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Abstract

Mental representations of spatial knowledge are organized hieralighiamong people
familiar with an urban environment, common spatial knowledge from these lspetigal
representations enables successful communication of place and rsatiptiens, consist-
ing of hierarchically-ordered references to prominent spatial femtsreh as streets. The
more prominent a street is, the more likely it is to be known by the wayfindeiviag the
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a city. The measure is derived from network connectivity measuredaliad into account
the structure of the street network as well as the higher-order partititreairban space
into suburbs.
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1 Introduction

With repetitive interaction, people living in an urban eoviment get increasingly
familiar with its layout (Siegel and White, 1975). With camiing interactions, the
accuracy and completeness of this acquired knowledgeasese It is stored in
mental representations that are to a large extent orgamhizgdrchically (Hirtle
and Jonides, 1985; Stevens and Coupe, 1978).

Despite individual distortions in mental representati¢g@suclelis et al., 1987),
people familiar with the environment can successfully camivate spatial knowl-
edge. This signifies that speakers are able to identify tinegbdheir knowledge
they expect to be shared with the hearer in a given commuaicabntext, and
refer to it. Conversely, hearers are able to match the ret@wermation with their
own mental representation.

The hierarchical organization of the spatial knowledgeeftected in hierarchical
place and route descriptions. In hierarchical descrigtiogferences to elements of
the city are introduced in order from most general to higplgafic local references
(Plumert et al., 2001; Shanon, 1979; Tomko and Winter, 206kt us consider
for example the route directions given to a taxi driver in bteirne:“Take me

to A'Beckett Street, off Elizabeth Streeff?ig 1). The speaker assumes that the
knowledge of the highly prominent Elizabeth Street is commathout asking the
driver first. The speaker also assumes #&iBeckett Strees not prominent enough
to be localized by the taxi driver without referenceliizabeth Street

A Prominence

Elizabeth Street

l intersect

A'Beckett Street

Fig. 1. Schema of hierarchical route directions.

In order to model and generate hierarchical place and ragergbtions automati-
cally, we need to characterize the prominent parts of teestretwork by quantifi-
able properties. In this paper, we explore the reasons ofapgin the content and
hierarchical organization of common spatial knowledge agniocals. We assume
that the emergence of the shared experience of the stregonkét hierarchical
organization is due to the likelihood with which parts ofriéaised by locals.

Street connectivity influences the pattern of urban movert@ns and determines
the intensity of learning the urban layout. Frequently exqreed parts of the net-
work are prominent, and rank high in the hierarchical mergatesentations. Mod-
els considering the experiential significance of street¢scarrently not available.



Administrative street hierarchies are traditionally theduct of a classification
grounded in design characteristics of streets (such as @upnfldanes), and not
by their experiential prominence within the street netwd@kich hierarchies are
therefore not necessarily suitable for cognitively ergaiprovision of route di-

rections.

Our hypothesis is that the prominence of streets in the rm&tvedates to the spatial
layout and properties of the street network and its spaadiitpn into suburbs.

Our goal is the identification of a quantification measureegifihg the wayfinders’

experience of the street network. This measure should densonnectivity at the

street network level, as well as at higher levels of spatiganization, such as the
suburb patrtition of the urban environment.

Structural analysis of the street network connectivitypgemies will be coupled by
the analysis of its higher order functional partition. Theult is a relative estimate
of the prominence of a street in the city structure, preskatea ranking of the
streets in a network in an experiential hierarchy.

An experiential hierarchy of streets allows the abstractibthe street network at
different granularities, preserving the inherent logidtefstructure. Experiential
hierarchical models of spatial features, such as stre¢teintreet network present
a necessary input for hierarchical provision of wayfindinfiprmation to locals in
hierarchical route directions (Tomko and Winter, 2006b).

The remainder of the paper is structured as follows: In 8e@j we point to pre-

vious work as the foundation on which we build our hypothesid approach. We
then continue our argument by identifying and testing nétvamalysis measures
for the reconstruction of experiential hierarchies in etreetworks (Section 3).
Street networks are embedded in higher order partitionbetity into suburbs,

and we consider this overlaid structure in the final hieradranking of streets in

experiential hierarchies in Section 4. The paper then coled in Section 5.

2 Background

In this section we introduce the basic concepts in wayfindimgjroute direction re-
search, relevance theory and topological analysis of titcgires pertinent to our
research. We introduce the concept of spatial hierarcii@slaow their importance
in place and route descriptions.



2.1 Mental Representations and Hierarchical Spatial Reasp

People learn the spatial layout of their environment thiotepetitive interaction,
such as wayfinding (Newman et al., forthcoming 2006; Siegdl|\&hite, 1975).
The structure of their knowledge proceeds through stagedgdfefent characteris-
tics. As people become familiar with the environment, theguare survey knowl-
edgeand are able to locate and infer directions and distancegeket spatial fea-
tures. In urban environments, these features have beegocatd into elements
of the city form (Lynch, 1960). In this paper, our attentisrfocused on the street
network, consisting of streets, and the functional panitf the city into suburbs.
Those would be classified by Lynch as paths and districtpectsely.

The accuracy and completeness of one’s spatial knowledgeases with the con-
tinuing interaction. Individual mental representatioms, however, always dis-
torted through the individual experience of space and tigaitiwe processes lead-
ing to their construction. Individual responses to spegifaperties of the environ-
ment, cognitive capabilities and behavior in the environtiage all highly individ-
ual.

People organize their spatial knowledge in hierarchicaliyanized mental rep-
resentations (Hirtle, 2003; Hirtle and Jonides, 1985; &tevand Coupe, 1978).
Hierarchies in mental representations are not likely téofldiscrete hierarchi-
cal levels, but rather resemble to continuous order. Theatdhkical organization
of mental representations is reflected in spatial reasaasigs, where dependence
between the categorization of a specific spatial entity eftierarchy and its use
in the spatial task has been demonstrated (Plumert et &5; T®9mpf and Kuhn,
2003; Timpf et al., 1992; Wiener and Mallot, 2003). Hieracahmental conceptu-
alizations emerge mostly for fast retrievalagproximatenformation. The results
achieved using such information are acceptable if the in&tion retrieved is suf-
ficient to support the task of the agent, e.g. wayfinding.

