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Abstract

People familiar with an urban environment share common spatial knowleddpéirey for
instance, successful communication about places and routes. Mgmtgenatations of this
spatial knowledge, as well as reasoning and communication processaeganized hier-
archically. This paper introduces a hierarchical model of urban stesetorks motivated
by shared experience of space. This model is supported by netwonkctvity measures,
as street connectivity in uences the pattern of urban movement and #gteswnes the in-
tensity of learning the urban layout. The approach shows that hieratctatwork models
present a necessary input for the generation of hierarchical roetgidns.
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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
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mental representations that are to a large extent orgamimsedrchically (Hirtle
and Jonides, 1985; Stevens and Coupe, 1978).

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

The hierarchical organization of the spatial knowledgeeigcted in hierarchical
place and route descriptions. In hierarchical descrigtiogferences to elements of
the city are introduced in order from most general to higbkya c local references
(Plumert et al., 2001; Shanon, 1979; Tomko and Winter, 2064t us consider
for example the route directions given to a taxi driver in bteirne:“Take me

to A'Beckett Street, off Elizabeth StreetFig 1). The speaker assumes that the
knowledge of the highly prominent Elizabeth Street is commathout asking the
driver rst. The speaker also assumes tA®eckett Streeils not prominent enough
to be localized by the taxi driver without referenceBiizabeth Street

Prominence

Elizabeth Street

l intersect

A'Beckett Street

Fig. 1. Schema of hierarchical route directions.

In this paper, we explore the reasons of overlaps in the obated hierarchical or-
ganization of common spatial knowledge among locals. Werasghat the emer-
gence of the shared experience of the street network'srolgcal organization is
due to the likelihood with which parts of it are used by locals

In order to model hierarchical place and route descriptiaesneed to characterize
the prominent parts of the street network by quanti ablegenies. Street connec-
tivity in uences the pattern of urban movement ows and deises the inten-
sity of learning the urban layout. Frequently experiencadspof the network are
prominent, and rank high in the hierarchical mental repreg®ns. Models con-
sidering the experiential signi cance of streets are auttgenot available. Admin-
istrative street hierarchies are traditionally the prddi@ classi cation grounded
in design characteristics of streets (such as number o$)aaad not by their ex-
periential prominence within the street network. Suchdnermies are therefore not
necessarily suitable for cognitively ergonomic provisadmoute directions.

Our hypothesis is that the prominence of streets in the né&tvedates to the spatial



layout and properties of the street network and its spatdiitppn into suburbs.
Our goal is the identi cation of a quanti cation measure eeting the way nders'
experience of the street network. This measure should densonnectivity at the
street network level, as well as at higher levels of spatigénization, such as the
suburb partition of the urban environment.

The objective is to investigate network centrality measuewvealing the hierarchi-
cal organization of street networks. Structural analy$ighe street network will
be coupled by the analysis of its higher order functionatippan. The result is a
relative estimate of the prominence of a street in the citycstire, presented as a
ranking of the streets in a network in an experiential highrgr

Such ranking of streets in a hierarchy allows the abstraadidhe urban network
at different granularities, preserving the inherent lagfids structure. Hierarchical
network models present a necessary input for hierarchroaigion of way nding
information in route directions to locals (Tomko and Wint2006b).

The remainder of the paper is structured as follows: In 8@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 nektvamalysis 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 nal hieracahranking 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 way nding route direction re-
search, relevance theory and topological analysis of titcgires pertinent to our
research. We introduce the concept of spatial hierarchiéslaow 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 way nding (Newman et al., 2005; Siegel and White, 1J9¥be structure

of their knowledge proceeds through stages of differentatdtaristics. As people
become familiar with the environment, they acqustevey knowledgand are able
to locate and infer directions and distances between $fpasitures. In urban en-
vironments, these features have been categorized intoeatenof the city form

(Lynch, 1960). In this paper, our attention is focused orstheet network, consist-



ing of streets, and the functional partition of the city istdourbs. Those would be
classi ed by Lynch as paths and districts, respectively.

