoi regions, in particular due to
the simplicity of their computation (Schussman et al.,
2000; Winter et al., 2008). We propose to use Voronoi
regions of heterogeneous collections of point-like, lin-
ear and polygonal objects for the detection of adjacency
relationships.

A spatial object either makes a region accessible or
inaccessible, depending on its affordance. In conceptu-
alizations of constant granularity, reference regions do
no overlap and their union forms a partition of space.
For simplicity, we assume equal weighting of adjacent
objects. The minimal area of a reference region is the
footprint of the generating spatial object itself. Exam-
ple reference regions constructed as Voronoi regions of
a heterogeneous collection of geometries are shown in
Figure 2.

The introduction of reference regions facilitates rea-
soning about distance and interaction between individ-
ual spatial objects in a non-euclidean space, better fit-
ting cognitive conceptualizations. We define the topo-
logical distance between two spatial objectsa andb of
equal granularity as the topological distance between
their respective reference regionsA and B (dista,b =
distA,B). The adjacency between individual reference
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(a) (b) (c)

Figure 1: Illustrative examples of inaccessible areas thatcan map to restricted districts in agents’ mental maps. (a) Arestricted district needs not
be delimited by a physical barrier (BY:© Zach Klein). (b) A physical barrier mapping to an edge can delineate a restricted district, but then only the
edge is perceivable by the mobile agent, as in the case of the Berlin Wall before 1989 (BY:© siyublog), even if the edge is visually permeable (c).

(a) (b)

Figure 2: Example of Voronoi regions (delineated in thin blue lines)
of geometric primitives of different dimensions (thick red points, lines
and polygons) and their arrangements. (a) Two points divided by a
line; (b) Point, line, polygon and line. Note that the reference region
of a point limited by a line is bounded by a parabola.

regions of the same granularity is represented in graph
G, where two spatial objects withtouchingreference re-
gions are connected by an edgee : e(a, b) = e(A, B).
The topological distancedistA,B betweena andb is then
equal to the length of the shortest path in graphG con-
necting them. The minimal topological distance be-
tween two spatial objects is 1, when their reference re-
gions touch.

Definition: Two objects are consideredadjacentif
their reference regionstouch.

3.5. Experienced functional relationships

Spatial representations are relational in nature —
they store relationships between spatial objects that are
meaningful to the cognizing agent perceiving them. We
are concerned by the actions that the relationships af-
ford to the sentient agent, who in turn interprets such
relationships asfunctional. We focus on functional re-
lationships that can be directly experienced by a mo-

bile agent. We argue that any additional relationships
that may be inferred, but not directly experienced in the
environment, are the result of the integration of spatial
knowledge into survey knowledge (Siegel and White,
1975). We definefunctional relationshipsas:

Definition: Functional relationshipis the relation-
ship between two or more spatial objects linking the ac-
tions this relationship affords to a mobile agent. It is the
result of the combination of the topology and the affor-
dances of the spatial objects in the relationship. More
specifically, we consider here only the interplay of the
affordances of the spatial objects relative to the agent’s
movement.

By extension, the termfunctional urban structurere-
lates to the urban structure emerging after classification
of its spatial objects and the analysis of their functional
relationships (see Fig. 3).

Relationship

+
Adjacent

-Touch

++ - -

Bounded by
+-

NA

NA

Connected
Accessible

Figure 3: Schematic representation of the decision tree fordirectly
observable functional relationships. Relationships thatcannot be di-
rectly observed by locomotion are symbolised as NA (Not Applica-
ble).

Definition: Two objects areconnectedif they are ad-
jacent, and both are accessible. This relationship is sym-
metric and non-transitive.

Definition: An accessible objecta adjacent to an in-
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accessible objectb is bounded by b. This relationship is
asymmetric and non-transitive.

We assume that directly experienced relationships ad-
here to the following axioms:

1. No functional relationships of two objects that
are instances of the same element are observable.
The connectedness of two objects belonging to the
same element can not be directly experienced by
a moving agent. Such knowledge is gained by in-
tegration of multiple atomic relationships. For ex-
ample, two paths must be connected by at least a
node, two edges by at least one path, or if the di-
rect relationship of two districts is to be observed,
they must be connected at least by one path. Simi-
larly, the connection of two barriers cannot be ob-
served directly, as neither of them can be navigated
by an agent – this configuration can only be ob-
served from an accessible spatial object between
them;

2. Direct relationships of two inaccessible objects
cannot be directly experienced by locomotion.
While a mobile agent can experience a landmark
from a path if their reference regions are adjacent,
it is impossible to directly experience an edge from
another edge, or from a restricted district. Such
knowledge is acquired by integration of more ele-
mentary spatial knowledge into more complex rep-
resentations.