2.2 Hierarchical Organization in Street Networks

At first sight, administrative hierarchies of urban netwsoskem to provide a classi-
fication of streets in the street network which may to somerexeflect the organi-

zation of the knowledge of locals. Administrative hieraeshare widely discussed
in the literature (Eppell et al., 2001; Marshall, 2004). 3&dierarchical classifica-
tions are, however, the product of different needs and psEs as they primarily
serve the function of urban traffic and transportation péganOften the specifica-
tion attributing a street to a specific hierarchical levebidy vaguely stated and
depends on the designer’s decision.

Many researchers have pointed to the fact that hierarcbrgalnization of anthro-



pomorphic space is unnatural, claiming not only that bouedanay not be crisp,
but also that the multitude of spatial connections allowsnfmre than a single
functional partition (Alexander, 1988). We argue, howetleat due to the way in
which humans acquire spatial knowledge, a hierarchy emargspatial systems
where connections between elementary spaces are faalligttransport networks.
We do not claim that the individual hierarchies are idett&raong all individuals

inhabiting the specific urban environment. These indivisiluaowever, are able
to relate information provided by others to their own knadge, despite it being
grounded in a different hierarchy. This is only possiblehie éxtent to which the
two hierarchies are similar, and we show how this similastgiue to the structural
properties of the network as such, and its higher-ordertioinal partition.

2.3 Common Knowledge and Urban Structure

Common knowledge is a term used by linguists to denote the letlge which
is held by multiple individuals in the communication actolily two agents are
concerned, the term shared knowledge is often used. Note¢hbaelements of
common knowledge are not explicit, i.e. the speaker doesnaogssarily know
that the hearer has this knowledge as well. If this secownel-kenowledge can be
established, i.e. by direct inclusion of a reference in &erance, it is called mutual
knowledge. While relevance theory questions the possibilitthe existence of
mutual knowledge (Sperber and Wilson, 1982, 1986), commuwledge plays
an important part in communication and comprehension. énabmmunication
of place descriptions and route directions, the speakes dotestablish evidence
of the existing spatial knowledge of the hearer. For example taxi passenger
does not question the taxi driver about all the spatial festof the city she may
know. Instead, the speaker assumes the taxi driver's kmigel®ef some of the
spatial features in the given urban environment. This aptomis grounded in
the way the speaker’s own spatial knowledge was gatherethidrpaper, we are
specially looking at the role played by assumed common agatowledge in the
communication of route directions.

The coarse structure of the city consists of spatial featkn®wn by the majority
of locals. In hierarchical mental representations, tharse structure fills the top
levels. Hierarchical place or route descriptions will belerstood by a hearer as
long as they know the referents. As a consequence, the coioation of hierarchic
place and route descriptions can proceed only to a level w@ildehere referents
are still part of the common knowledge. Once this level ichea, detailed turn-
by-turn descriptions are used. This switch is triggeredigytiearer.

In communication of spatial information, features promminéue to their distinct-
ness or salience are used as references (Michon and Defis,R8ubal and Win-
ter, 2002). This prominence can be due to visual, semantistinctural character-



istics, as they have been identified for landmarks by SoreovdsHirtle (1999). All
three aspects are intertwined, but some of the elements cftihafford themselves
to be more prominent in some of these aspects. In the casesetsstthe experi-
ence of wayfinding through them makes the agents experideaestructural role
within the fabric of the city. Previous work on the salienddle elements of the
city shows that the analysis of their structural properéiblsws to estimate their
salience in the urban structure (Claramunt and Winter, dedgp

Central parts of the urban network are likely to be part of stiips of a wayfinder.
The more different trips an individual performs in a givebam network, the higher
is the likelihood that she experiences these parts of thveankt More central parts
of the network are experienced with higher frequency, amté&¢hey are are better
known (Tversky, 1993). They gain higher prominence in thataleepresentations
of wayfinders.

Consciously or not, humans have the ability to assess theipeoice of a part of the
urban structure to others. Consequently, they refer to thads in route directions,
avoiding references to highly individual contexts, such@se and work locations.
This objectivization is part of our effort to be collaboxetiin communication, i.e.
to use references of high relevance to the hearer (Sperdénvdson, 1986). The
hearer expects relevant references, and interprets agngnefe in a manner maxi-
mizing its relevance, based on previous knowledge and timerzoication context.

3 Experiential Hierarchies of Street Networks

In this section, we define a method to reconstruct expeakigrarchies of streets
in urban networks. Our selection of the appropriate measuréne quantification
of the importance of the named street is motivated by itdicglao wayfinding
behavior. Structural properties of the street network eletisare distinct, as they
condition the visual or semantic experience. A street reted will not be visually
nor semantically prominent to a wayfinder. Furthermore amaroach is specific in
its cognitive grounding, where structural and semantiapeaters of the network
elements are considered together, through the use of naneedtiss This approach
complements previous structural approaches motivateddogirichical spatial data
generalization (Jiang and Claramunt, 2003).

3.1 Basic Elements of the Network

The selection of the elementary constituent of an urban aré&tivas an important
impact on the results of many analyzes. Most urban analyzestieet segments
as the building block of the street pattern. Urban plannareduced the concept



of axial lines for urban space analysis (Hillier and Hans®84). Our approach
builds on the selection of a named street as the buildingmbthe network (Jiang
and Claramunt, 2004). Named streets are defined as the sghoésts of the street
network sharing the same street name. A street name is bftemty characteristic
of a street that is part of common knowledge. It's use in ralitections points to
the perception of the street as one feature, not a set ofithdivsegments. Thus,
named streets allow an integration of the semantic pragseat the street network,
supporting our main motivation is the construction of hiehécal data models for
route descriptions.

It is possible that further concatenation of streets in @lerg@presentations takes
place. For example, approaches based on strokes or caytiimeis could also be

used to provide coarser views on the urban network, for mstdy amalgamation

of streets changing their type, but not the name (e.g. \itsireet changing into

Victoria parade) (Figueiredo and Amorim, 2005; Thomson Righardson, 1999).

Thus, local specifics of the street network need to be coreiden a case-by-case
basis.