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 tigaitive processes lead-
ing to their construction. Individual responses to spe@roperties of the environ-
ment, cognitive capabilities and behavior in the environtae 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 téofoldiscrete hierarchi-
cal levels, but rather resemble to continuous order. Theatghical organization
of mental representations is re ected in spatial reasotasgs, where dependence
between the categorization of a speci ¢ spatial entity ia therarchy and its use
in the spatial task has been demonstrated (Plumert et &5; T9mpf 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-
cient to support the task of the agent, e.g. way nding.

2.2 Hierarchical Organization in Street Networks

At rst sight, administrative hierarchies of urban netwsideem to provide a classi-
cation of streets in the street network which may to somesekte ect the organi-
zation of the knowledge of locals. Administrative hieraeshare widely discussed
in the literature (Eppell et al., 2001; Marshall, 2004). S&édierarchical classi ca-
tions are, however, the product of different needs and psE® as they primarily
serve the function of urban traf c and transportation plars Often the speci ca-
tion attributing a street to a speci ¢ hierarchical levelosly vaguely stated and
depends on the designer's decision.

Many researchers have pointed to the fact that hierarcbrgalinization 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, howeteat due to the way in
which humans acquire spatial knowledge, a hierarchy emsargspatial systems
where connections between elementary spaces are fazlligttransport networks.
We do not claim that the individual hierarchies are idemntaong all individuals

inhabiting the speci ¢ urban environment. These individydowever, are able
to relate information provided by others to their own knadge, despite it being
grounded in a different hierarchy. This is only possiblehte 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-ordertfoinal partition.

2.3 Common Knowledge and Urban Structure

Common knowledge is a term used by linguists to denote the lettge which
is held by multiple individuals in the communication act.olily two agents are
concerned, the term shared knowledge is often used. Notehbaelements of
common knowledge are not explicit, i.e. the speaker doemnaogssarily know
that the hearer has this knowledge as well. If this secowel-lenowledge can be
established, i.e. by direct inclusion of a reference in &erance, it is called mutual
knowledge. While relevance theory questions the possibiitthe existence of
mutual knowledge (Sperber and Wilson, 1982, 1986), commmwledge 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 krigeleof some of the
spatial features in the given urban environment. This aptiomis grounded in
the way the speaker's own spatial knowledge was gatheretthidrpaper, 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, thisrse structure lIs the top
levels. Hierarchical place or route descriptions will belerstood by a hearer as
long as they know the referents. As a consequence, the coroation 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 pronminéue 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, semantis@actural character-
istics, as they have been identi ed for landmarks by Sorrand Hirtle (1999). All
three aspects are intertwined, but some of the elemente aftihafford themselves
to be more prominent in some of these aspects. In the casecetstthe experi-
ence of way nding through them makes the agents experidmaie structural role
within the fabric of the city. Previous work on the salienddhe elements of the
city shows that the analysis of their structural properéilsws to estimate their
salience in the urban structure (Claramunt and Winter, dedgp

Central parts of the urban network are likely to be part of stnips of a way nder.



The more different trips an individual performs in a givebam network, the higher

is the likelihood that she experiences these parts of theankt 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 way nders.

Consciously or not, humans have the ability to assess theipenmce 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 (Sperbdéndson, 1986). The
hearer expects relevant references, and interprets agngnele in a manner maxi-
mizing its relevance, based on previous knowledge and timeramication context.

3 Experiential Hierarchies of Street Networks

In this section, we de ne a method to reconstruct hieracluiestreets in urban
networks. Our selection of the appropriate measure for thentjcation of the
importance of the named street is motivated by its relatbondy nding behavior.
This motivation is speci c in its cognitive grounding, andraplements previous
structural approaches motivated by hierarchical spatitd deneralization (Jiang
and Claramunt, 2003).