We first consider the simplest relationships between
spatial objects that can be directly experienced by loco-
motion, involving two spatial objects (Table 2). From
a total of 36 possible combinations only 21 are unique.
The two rules above exclude further 9 combinations of
these 21.

3.6. Ternary relationships

Ternary relationships are composites of binary rela-
tionships and allow relationships between spatial ob-
jects with a topological distance of 2 to be characterized,
thus linking three spatial objects together. Ternary rela-
tions can be divided into relationships increasing spatial
integration or contributing to spatial segregation.

Spatial segregation increases the topological distance
between two elements, while integration decreases this
distance. While segregation is unidirectional, integra-
tion is bi-directional (symmetrical). The relation of in-
tegration is a generalization of common-sense relations
of connectivity and containment, while segregation re-
lates to division.

Definition: Two objectsa and b are connected by
an objectp if they are not adjacent, and there exists an
objectp connected with botha andb. We can then say
that p connectsa to b, or thata is connected tob by p.
We only consider the symmetric case of the relationship,
but the extension to an asymmetric relationship (one-
way paths) is possible.

Definition: Two objectsa and b aredivided byan
objectd if both a andb are bounded byd, and no third
objectp connectinga andb exists. The topological dis-
tance of any two segregated elements is 2.

The above definitions can be illustrated by nodes con-
nected by paths, or paths connecting districts, or con-
versely by districts divided by edges. These relation-
ships are often reflected in spatial expressions such as
links, leads toandbounds, borders, flanks, divides, re-
spectively. The analysis of ternary relationships enables
more advanced spatial relation concepts by facilitating
the derivation of spatial knowledge that can not be di-
rectly observed.

4. Model implementation

Commonly, space is computationally modelled either
as a continuous field, or as discrete entities (Couclelis,
1992; Goodchild et al., 2007). The discrete, Lynchean
classification of urban space is well represented through
entity-based models.

4.1. Operationalisation of spatial objects

Each spatial object is modelled as a discrete feature
i from the domainI containing all the spatial features
representing objects from the analyzed environment. A
feature is defined by its geometry and the perspectives
for which it is accessible (Listing 1).

Listing 1: Implementation of Feature

data Feature = Feature {fid::Int ,
featureID::FID,

geometry ::Geometry ,
perspectives:: [Perspective]}

where geometries are implemented as shown in List-
ing 2:

Listing 2: Implementation of Geometry
data Geometry = Point ID Coordinates

| LineSegment ID Coordinates
| Polyline ID Coordinates

| Polygon ID Coordinates

where Coordinates are the coordinates defined for
each geometry. In this model, only the dimensionality
of the geometries is relevant, and accessible through the
mappingdim : I 7→ 0, 1, 2.
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Table 2: The ability of a mobile agent (+), or lack thereof (−), to directly experience relationships between two adjacent spatial objects by
locomotion. The matrix is symmetrical. Res. District stands for Restricted District.

Element Node Landmark Path Edge District Res. District
Node - + + + + +

Landmark - + - + -
Path - + + +

Edge - + -
District - +

Res. District -

4.2. Implementing perspectives

Each feature affords access only to agents with com-
patible perspectives – modes of transport. When the
mode of transport changes, the perspective changes as
well.

Let M be the domain of all transport modes consid-
ered in the model, implemented as the set of Perspec-
tives (Listing 3):

Listing 3: Implementation of Perspective
data Perspective = PedestrianTransport

| WaterTransport

| CarTransport
| TramTransport

A feature i is only accessible by some modes of
transport,Mi (Mi ⊂ M). The modes of transport af-
forded by a feature are accessible through the mapping
perspectives: I 7→ M.

Consider features of common classes from a GIS
transport database and the modes of transport these
classes afford. Each feature class is only legally accessi-
ble to agents with certain – possibly multiple – charac-
teristics (e.g., a street is equally accessible to car drivers
and pedestrians).

• for class(i)= road, M(i) := {CarTransport};

• for class(i)= street, M(i) := {CarTransport, Pedes-
trianTransport};

• for class(i)= tram, M(i) := {TramTransport};

• for class(i)= canal, M(i) := {WaterTransport}.