The structural properties of the street network are furthituenced by its func-
tional embedding in the partition of the city into suburbabrbs are parts of the
city labeled with names, frequently used as referencesaicepdiescriptions. Their
precise boundaries may not always be known to the wayfintetstheir rough
location is part of the common knowledge of the inhabitafthe city.

The experiential formation of hierarchies in mental repraations is largely influ-
enced by the structural properties of the urban network aadverlaid functional
partition of the city into suburbs. Common network analysigeographic informa-
tion systems largely relies on network metrics, with netgoepresented as graphs
where junctions are represented by nodes and streets bg.adligecall such rep-
resentations primal graphs. Space syntax theory uses il gepresentations of
urban networks where nodes represent axial lines and theirections to adjacent
axial lines are represented by edges (Hillier and Hanso84)19n this paper, the
nodes in dual graph representations stand for named singbtsstreet network, or
suburbs in the suburb partition of the city. We explore measaf network connec-
tivity and derive one that quantifies and hierarchicallyksathme streets in a network
in a manner that is cognitively plausible.

3.2 Measures for Experiential Network Hierarchies

Network analysis provides a variety of centrality indexdso applied to, or adapted
for, urban analysis (Bera and Claramunt, 2003; Claramunt amdevyiaccepted;
Hillier and Hanson, 1984, Porta et al., 2006).

Degree centralityin space syntax callecbnnectivity is a measure specifying the



number of direct neighbors of a node in a network. It is a loeaasure. Thus, out-
side of the confined area of a suburb, degree centrality dutgsravide a measure
of prominence.

Closeness centralitg a measure reflecting the average length of the shortdst pat
to all other nodes of the graph. Nodes or segments with higéedess centrality
have low average length of the path to all other nodes in taplgriwhen applied
to a given urban network, this measure reflects well the ¢jlstbacture of the city,
revealing itscore In space syntax this measure is known as global integradion
relative asymmetry, and is usually applied on dual grapmstrocted from axial
lines (Hillier and Hanson, 1984). At first, it seems to be aiplale measure for the
experiential hierarchical ranking of the urban networkt, Ye naturally evolved
spatial transport networks, closeness centrality doepnovide a reliable measure
of hierarchical importance of a network element in the oNertwork. It distorts
the hierarchy by assigning higher values to the streetsarctine of the network.
Side-lanes and alley-ways centrally located at the gedgragenter of the area of
interest will always get high closeness values, as longesdteate loops and thus
do not lie on the periphery of the graph. This structural prop however, does not
necessarily make them prominent.

A localized measure of integration considering only themogk within a range
of the three closest neighbors is often used to reveal thatiar of integration
across the network. This step-distance is based on emgindangs related to the
average length of pedestrian walks. Its relevance to thadtion of experiential
hierarchies if other means of transport are considereddstgpnable. Furthermore,
it is a measure designed to be applied to axial map analys®pposed to named
streets.

Betweenness centraliprovides the means to quantify the likelihood a graph node
will lie on a shortest path between two other nodes of thelgrBptweenness cen-
trality provides a global value for a specific network elem&he hierarchy created
by experience needs to take into account the likelihood efusage of a specific
street, not only its central aspect. Betweenness centigléypected to reflect the
probability of being selected by a frequent wayfinder. Hehedrequent use of the
termchoice With the increasing number of trips performed by a wayfindercity,
the likelihood that betweenness approximates the agexpisrience of the urban
environment increases. We will further investigate betwess centrality and its
derivatives as plausible measures for explaining the exptgal hierarchy of urban
networks.



3.3 Distribution of Centrality Values in Street Networks

Let G(V, E') denote a Graply consisting of vertice¥” connected in pairs by edges
E. Leti, j andk be distinct vertices of. Let nj, denote the number of shortest
paths betweefi andk, andn;, (i) the number of such paths leading througBe-
tweenness centrality? of the vertexi was defined by Freeman (1977){V, E)

as follows:

CZB: Z njk(l>/n]k (1)

ik

We will study the distribution of betweenness centralityeogeveral patterns of
urban networks to reveal their hierarchical structure.

3.3.1 Regular Grid Street Patterns

Rectangular grid patterns consist of perpendicular stfeatgng blocks. All junc-
tions have the same degree and are thus identical in thairdtracture. Such urban
layouts are typical for modern planned cities. Downtowraaref major US and
Australian cities follow the pattern, as well as some Euampplanned cities, e.g.
Barcelona. Some of these cities have a few streets intengebe grid pattern diag-
onally. Such streets are usually well known. Betweennessaliy can reveal the
relative importance of these streets, as we show by congpawigh the remaining
centrality measures.

Figure 2 presents a grid pattern and its dual graph repEs@miconsisting of 6
orthogonal streets, forming a grid 8fx 2 blocks. The dual graph analysis was
performed using the software Pajek (Batagelj and Mrvar, 2000te graphs reveal
the bipartite structure of the north-south and east-weset. The betweenness
values of the network of named streets are all equal. Suctwariedoes not reveal
any structural difference in any of the measures—degresenkss or betweenness
centrality, if we consider named streets as the buildingnel® of the network.
If the element of analysis is a street segment, higher bemess and closeness
centrality values are attributed to the central part of théd.d\s all the streets are
intersected by the same number of connecting streets, elegrdrality remains
uniform in the whole grid.

In such a regular grid, however, the hierarchical rankingtadets by betweenness
and closeness is identical. Hence, irregularities in utagouts that impact on the
perception of the city as such also cause variance betweetitrality values. The
addition of a diagonal street (nodé€’ 7 in Figure 3) in the grid network leads to a
change of betweenness values of the streets. The north-stoeéts intersect all of
the streets in the network and thus lie on most shortest péaliey top the ranking
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Pajek

(a) Street network (primal graph) (b) Street network (dual graph). Labels rep-
resent betweenness values of streets.

Fig. 2. Graph representations of a grid network of named streets.

when ordered by betweenness, with the newly introducedaltdollowing in the
ranking. The ranking by degree and closeness centralityeher, does overem-
phasize the prominence of the shortcut, ranking the shidiitsti These measures
therefore do not reflect the experience of the urban stre@ppropriately.