3.1 Basic Elements of the Network

The selection of the elementary constituent of an urban arétivas an important

impact on the results of many analyses. Most urban analysestreet segments
as the building block of the street pattern. Urban plannareduced the concept
of axial lines for urban space analysis (Hillier and Hanst#84). Our approach
builds on the selection of a named street as the buildink@bthe network (Jiang

and Claramunt, 2004). Named streets are de ned as the sejioksds of the street
network sharing the same street name. A street name is diteonly character-

istic of a street that is part of common knowledge. Thus, rthsteeets allow an

integration of the semantic properties of the street ndiwlbis possible that fur-

ther concatenation of streets in mental representatides tplace. For example,
approaches based on strokes or continuity lines could a&sséd to provide those
coarser views on the urban network (Figueiredo and Amor®052 Thomson and

Richardson, 1999).

The structural properties of the street network are furtherenced by its func-
tional embedding in the partition of the city into suburbab&rbs are parts of the



city labeled with names, frequently used as referencesaiceptiescriptions. Their
precise boundaries may not always be known to the way ndaus their rough
location is part of the common knowledge of the inhabitahthe city.

The experiential formation of hierarchies in mental repragations is largely in u-
enced by the structural properties of the urban network badverlaid functional
partition of the city into suburbs. Common network analysigeographic informa-
tion systems largely relies on network metrics, with nekgaepresented as graphs
where junctions are represented by nodes and streets bg.adigecall such rep-
resentations primal graphs. Space syntax theory uses i 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 simebesstreet network, or
suburbs in the suburb partition of the city. We explore messaf network connec-
tivity and derive one that quanti es and hierarchically karthe 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 indexadso applied to, or adapted
for, urban analysis (Bera and Claramunt, 2003; Claramunt amdevyiaccepted;
Hillier and Hanson, 1984; Porta et al., 2004).

Degree centralityin space syntax callecbnnectivity is a measure specifying the
number of direct neighbors of a node in a network. It is a locahsure. Thus, out-
side of the con ned area of a suburb, degree centrality doéprmovide a measure
of prominence.

Closeness centralitis a measure re ecting the average length of the shortebspat
to all other nodes of the graph. Nodes or segments with higbedess centrality
have low average length of the path to all other nodes in taprgrWwhen applied
to a given urban network, this measure re ects well the glsbacture of the city,
revealing itscore In space syntax this measure is known as global integradion
relative asymmetry, and is usually applied on dual grapmsttocted from axial
lines (Hillier and Hanson, 1984). At rst, it seems to be aydidle measure for the
experiential hierarchical ranking of the urban networkt, Ye naturally evolved
spatial transport networks, closeness centrality doepmoweide a reliable measure
of hierarchical importance of a network element in the oNe@twork. It distorts
the hierarchy by assigning higher values to the streetsarctne of the network.
Side-lanes and alley-ways centrally located at the gediragenter of the area of
interest will always get high closeness values, as long&sdteate 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 themoek 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 enlpidiags related to the
average length of pedestrian walks. Its relevance to thadton of experiential
hierarchies if other means of transport are consideredastgpnable. Furthermore,
it is a measure designed to be applied to axial map analysip@osed 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 speci ¢ network elemérhe hierarchy created
by experience needs to take into account the likelihood efukage of a speci c
street, not only its central aspect. Betweenness centialéypected to re ect the
probability of being selected by a frequent way nder. Hetteefrequent use of the
termchoice With the increasing number of trips performed by a way nihea city,
the likelihood that betweenness approximates the agexpsreence of the urban
environment increases. We will further investigate betwesss centrality and its
derivatives as plausible measures for explaining the épial hierarchy of urban
networks.

3.3 Distribution of Centrality Values in Street Networks

Let G(V; E) denote a Grapls consisting of vertice¥ connected in pairs by edges
E. Leti,j andk be distinct vertices of. Let nj, denote the number of shortest
paths betweep andk, andnj (i) the number of such paths leading througBe-
tweenness centralifg? of the vertex was de ned by Freeman (1977) ®&(V; E)

as follows:

B X H
G = Nk (1)=njk (1)
i6j6k

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

Rectangular grid patterns consist of perpendicular stfeating 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 Euavpplanned cities, e.g.
Barcelona. Some of these cities have a few streets intemgeb grid pattern diag-
onally. Such streets are usually well known. Betweennessaligy can reveal the
relative importance of these streets, as we show by congpawgh the remaining
centrality measures.