4.3. Operationalization of element types

A type is the operationalization of Lynch’s element of
city form. The type of a feature changes depending on
the perspective. The classification of the urban environ-
ment is thus performed on request (see Section 5 for a
demonstration). We introduce a mappingtype: I 7→ E,
where any featurei in a perspectiveκ belongs to one
of the six elements types plus empty set∅ (E={Node,
Landmark, Path, Edge, District, RestrictedDistrict,∅}).

A feature may be mapped to∅ if the change of context
results in no possibility to observe it (Section 5.1).

While the total set of features in the model never
changes, their types may change with the agent’s per-
spective. It is even possible that some changes of mode
of transport are not possible in a given environment,
as there would be no accessible spatial objects (paths,
nodes or districts) left.

The extended set of Lynchean elements of the city
form is defined as data types (Listing 4):

Listing 4: Definition of Types
data Type = Node

| Landmark
| Path

| Edge
| District

| ResDistrict

and the type of a featurea in a given perspectivep is
determined by the mapping (Listing 5):

Listing 5: Implementation of the getType mapping
getType :: Feature -> Perspective -> Type

getType a p
| hasDimensionality (geometry a) == 0 &&

isAccessible a p = Node

| hasDimensionality (geometry a) == 0 &&
not(isAccessible a p) = Landmark

| hasDimensionality (geometry a) == 1 &&
isAccessible a p = Path

| hasDimensionality (geometry a) == 1 &&
not(isAccessible a p) = Edge

| hasDimensionality (geometry a) == 2 &&

isAccessible a p = District
| hasDimensionality (geometry a) == 2 &&

not(isAccessible a p) =
ResDistrict

where the test for accessibility is simply operational-
ized based on matching the set of transport modes al-
lowed for a given feature with the current perspective
(Listing 6):

Listing 6: Implementation of the accessibility test
isAccessible :: Feature -> Perspective -> Bool
isAccessible a p = elem p (perspectives a)

Free roaming of agents in the two-dimensional space
is not considered. Areal features represented in this
model are only accessible by the modes of transport
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of the spatial features contained within. As our model
only considers a single level of granularity of represen-
tation, areal objects are classified in their entirety. Thus,
a given object is classified as a district for all perspec-
tives matching those defined for any of its member ac-
cessible features.

4.4. Feature adjacency

Adjacency between spatial features is computed
based on adjacency of the respective reference regions
constructed as 2D Voronoi regions of feature geome-
tries. Adjacencies are captured in graphG (Figure 4b),
where each vertex (V) is a feature and adjacencies are
stored as edges (E). This graph is used for the identi-
fication of adjacent features and supporting the identi-
fication of triples of features with topological distance
2, when exploring relationships of connectedness and
division.

The graph of observable binary relationshipsGκ is
built by excluding edges that are not directly observable
in a given perspective, applying rules from Section 3.5.
The atomic mappings used are shown in Listing 7 and
Listing 8:

Listing 7: Implementation of the mappings for triples analysis
analyzeTriple :: Perspective ->

(Feature ,Feature ,Feature ) ->

[(Feature ,Feature )]
analyzeTriple p (x,y,z)

| (( isAccessible p (x,y,z)) ==
(True ,False ,False)) = [(y,z)]

| (( isAccessible p (x,y,z)) ==
(False ,False ,False)) = [(x,y),(y,z)]

| (( isAccessible p (x,y,z)) ==

(False ,False ,True)) = analyzeTriple p
(z,y,x)

| otherwise = []

Listing 8: Implementation of the mappings for tupples analysis
analyzeTupple :: Perspective ->

(Feature ,Feature ) -> [(Feature ,Feature )]
analyzeTupple p x

| (getType (getFeatureBy (fst x)) p) ==
(getType (getFeature (snd x) p) = [x]

| otherwise = []

The mappings allow the elimination of edges from
G, in a filtering process resulting in the set of observ-
able edgesEκ. From there, observable features can be
identified as well (Listing 9):

Listing 9: Identification of observable edges and vertices
observableGraphEdges :: Perspective -> G.Graph

-> [(Feature ,Feature )]
observableGraphEdges p graph = filterTuples

(edges graph) (removableEdges p graph)

observableVertices :: Perspective -> G.Graph ->
[Feature ]

observableVertices p graph = getFeatures

(observableGraphEdges p graph)

5. Model evaluation

A map of an artificial city environment depicted in
Figure 4 is used for illustration of the different possible
spatial representations.