Pajek

(@) Street network (primal (b) Street network (dual graph). Labels
graph) represent betweenness values of streets.

Fig. 3. Graph representations of named streets grid with a diagonal sskeiteut.

3.3.2 Star-like Street Patterns

In a star-like network (Figure 4), the insertion of a shorichanges the reachabil-
ity of the peripheries of the street network involved. Betwesss centrality reflects
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this change in a manner that is consistent with the hypathefsexperiential for-
mation of hierarchies in mental representations.

Fig. 4. A primal graph representation of a star-shaped street netwitrktreetdl, 2, 3 and
4 labeled. Street forms a shortcut.

It is the occurrence aghortcutdbetween internally highly connected subgraphs that
motivates the use of betweenness for the reconstructidredfierarchical structure
of the street network. In a street network, such subgraphsstzand for distinct
communities or suburbs, where the internal connectivitthefstreet sub-network

is higher than that in the remainder of the city.

0.00] 11

EN

(a) Dual graph of the street network, with) Dual graph of the street network, with
betweenness centrality values. closeness centrality values.

Fig. 5. Dual graph representations of streets in a star-shaped séteatrk with added
shortcut (street).

The dual graph representation of the street network shovan@smal graph on
Figure 4 is shown on Figure 5. It reveals the structural ckantpused by the
shortcut—the addition of stredt The two distant peripheric parts of the network
become directly connected. A new urban core is created byithgle1, 3 and4.
The individual importance of streetsand3 decreased with the introduction of the
streetd. The measure of betweenness reveals the alteration ofiexpal promi-
nence of streets in the network. It preserves the high prenua of stree? and
reflects the lowering of the importance of streétand 3. Before the insertion of
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street4, betweenness values for the strekt@ and3 in the network were equal,
0.44. After the insertion of street, streetl has a betweenness centrality value of
0.41, streetsl and3 have values 00.23 and street 4 a value @f.18. The rank-
ing by betweenness thus reveals their structural impoetam¢he street network
appropriately.

Closeness centrality fails to reveal the alteration of thiset network appropri-
ately. The closeness centrality value of str2etecreases as stregtis inserted.
Street2, however, remains the only means of access to a significapbpron of
the graph. Also, the relatively high values of closenessefstreets on the periph-
eries of the graph compared to the central streets hawejligtification from the
experiential point of view. Thus, measure of closenessaktytfails to reveal the
relative importance of the streets to the overall structfitbe city. The importance
of streets2 and4 would become even more prominent if a partition of the nekwor
into a suburb was introduced. We could cluster the peripipards of the graphs as
suburbs. In such a case, the significance of stikatgl4 as links in the functional
structure of the city would be emphasized even more.

3.4 Experiential Street Hierarchies and the Suburb Stmectu

The structural role of the streets facilitating movemerneen the functional par-
tition of the city into suburbs should be considered for anediranking of streets
in experiential hierarchies. Note that suburbs are choseheaelementary mod-
eling element due to their structural and semantic progesimilar to the named
streets. Suburb names are part of the common knowledge afrtia structure
and represent a labeling system locals can rely on. To réflecxperiential delin-
eation of suburbs inconsistent with administrative spgiatitions, other models
of reconstructing the lyncheafistrictsmay be explored (Dalton, 2006).

We start from the assumption that the hierarchical impeeaof a street is rela-

tively higher if it provides the only access to a suburb. lhiswever, more common
to have several streets with similar betweenness cegtrallties that connect the
same suburbs. In turn, their respective betweenness valadswer, as they lie on

alternative access routes. This is frequently the case demmaagglomerations with
regular grid patterns in the center of the city. Those sétdedwever, are still very

prominent, as their prominence is in turn supplemented by thembership in a

structurally important suburb. As illustrated by Figuretlée two streets present
alternatives for travel between the two nodes. Their resmebetweenness cen-
trality values would, in a network, be equal to a half of thueaf a single street

connected the two nodes. These streets, however, connentralcsuburb, which

may change the perception of their prominence in a city.

The higher-order structural embedding of a street cortggbwo its hierarchical
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Fig. 6. Alternative streets with equal betweenness related to their subntéxt (primal
graph).

ranking in experiential hierarchies. The urban partitioto isuburbs thus represents
an overlaying functional structure over the basic striectir the street network.
Outside of the urban analysis literature, the relation ketwindividual elements
in a graph and their higher-order embedding was exploreddyymian and Girvan
(2004). To fine-tune the experiential hierarchy of stretts, structural relations
between the suburbs should be explored.

In order to combine the functional and structural charasties of the urban struc-

ture, we propose to consider the betweenness centralitybofrbs as the second-
order parameter influencing the ranking of streets in thevoidt A second graph

is derived from the partition of suburbs where suburbs aeentides of the graph,
edges adjacency relationships between suburbs, asdtatliby streets. Between-
ness centrality allows for consideration of the followirigustural properties in the

street-suburb relationship as:

e Suburbs of high betweenness are crossed by a high propoitipossible trips
in the network.

e Streets contained in suburbs of high betweenness are likdhg experienced
more often.

Based on the betweenness centrality values of streets andosylwve introduce a
novel measure for ranking of the streets in an experienie@bhchy of the street
network. More formally, these notions are denoted as fadlow

Let: denote a street in the street network;

D the set of suburbs in the city;

D' the set of suburbs intersected by the stiget

d’; a suburb out oD’;

CP the betweenness centrality value of the stieet
Cf; the betweenness centrality of the subuijb

pd,:dl the number of shortest paths linking two subuthsndd; of D;
Ddyd, (d;i) the number of shortest paths linking two subufpandd, that contains
d.

J

We can then definé]ﬁ as follows:
J

Cd‘é = Z pdkdz(dj')/pdkdz (2)
diFdrp#d
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Theexperiential ranking/alue £ for a named streétin the experiential hierarchy
of the street network based on the betweenness centralftid® street network
(Eqg. 1) and the suburb partition of space (Eqg. 2) is then defas<follows:

E; = Z(Jf’ X (15 3)

J

The value ofF; is calculated based on the adjacency matrix of suburbs aeetst
This matrix contains relations of suburbs intersected teess in the street network.
If such a relation exists, the betweenness centrality vafuithe street—CP—is
multiplied by the betweenness centrality value of the shlﬁd]?r), and the resulting
values are summarized. This can also be expressed in teransafrix product of
street betweenness values and suburb betweenness Elugsot a normalized
value, and thus can be greater than 1. The valuds afe calculated only for the
purpose of ranking, their direct comparisons between mdiffestreet networks are
meaningless.