Figure 2 presents a grid pattern and its dual graph repEs@mtconsisting of 6
orthogonal streets, forming a grid @ 2 blocks. The dual graph analysis was
performed using the software Pajek (Batagelj and Mrvar, 200te graphs reveal
the bipartite structure of the north-south and east-wesets. The betweenness
values of the network of named streets are all equal. Suctwariedoes not reveal
any structural difference in any of the measures—degreseankess 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 thd.d\s all the streets are
intersected by the same number of connecting streets, elegrdrality remains
uniform in the whole grid.

0.10] 2 [0.10] 3

oMt [0.10] 4

2 [0.10] 6 [0.10] 5

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.

In such aregular grid, however, the hierarchicaly rankihsfi@ets by betweenness
and closeness is identical. Hence, irregularities in utagouts that impact on the
perception of the city as such also cause variance betweertitrality values. The
addition of a diagonal street (nod® 7 in Figure 3) in the grid network leads to
a change of betweenness values of the streets. The nottnstoeets intersect all
of the streets in the network and thus would lie on most sebpaths. They rank
on top of the hierarchy when ordered by betweenness. Theymetndduced short-
cut follows in the ranking. The ranking by closeness ceityral degree centrality
would, however, not re ect the direct experience of the urls&ructure appropri-
ately.

In a star-like network (Figure 4), the insertion of a shortthanges the reachability
of the peripheries involved. Values of betweenness cetytral ect this change in
a manner that is plausible to the hypothesis of experiefatiedation of hierarchies
in mental representations.



(@) 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 ssketteut.

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

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

is higher than that in the remainder of the city.

The dual graph of the street network from Figure 4 revealsthectural changes
caused by the shortcut (Figure 5). By the addition of s#gtte two distant periph-
eric parts of the network become directly connected. A ndvanircore is created
by the trianglel, 3 and4. The individual importance of streetsand3 decreased
with the introduction of the street The measure of betweenness reveals the al-
teration of experiential prominence of streets in the nétwi preserves the high
prominence of streé€tand re ects the lowering of the importance of strek&nd3.
Before the insertion of stred{ betweenness values for the strekt® and3in the
network were equal:44. After the insertion of street, streetl has a betweenness
centrality value 0f0:41, streetsl and3 have values 00:23 and street 4 a value of

10



a a

(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 (streed).

0:18. The ranking by betweenness would reveal their structangbrtance in the
street network appropriately.

Closeness centrality fails to reveal the alteration of thieet network appropri-
ately. The closeness centrality value of str2etecreases as stregtis inserted.
Street2, however, remains the only means of access to a signi capgtion of
the graph. Also, the relatively high values of closenessefstreets on the periph-
eries of the graph compared to the central streets hawe|ligti cation from the
experiential point of view. Thus, measure of closenessraktytfails to reveal the
relative importance of the streets to the overall struct@itbe city. The importance
of street2 and4 would become even more prominent if a partition of the nekwor
into a suburb was introduced. We could cluster the periplparés of the graphs as
suburbs. In such a case, the signi cance of str@etsd4 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 movemereen the functional par-
tition of the city into suburbs should be considered for anexl ranking of streets
in experiential hierarchies.

We start from the assumption that the hierarchical impeeaof a street is rela-
tively higher if it provides the only access to a suburb. Ihiswever, more common
to have several streets with similar betweenness cegtrallties that connect the
same suburbs. In turn, their respective betweenness \aladswer, as they lie on
alternative access routes. This is frequently the case demmaagglomerations with

11



regular grid patterns in the center of the city. Those strdedwever, are still very

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

structurally important suburb. As illustrated by Figure tlée 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 théueaf a single street

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

may change the perception of their prominence in a city.