5.1. Changing representations with changing perspec-
tives

Any change of perspective has as consequence a map-
ping of the typee of any featurei from perspectiveκ to
typese′ in perspectiveκ′. Subsequently,Gκ is given up
in favour of Gκ′ , which is constructed fromG by ap-
plication of the rules analyzing feature adjacencies and
connectivity under the altered perspective (Section 4.4).

A pedestrian may access a city’s spa-
tial objects that are accessible in the context
κ =PedestrianTransport. The example city
(Figure 4a and c) looks considerably different to a
pedestrian (Figure 5(a)). The related graph of the ex-
perienced functional structure in Figure 5(b) shows the
deletion of non-observable edges. Note that the vertex
symbolizing featuref 5 has no observable relationship
with the rest of the graph. The purely car-accessible
street f 5 therefore does not occur in spatial mental
representations of pedestrians, and as a consequence
the areaf 12 becomes a restricted district, similar to the
lake f 14 – as this area is only accessible byf 5 and thus
by car.

Note the lack of functional relationships that are not
directly observable, e.g., betweenf 14 and f 12. Both
spatial objects may feature in a mental representation
of a pedestrian, but their relationship is unknown. Both
are perceived as restricted districts, and a pedestrian will
not be able to observe a relationship between them, as
places where it could be observable are not accessible.
Similarly, the locks between the river and the lake (f 18)
are observable to a pedestrian moving through the dis-
tricts f 10 and f 11. Their functional relationship be-
tween the river (f 15) and the lake (f 14) is, however,
not observable in our simplified model of agents’ per-
spective requiring the affordance of access.

The sketches of the images of the city as ap-
pearing to travellers by car (κ =CarTransport),
by boat (κ =WaterTransport), and by tram (κ =
TramTransport) are shown in Figure 6.

Note the loss of perceivable features in districtf 10
in the image formed by a car traveller, or the loss of the
two important nodes in the districts surrounding the lake
in the image of a boat traveller. For travellers by tram
(perspectiveTramTransport, Figure 6(c)c), only the
district f 11 is accessible, and its spatial relationships to
the rest of the city are not observable. Even the bridge
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(a) Simple Urban Environment
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(c) Adjacency Graph

Figure 4: A simple urban environment (a) and its graph (c). Features: f1,f2 – pedestrian streets, f3,f4 – streets for pedestrians and car transport; f5
– highway (car only road); f16 – bridge; f10, f11, f12 – suburbs; f14 – lake; f15 – river; f6,f7,f18 – junctions and river inlet; f13 – tram; f8,f9 –
landmarks, f17 – wall, f18 – locks. z1, z2 and z3 are transition zones, where an agent can change their mode of transport. (c) Proximal regions of
individual features, realized as Voronoi regions, are in grey. If a feature follows a boundary of a suburb, the Voronoi cell of the feature is shown,
rather than that of the containing suburb.
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Figure 5: Sketch (a) and graph (b) of the functional structure of the city as observed by a pedestrian. Observable edges are shown by a solid line,
non-observable edges by a dashed line (removed due to equality of type) and dotted line (accessibility constraints fromtriple relationships). The
edgef 14-f 12 is shown twice, to indicate that it qualifies for removal byboth conditions.
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Figure 6: Changing mental representations of the environment with a changing context, derived from mode of transport.
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f 16 is only perceivable from outside (being an edge in
that perspective), and the fact that it provides transport
to pedestrians and car drivers to districtf 10 is not ob-
servable.

5.2. Transition zones: where change of perspective oc-
curs

The change of transport results in a sudden change
in perspective of the city. Such changes usually can-
not occur at random places in the city, but require the
convergence of multiple spatial objects accessible in the
different contexts. Lynch (1960) observed that people
conceptualize places with high concentration of human
activity as nodes. Until now, we have considered nodes
only as junctions of paths, but we can argue that these
are specialized nodes: nodes of a single mode of trans-
port. Since some modes of transport require switching
vehicles at nodes, we call these nodesinterchangein
general.

The second case are nodes forming at places where
changes of perspective happen, e.g., at the convergence
of multiple paths accessible under diverse perspectives
(Figure 7). These are often calledswitch pointsin multi-
modal transport planning literature (e.g., Liu and Meng,
2009).