4 Study of the Experiential Street Hierarchy of Melbourne
4.1 Betweenness Analysis of the Street Network of Melbourne

We have performed an analysis of the urban pattern of theti§elbourne, Aus-
tralia, to test betweenness centrality distributions mdtreet network on a larger
scale (Fig. 7). Melbourne is a relatively young city with atdict regular grid pat-
tern in its center (the Central Business District—CBD), and desysof streets
which reach radially beyond the center.

The analysis of the urban structure was performed on a datassisting of named
streets in the space syntax software Mindwalk (Figueir@862). The total num-
ber of streets in the analysis was 1175. Mindwalk implemantemputationally
efficient version of betweenness centrality, cafiest choicelt considers only one
random shortest path between each pair of nodes in a gragtbadof generating
all the alternative shortest paths. In larger networks,differences in centrality
values resulting from fast choice are statistically infigant, which can be simply
verified by multiple analysis of the same network.

The plot of the fast choice values of streets in the city oftdelrne is shown in Fig-

ure 8, along with the visualization of the street networkweitreets of betweenness
values of more than one above mean value. Betweenness values range between
0.0017 and0.2618. The mean value calculated from the sample was 0.0049

with a standard deviation in the dataset= 0.0144. There are in total 85 streets

with betweenness values above the meamd only 52 such that their betweenness
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Fig. 7. Street network representations of streets of inner suburbglbbMrne, with promi-
nent streets highlighted (52 streets with fast choice vatugisove mean).

value is more than a abovez. The distribution of betweenness values follows a
power law, with the exponent = 3.37 (calculated according to Newman (2005)).

1200

1000

o
=
=

Fragquency
[n2)
)
=

o=
=]
=

=]

=
= =
f;ld--——l-
y

0.05 0.1 015 0.2 0.25 0.3
Betweenness

=

Fig. 8. Power-law distribution of named street betweenness values ingbérsttwork. The
count of streets decreases radically with increasing betweennegssting a hierarchy of
streets in the network. The mean value is marked in dashed line.

Victoria Street, the named street of highest betweennassa libetweenness value
154 times higher than the streets with the lowest value, &ad the streets with
the mean value are likely to appear on a shortest path witleimétwork 3 times as
often then the lowest ranking ones.

The streets with high betweenness centrality values (Tapleorrespond to the
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most prominent streets of Melbourne, well known to virtyall its inhabitants.
Victoria Street is the major east-west street in the CBD, arsdahsimilar role as
King Street, which in turn channels most of the north-sorafiit. All of the streets
with high betweenness values are likely to be experienceidtmgbitants of Mel-
bourne, and are frequently used for travels to inner cityudod The experience
of those streets is intensive and frequent. An exploratichespatial distribution

Table 1
Hierarchy of most important streets in inner Melbourne.
Rank | Street Fast choice
1 Victoria St. 0.2618

King St. 0.2121

Swanston St. 0.1663

2
3
4 Nicholson St.| 0.1113
5 Spencer St. 0.1018

of streets with high betweenness values shows that theyektvely evenly dis-
tributed across the study area. This was expected, as betesecentrality is not
influenced by boundary effects. The distribution corresisowith the empirical
experience where a relatively small proportion of streeta city form a cogni-
tively important skeleton structure (Kuipers, 2001). Thawen a small set of all the
streets in the street network may provide convenient refer®r place and route
descriptions.

This result illustrates well the plausibility with which tseeenness centrality re-
veals the experiential hierarchy in an urban network, asd gbints to the im-
portance of named streets as a conceptual building elenmetfits communication
about the urban network. The network characteristics ofnédmmed streets—the
concatenation of the street segments—as a basic netwarieetere vastly dif-
ferent from those of the individual segments. The rankingnehhow structural
characteristics of these spatially chunked elementsa®iaith their shared seman-
tic properties—street names.

4.2 Analysis of the Suburb Structure of Melbourne

The functional partition of Melbourne into suburbs was gmatl by betweenness
centrality. For this purpose, an adjacency matrix of subbes to be constructed, in
which suburbs are noted as adjacent if connected by a namesd. Skhis relation
between streets and suburbs can be found in natural langoatgeexpressions,
such as: “...take Victoria Street to Richmond”. We do not adgrstwo suburbs
adjacent if a street only touches but does not cross theimdamy.
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The network of the 185 streets of Melbourne with betweencessrality values
above mean (Section 4.1) was used for the construction oddjecency matrix.
The high betweenness values of a few suburbs show their sotetral transit
regions within the urban structure (Fig. 9).

! [0.02] Carlton North
QO

O
v [0.00] Fitzroy North

[0.01} Parkville :
Q

Fig. 9. Structure of inner suburbs of Melbourne. Betweenness ofuibierlss is indicated
by labels, cardinality of connections by line thickness. The clustering oftibeirbs in
higher-order regions is indicated by dotted lines.

In the selected study area, the configuration of the streetank assures a high
betweenness centrality value to the suburb of Melbournesisting of the postcode
areas of the CBD and adjacent parklands). Its betweennessligntalue C%5_,
is 0.21. Most of the routes between the opposite parts of the cite lawvransit
through it. Following in the ranking by betweenness are tllgugbs of Fitzroy,
West Melbourne, East Melbourne and Carlton, together ergditie inner core of
the city.

We performed a clustering analysis of the suburb structtidedbourne in order

to construct this higher-order structure based on thetstete/ork properties. This
analysis allows us to verify whether there is a structuratien between the layout
of the street network and the intuitive partition of the diiyo the central suburbs,
the southern and northern suburbs divided by the Yarra RNes.assumption is
that prominent streets in the city structure should presémeir roles even at this
coarser level of partition of the city.

The faction analysis algorithm provided by the softwareDtatv (Borgatti, 2002)
retrieves naturally cohesive groups of suburbs withinrggon (for an overview of
the algorithm, see Hanneman and Riddle (2005). The optimatering coefficient
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was obtained for five factions, as shown on Figure 9. Thistetirsy follows and
intuitive division of the inner part of Melbourne into thenteal suburbs north of the
Yarra River (Melbourne, West Melbourne, North Melbourne,l@ar Fitzroy and
East Melbourne), the part of the city on the south of the r{&uthbank, South
Yarra, South Melbourne) and the northern suburbs (CarltanhNEitzroy North).
The distinct region of Docklands represents a new developswmehow isolated
on the other side of a sports stadium, and is in this respettasito Parkuville,
which consists mostly of parkland with only a few connecsiém the surrounding
suburbs.

This analysis was performed to identify a hierarchicallgh@r-order organization
of the city. It has successfully identified the major nortluth division of the city by
the river, as well as the outer ring of inner suburbs arouadBD. This partition is
strongly experienced by the inhabitants of Melbourne. Axam®see, the structure
of the suburb partition of the city is closely related to tbbthe street network. As
such, both should be considered when constructing expgelistreet hierarchies.

4.3 Experiential Hierarchy of the Street Network of Melbourne

The results of betweenness analysis of the street netwdslelifourne and of city’s
higher-order functional partition into suburbs serve a&sitiputs for the reconstruc-
tion of a refined experiential hierarchy of the street neknwy application of the
experiential ranking?; (Eq. 3).

The refined ranking of the named streets of Melbourn&pis shown in Table 2.

Table 2
Hierarchy of most important streets in inner Melbourne (with considerafisalaurb struc-
ture).

Rank | Street E;

1 Swanston St] 0.2176

Victoria St. | 0.1518

2

3 Elizabeth St.| 0.0658
4 King St. 0.0658
5 Flinders St. | 0.0358

The ranking shows changes compared to Table 1. It reflectdtves$tructural and
functional role played by the streets identified in the cityvelbourne. Swanston
Street is the major north-south connector between the eartimner suburbs and
the suburb of Melbourne, and serves its eastern part. [Eibhehtreet serves a sim-
ilar purpose, but runs more to the west. King Street is yettaraorth-south con-
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nector, but in this case connects the westernmost edgeyafruitthe western inner
suburbs with the southern suburbs on the other side of tha Yaver. This system
of major connectors is completed by Victoria Street, whiohrects the east with
the west on the northern side of the inner central suburbdguiiction is comple-
mentary to that of Flinders Street, serving the same purposke southern border
of the CBD. When relating this ranking with the higher-ordertitian of the city
(Section 4.2), the top-ranking streets of Melbourne atkidéntifiable as connec-
tors between the higher-order clusters of suburbs (Fig.A®¥uch, they represent
a real backbone of the street network.
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Fig. 10. The five major streets of Melbourne as identified by the combineet/suburb
betweenness (bold). Outlines of the suburb boundaries in dashed.strok

The perception of prominence may be reinforced by the fattittese streets are all
multi-modal corridors (including tram lines) or are parfste city bypass system.
One can, however, argue that the presence of tram rails isoadary result of an

engineering process, by which the structurally signifidanttion of these streets
was acknowledged and reinforced.
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The joint consideration of the street network structuretbgr with the suburb par-
tition of the city allow for a reliable identification of theast prominent streets of
the street network. We are now turning our attention to tkegiration of prominent
streets as references in the communication of granulae ditgctions.

4.4 Further Considerations for Experiential HierarchiesSifeet Networks

The structural position of a street affects its use in theestnetwork. The parts of
the network with high betweenness centrality attract m@#¢ flow and business.
Ultimately, the intensity of use leads to overloading ofsta@arts of the network.
Administrative measures, such as alteration of traffic ¢ders from a two-way

into a one-way street, are often taken to alter the structitiee network in order
to decrease the traffic. When the overcrowding exceeds soregtable threshold,
wayfinders optimize their trips. Locals with a thorough khedge of their envi-

ronment seek shortcuts and by-passes. The network prepettithe alternative
streets found also have relatively high values of betwessyreven if they may not
lie directly on the shortest paths.

Non-structural factors also contribute to the perceptibprominence of streets.
Semantic and visual characteristics of other types of emsnaf the city, such as
landmarks, have been widely studied before and we have soméda believe that
they do not influence our experience of the street networguali characteristics
of shopping arcades and important pedestrian zones camgbly Balient. The ef-

fect of semantic salience is harder to judge, but is cestankésent as well. It is,

however, unclear how these characteristics mix togethesntribute to the overall

prominence of a specific street. Furthermore, our efforocai$ed on the identifi-
cation of prominent parts of a transportation network ineorid support the com-
munication between two agents. If only a minimal knowledbgew the context

of the recipient of the information is established, strugkproperties of the street
network provide means to identify overlapping knowledgéhva high degree of
reliability, based on some common behavioral patterns hwviniay be inferred.

5 Conclusions

We have introduced the notion of experiential hierarcheséntal representations
of urban networks as a product of the interaction of wayfiadeth streets in the
city. The intensity of experience is a reflection of the fumaal and structural im-
portance of a specific street in the urban network. Such expél hierarchies
represent one of the fundamental structures on which we &s@ tur assumptions
about the spatial knowledge of others. It allows for a saacof references to
elements of a city in communication such as the exchangeuté idirections.
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We have discussed the effects of three basic measures afnkatentrality for the
plausibility of best operationalization of the experiahtiierarchies: degree cen-
trality, closeness centrality and betweenness centrsiyargue for the application
of betweenness centrality as a basis for the novel measutweBeness centrality
reflects the hierarchical importance of streets in the aitywork, without being in-
fluenced by distortions due to the boundary effects. Ouragydr is based on the
use of named streets, which provides a mean to analyze se®eorks reflecting
additional aspects of the shared experience, namely tlediriglof the streets. In
the communication between two locals who are mutual strarged thus have no
additional shared context, this is likely to be one of the mwgortant character-
istics of streets one can rely upon and one that is expreagée utterance. Thus,
named streets are good candidate for references in autaihatjenerated route
directions.