Transition zones are often represented as special
places along paths. The distinction between the two
kinds of nodes is hierarchical – switch points are a sub-
set of interchanges – and necessary. A traveller main-
taining their mode of travelling at an interchange is
not changing their perspective on the city, and thus the
accessibility-based representationGκ does not need to
be re-examined. In contrast, planning to change modes
of transport at an interchange, i.e., specializing to a
switch point, requires an update ofGκ. This is well
demonstrated in our simple city model, with transition
zones represented by a jetty at the shore of a lake or
river, as is the case withz1 andz2 in Figure 4, or tram
stops (z3).

5.3. Trip-based acquisition of functional spatial knowl-
edge

The acquisition of spatial knowledge by locomotion,
discussed in Section 2.1, can be simulated by the ap-
plication of the model proposed to a multi-modal route.
Imagine a pedestrian traveller starting a journey at their
hotel in the pedestrian zone, somewhere along the street
f 2, and boarding a sightseeing boat atz1, floating only
until the locks (f 18). The knowledge acquired will be
a partial combination of the maps for the pedestrian and
water transport perspectives. The maximum extent of

f11

f1

f2

f9

f14

f16

f3

f6

f10

z1
f18

f15

Figure 8: The representation of the functional spatial knowledge ac-
quired by a traveller starting a trip in the pedestrian zone on streetf 2,
travelling through 6 andf 1, changing to a boat atz1, and floating on
the river f 15 all the way to the locksf 18.

the functional spatial knowledge acquired during this
trip can be inferred by applying the model above, as
shown in Figure 8.

A small number of trips leads to omissions and dis-
tortions in spatial knowledge. The traveller will not ex-
perience the relationship between the roadf 3 and the
bridge f 16. The traveller may observe the roadf 3 from
the boat, and will experience the bridgef 16 (when float-
ing underneath), but cannot experience their intercon-
nection at the junctionf 7. A traveller may infer that
the two touch, but will not be able to directly observe
this relationship. Such inferences are based on common
sense, and are not formalised in our model.

6. Discussion

6.1. Summary

In this paper, we have presented a formal model for
the estimation of the context-specificimage of the city
formed by wayfinders, based on the provided map of
spatial knowledge. In detail, we have:

1. explored accessibility, a major component defin-
ing a traveller’s context, which forms the link be-
tween spatial knowledge and its use. In a formal
model, we have addressed context indeterminism
through a pragmatic simplification – theperspec-
tive. Perspective only relates to the environment’s

12



1
9

1
9

1

3
8

3
4

3
3

2
8

2
6 24 2
2

2
1

2
0 19 17 16 14 13 11 10 9 7 5 4 3 2

*S
to
p
4
0

C
O
B
U
R
G

N
O
R
T
H
C
O
B
U
R
G

Ba
ke
rs
Rd
▲

SYDNEY RD ROYAL PDE ELIZABETH ST

CITY SAVER

B
R
U
N
S
W
IC
K

P
A
R
K
V
IL
L
E

C
IT
Y

C
a
rr
S
t
●
Ba
tm
an
▲

B
e
ll
S
t
▲

C
o
b
u
rg
M
a
rk
e
t
Vi
ct
or
ia
St
●
Co
bu
rg

M
o
re
la
n
d
R
d
●
M
or
el
an
d
■
8

A
lb
io
n
S
t
●
An
st
ey

B
ly
th
S
t
▲

A
lb
e
rt
S
t
●
Br
un
sw
ic
k
▲

G
le
n
ly
o
n
R
d
▲

B
a
rk
ly
S
q
u
a
re
W
es
to
n
St
●
J e
w
el
l

B
ru
n
sw
ic
k
R
d
▲

Ie
ve
rs
S
t
Pr
in
ce
s
Pa
rk

W
a
lk
e
r
S
t
Pr
in
ce
s
Pa
rk

M
a
c
A
rt
h
u
r
R
d

G
a
te
h
o
u
se
S
t

U
n
iv
e
rs
it
y
o
f M
e
lb
o
u
rn
e
Ge
ne
tic
s
La
▲

G
ra
tt
a
n
S
t
Ro
ya
lM
el
bo
ur
ne
Ho
sp
ita
l ∕
Ro
ya
lW
om
en
’s
Ho
sp
ita
l
▲