We further illustrate with the central part of the city of Melurne, Australia, how
betweenness, or more precisely its computationally efficraplementation of fast
choice, reveals the hierarchical structure of this urbawosk. The distribution of
the betweenness values identifies a small amount of higbipjment streets.

We then propose to fine-tune this hierarchical ranking @&ett in the network by
considering the higher order embedding in the suburb partif the city. We con-
struct a graph representation of the connectivity of subimlihe urban structure,
and argue for the use of betweenness centrality values aflssilas an additional
factor influencing the prominence of streets connectingittiexperiential ranking
(F;) is the novel measure proposed, merging the structurakptiep of the streets
in the network with influences of the functional partitiontbé urban network into
suburbs. The resulting ranking of streets follows our elgomee with the street net-
work of Melbourne.

The empirical success of route direction communicatioruindaily lives suggests
that there is a large overlap in the structures of our spatialvledge, and that the
knowledge of the prominent parts is common. Thus, a certagneg of difference

in individual experiential hierarchies is not a barrier &aching understanding.
The match between the prominent parts of the hierarchidseed$ppieaker and of the
hearer is high when most of their elements are identicalpnbuihecessarily ranked
in the same order. Due to the power-law distribution of $tpeeminence values in

the experiential hierarchies, highly prominent streetgehalues higher by mag-
nitudes than those of low prominence. This also allows the afishe proposed

objectivized experiential hierarchy, based on the quaatifin of structural promi-

nence of streets, for an automated construction of rouéetlins by an automated
service.

Individual experiential hierarchies are continuous ragki and it is difficult to

draw a line separating prominent and non-prominent stréats however, possi-
ble to approximate this limit by the mean value in the disttibn. The bulk of the
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streets in the hierarchy are below the mean value of pror@én the case of the
city of Melbourne, the streets around the mean value of prentge are about 3
times as prominent as those with the lowest prominence. ®tleeteven distribu-

tion across the city, only a few top ranking streets can bed@g@rominent and used
in hierarchical place and route descriptions for wayfinaétk local knowledge of

the city.

Urban datasets that are structured to match the experiétamaés are an important
input for improved communication of spatial informationdantext aware appli-
cations, such as route direction generation for locals. rEdeiction of the total
length of such route directions, compared to traditionaldoased directions, or to
directions using spatial chunks (Richter et al., 2004), estdyprocess of relevance-
based selection of referents. The direction giver assuhree®d knowledge of the
coarse structure of the environment with the wayfinder, astidbes the location
of the target in a zooming manner. We have proposed a formdéhto determine
the referents in such granular route directions (Tomko amitéd/ 2006a,b). This
model was applied on hierarchical partitions of districts.

The reconstruction of the experiential hierarchy in theanrbtreet network is nec-
essary for a coherent assignment of hierarchical valuegsdets and suburbs. This
will allow the development of an integrated hierarchicabdat of various elements
of the city, allowing for the selection of the most relevaeterents for granular
route directions. Furthermore, it is also necessary tosagbe internal structure of
the street network within the individual suburbs. As hinbgdDalton (2006), it is
possible that our experience of suburbs does not exactlgmtae administrative
partition of the city, but is also strongly determined by 8teucture of the street
network. This could improve the constructed experientiget hierarchies.

References

Alexander, C., 1988. A City is not a Tree. In: Thackara, J. (EDgsign After
Modernism: Beyond the Object. Thames and Hudson, Londor§ {84.

Batagelj, V., Mrvar, A., 2006. Pajek—Program for Large NetkvAnalysis, v1.12.
http://vlado.fnf.uni-Ij.si/pub/networks/pajek/.

Bera, R., Claramunt, C., 2003. Topology-Based Proximities irti&lp&ystems.
Journal of Geographical Systems 5 (4), 331-415.

Borgatti, S. P., 2002. NetDraw v. 2.043. Graph Visualizataftware.

Claramunt, C., Winter, S., accepted. Structural Saliencelehgnts of the City.
Environment and Planning B: Planning and Design .

Couclelis, H., Golledge, R. G., Gale, N., Tobler, W. ., 1987pléxing the Anchor-
point Hypothesis of Spatial Cognition. Journal of Enviromta¢ Psychology 7,
99-122.

Dalton, N. S. C., 2006. Configuration and Neighborhood: Is €ldleasurable?

22



In: Space Syntax and Spatial Cognition Workshop of the Sp@bgnition '06
conference. Bremen, Germany.

Eppell, V., McClurg, B. A., Bunker, J. M., 2001. A Four Level Roadktarchy
for Network Planning and Management. In: Jaeger, Vicki (Ed¥th ARRB
Conference. Melbourne, Australia.

Figueiredo, L., 2002. Mindwalk.

Figueiredo, L., Amorim, L., 2005. Continuity Lines in the AiSystem. In: The
Fifth Space Syntax International Symposium. Delft Uniugref Technology,
Delft, The Netherlands.

Freeman, L. C., 1977. A Set of Measures of Centrality Based on datness.
Sociometry 40 (1), 35-41.

Hanneman, R., Riddle, M., 2005. Introduction to Social Netlwdethods.

Hillier, B., Hanson, J., 1984. The Social Logic of Space. Cadga University
Press, Cambridge, UK.

Hirtle, S., 2003. Neighborhoods and Landmarks. In: DuckhdmGoodchild, M.,
Worboys, M. (Eds.), Foundations of Geographic Informatsmnence. Taylor &
Francis, London and New York, pp. 191-203.

Hirtle, S., Jonides, J., 1985. Evidence of Hierarchies inrtag Maps. Memory
and Cognition 13, 208-217.

Jiang, B., Claramunt, C., 2003. A Structural Approach to the d&Eneralisation
of an Urban Street Network. Geoinformatica 8 (2), 151-171.

Jiang, B., Claramunt, C., 2004. Topological Analysis of Urbame& Networks.
Environment and Planning B: Planning and Design 31, 151-162.

Kuipers, B., 2001. The Skeleton in the Cognitive Map. A Compaoitetl Hypothe-
sis. In: 3rd International Space Syntax Symposium. Atlanta

Lynch, K., 1960. The Image of the City. The MIT Press, Cambrjdfgssachusetts,
USA.

Marshall, S., 2004. Streets and Patterns. Spon Press.

Michon, P.-E., Denis, M., 2001. When and Why Are Visual Landkeddsed in
Giving Directions? In: Montello, D. R. (Ed.), Spatial Infoation Theory. Foun-
dations of Geographic Information Science : Internatidbahference, COSIT
2001 Morro Bay, CA, USA, September 19-23, 2001. Proceedingk. 2205
of Lecture Notes in Computer Science. Springer-Verlag, BeHieidelberg, pp.
292-305.

Newman, E. L., Caplan, J. B., Kirschen, M. P., Koroley, I. Ok8er, R., Kahana,
M. J., forthcoming 2006. Learning Your Way Around Town: Howtual Taxi-
cab Drivers Learn to use Both Layout and Landmark Informai@wgnition .

Newman, M. E. J., 2005. Power Laws, Pareto DistributionsZpfls Law. Con-
temporary Physics 46 (5), 323-351.

Newman, M. E. J., Girvan, M., 2004. Finding and Evaluating @Gamity Structure
in Networks. Physical Review E 69 (026113), 1-6.

Plumert, J. M., Carswell, C., de Vet, K., lhrig, D., 1995. The @on and Organi-
zation of Communication about Object Locations. Journal efiMry and Lan-
guage 37, 477-498.

Plumert, J. M., Spalding, T. L., Nichols-Whitehead, P., 20@deferences for As-

23



cending and Descending Hierarchical Organization in p&ommunication.
Memory and Cognition 29 (2), 274-284.

Porta, S., Crucitti, P., Latora, V., 2006. The Network Anaysf Urban Streets: A
Dual Approach. Physica A 369 (2), 853—-866.

Raubal, M., Winter, S., 2002. Enriching Wayfinding Instraos With Local Land-
marks. In: Egenhofer, M. J., Mark, D. M. (Eds.), Geograpmifotmation Sci-
ence: Second International Conference, GIScience 2002,dBouCO, USA,
September 25-28, 2002. Proceedings. Vol. 2478 of LectutedNia Computer
Science. Springer-Verlag, Berlin, Heidelberg, pp. 243-259

Richter, K.-F., Klippel, A., Freksa, C., 2004. Shortest, East— but what's Next?
A Different Approach to Route Directions. In: MuensterandrTage 2004.
IfGlprints. Institut fuer Geoinformatik, Muenster, Gernya

Shanon, B., 1979. Where Questions. In: 17th Annual Meetingp@fAssociation
for Computational Linguistics. ACL, University of Californet San Diego, La
Jolla, California, USA.

Siegel, A. W., White, S. H., 1975. The Development of Spatigbri@sentations
of Large-Scale Environments. Advances in child developgraed behavior 10,
9-55.

Sorrows, M. E., Hirtle, S., 1999. The Nature of Landmarks R&al and Elec-
tronic Spaces. In: Freksa, C., Mark, D. (Eds.), Spatial imfmtion Theory. Cog-
nitive and Computational Foundations of Geographic InfaromaScience: In-
ternational Conference COSIT'99, Stade, Germany, Augus®.1PBceedings.
Vol. 1661 of Lecture Notes in Computer Science. SpringetaggBerlin, Hei-
delberg, pp. 37-50.

Sperber, D., Wilson, D., 1982. Mutual Knowledge and RelegancTheories of
Comprehension. In: Smith, N. V. (Ed.), Mutual Knowledge. Aemic Press,
London, pp. 61-85.

Sperber, D., Wilson, D., 1986. Relevance. Basil Blackwell Qaford, UK.

Stevens, A., Coupe, P., 1978. Distortions in Dudged Spatikdtieas. Cognitive
Psychology 10, 422-437.

Thomson, R. C., Richardson, D. E., 1999. The Good Continuatiorciple of
Perceptual Organization Applied to the Generalization oddRbletworks. In:
ICA 19th International Cartographic Conference. Ottawa, Canad

Timpf, S., Kuhn, W., 2003. Granularity Transformations inyffading. In: Freksa,
C., Habel, C., Brauer, W., Wender, K. (Eds.), Spatial Cognitlor Routes and
Navigation, Human Memory and Learning, Spatial Represiemand Spatial
Learning. Vol. 2685 of Lecture Notes in Computer Scienceirfgjer-Verlag,
Berlin, Heidelberg, pp. 77-88.

Timpf, S., Volta, G., Pollock, D., Egenhofer, M. J., 1992. Ar€eptual Model of
Wayfinding Using Multiple Levels of Abstraction. In: Frank,, Campatri, .,
Formentini, U. (Eds.), Theories and Methods of Spatio-TerapReasoning in
Geographic Space. International Conference GIS From Spakiitory: The-
ories and Methods of Spatio-Temporal Reasoning Pisa, Eapiember 2123,
1992 Proceedings. Vol. 639 of Lecture Notes in Computer $eieBpringer-
Verlag, Berlin, Heidleberg, pp. 348—-367.

24



Tomko, M., Winter, S., 2006a. Initial Entity Identificatidar Granular Route Di-
rections. In: Kainz, W., Riedl, A., Elmes, G. (Eds.), ProgresSpatial Data Han-
dling. 12th International Symposium on Spatial Data HargllSpringer-Verlag,
Vienna, Austria, pp. 43-60.

Tomko, M., Winter, S., 2006b. Recursive Construction of GlanRoute Direc-
tions. Journal of Spatial Science 51 (1), 101-115.

Tversky, B., 1993. Cognitive Maps, Cognitive Collages, and i@ptental Mod-
els. In: Frank, A., Campari, I. (Eds.), Spatial Informatiolnebry A Theoretical
Basis for GIS. European Conference, COSIT'93 Marciana Makiizg Island,
Italy September 1922, 1993 Proceedings. Vol. 716 of Ledtiates in Computer
Science. Springer-Verlag, Berlin, Heidelberg, pp. 14-24.

Wiener, J. M., Mallot, H. A., 2003. 'Fine-to-Coarse’ Route iiang and Naviga-
tion in Regionalized Environments. Spatial Cognition and Cotaton 3 (4),
331-358.

25