H
a
ym
a
rk
e
t
Fl
em
in
gt
on
Rd
∕ R
oy
al
Pd
e
∕ P
ee
lS
t
■
55
,5
9
▲

Q
u
e
e
n
V
ic
to
ri
a
M
a
rk
e
t
Vi
ct
or
ia
St
▲

L
a
Tr
o
b
e
S
t
M
el
bo
ur
ne
Ce
nt
ra
l
●
M
el
bo
ur
ne
Ce
nt
ra
l

■
24
,3
0,
Ci
ty
Ci
rc
le
▲

L
o
n
sd
a
le
S
t
▲

B
o
u
rk
e
S
tG
PO
∕ B
ou
rk
e
St
M
al
l
■
86
,9
5,
96

C
o
lli
n
s
S
t
■
11
,4
2,
48
,1
09
,1
12

C
IT
Y
(E
L
IZ
A
B
E
T
H
S
T
)

Fl
in
de
rs
St
●
Fl
in
de
rs
St

■
70
,7
1,
75
,C
ity
Ci
rc
le
▲

Figure 7: Switch points depicted along a schematic map of a tram line in Melbourne, Australia. White dots symbolize tram stops, i.e., tram-
pedestrian switch points, orange triangles next to stop names symbolize tram-bus switch points, and blue dots symbolize tram-train switch points.
Green squares symbolize interchanges (tram-tram switch points).

affordances pertinent to the wayfinder’s mode of
transport;

2. extended the classification of elements of city form
of Lynch (1960) by proposing a sixth element, the
restricted district. Restricted districts are inacces-
sible areal parts of the city that cannot be observed
from the inside. This extension is based on formal
analysis combining the geometry and the accessi-
bility of spatial objects. The six elements complete
the classification of urban space in 2D;

3. studied all the observable relationships between el-
ements of the city form and the combinations of
their topological and actionable properties. Ref-
erence regions have been applied to operationalise
topological relationships;

4. devised a mapping that classifies a spatial dataset
of a given city based on the application of the per-
spective of a wayfinder. Our hypothesis has been
tested on a representation of a simple urban envi-
ronment, and accessibility has been modelled in a
simplified manner, by substituting mode of trans-
port.

We have demonstrated that accessibility enables
modelling of the loss of perceivable relationships and
explains omissions and distortions in spatial mental rep-
resentations, for instance in those of travellers with
highly homogeneous travel patterns. While such trav-
ellers may be able to experience significant portions of
a city, they do not experience the functional relation-

ships between spatial objects that were not visited. For
example, a car traveller driving on streets surrounding
the pedestrian zone of a city centre may experience only
the endpoints of the streets in the zone. Such a traveller
lacks the knowledge of how these streets are intercon-
nected deeper in the pedestrian zone. The application
of our method to environments studied experimentally
could provide explanations for observed distortions.

6.2. Conclusions and future work
The ability to approximate the extent and nature of

the spatial knowledge of a traveller would provide ex-
cellent support to better understand the genesis of spa-
tial knowledge and its use in, e.g., communication.
While our approach provides a step in this direction, it
is only applicable at the level of detail captured by the
input set of spatial objects.

Our model of the environment requires an extended
concept of topological relationships, well approximated
through reference regions. Voronoi regions provided
a computationally simple approach, and refinements
including heterogeneous weighting and isovists may
achieve a more realistic approximation. Consecutively,
hierarchical representations of space may be consid-
ered.

Further extensions should refine the model of acces-
sibility (e.g., one-way streets, street geometry) to im-
prove accuracy of the predictions in real environments.
Certainly, the expected topological relationships of ob-
jects appearing as diverging or converging beyond the
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horizon alter our mental representations of space. Our
approach may also support research in the verbalization
of functional spatial relationships in language genera-
tion for spatial assistance systems, and may also assist
in research of distorted or incomplete spatial knowledge
acquired from dialogue. While in our examples we as-
sumed a correct, objective map of the environment, the
structure would likely be very different if the computa-
tion used an incomplete input (such as Figure 8). In-
complete and distorted inputs such as human-generated
sketch maps collected in an empirical study would pro-
vide an interesting comparative corpus for a validation
of the proposed method. An empirical validation of the
proposed method is an important step for future work.

We encourage further comparative studies of images
of cities (e.g., sketch maps) and their typology, and
analyses of overlaps between the perceptions of cities
amongst different groups of travellers. As noted, the
mode of transport is only a coarse approximation of
accessibility, and fine-grained models of access should
also consider legal and emotional aspects of access.
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