Fig. 6. Alternative streets with equal betweenness related to their subotéxt (primal
graph).

The higher-order structural embedding of a street cortggwo its hierarchical
ranking in experiential hierarchies. The urban partitimioisuburbs 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 exploreddywrman and Girvan
(2004). To ne-tune the experiential hierarchy of streetssidering the 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 in uencing the ranking of streets in thewoek. A second graph

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

street-suburb relationship as:

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

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

Based on the betweenness centrality values of streets andosulwve introduce a
novel measure for ranking of the streets in an experientehihchy of the street
network. More formally, these notions are denoted as fdatow

Leti denote a street in the street network;

D the set of suburbs in the city;

D' the set of suburbs intersected by the street

d; a suburb out oD';

CB the betweenness centrality value of the stiget
Cg the betweenness centrality of the subdirb

pdkjd, the number of shortest paths linking two subutdbsndd, of D;

12



P, d (dji ) the number of shortest paths linking two subuilpsndd, that contains
d.
j

We can then de neflg‘i as follows:
]

B X i
Cd} = pdk d (dj ):pjk d (2)
d} 6dc6d

Theexperiential ranking/alueE' for a named streétin the experiential hierarchy
of the street network based on the betweenness centralftig®e street network
(Eqg. 1) and the suburb partition of space (Eq. 2) is then de a® follows:

X
=" C CE 3)

The value ofE; is calculated based on the adjacency matrix of suburbs aeetst
This matrix contains relations of suburbs intersected tess in the street network.
If such a relation exists, the betweenness centrality vafuitbe streef—CP —is
multiplied by the betweenness centrality value of the shlﬁqr), and the resulting
values are summarized. This can also be expressed in teraxafrix product of
street betweenness values and suburb betweenness &lugsiot a normalized
value, and thus can be greater than 1. The valués afe calculated only for the
purpose of ranking, their direct comparisons between rdiffestreet 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 m dtreet 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@@62). The total num-
ber of streets in the analysis was 1175. Mindwalk implemantemputationally
ef cient version of betweenness centrality, calkegt choicelt considers only one
random shortest path between each pair of nodes in a gragtbadthof generating
all the alternative shortest paths. In larger networks,differences in centrality

13



values resulting from fast choice are statistically insigant, which can be simply
veri ed by multiple analysis of the same network.

Fig. 7. Street network representations of streets of inner suburbglbbMrne, with promi-
nent streets highlighted (52 streets with fast choice valugisove mean).

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 networkwgtreets of betweenness
values of more than one above mean value. Betweenness values range between
0:0017and0:2618 The mean value calculated from the sample was 0:0049

with a standard deviation in the dataset 0:0144 There are in total85streets

with betweenness values above the meaand only 52 such that their betweenness
value is more than a abovex. The distribution of betweenness values follows a
power law, with the exponent = 3:37 (calculated according to Newman (2006)).

Victoria Street, the named street of highest betweennassa betweenness 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
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-sotdhd. All of the streets
with high betweenness values are likely to be experiencedhmbitants of Mel-
bourne, and are frequently used for travels to inner cityugodd The experience
of those streets is intensive and frequent. An exploratidhespatial distribution

14



1200

1000

[us]
=
=

[

=
= =
rl‘--—-l-
4

Frequency
o
=
=

I
=
=

0.05 0.1 015 nz 025 0.3

Betweenness

=1

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

Table 1
Hierarchy of most important streets in inner Melbourne.

Rank | Street Fast choice

1 Victoria St. 0.2618

2 King St. 0.2121
3 Swanston St.| 0.1663
4 Nicholson St.| 0.1113
5 Spencer St. 0.1018

of streets with high betweenness values shows that theyek&vely evenly dis-
tributed across the study area. This was expected, as batege centrality is not
in uenced by boundary effects. The distribution corresg®with the empirical ex-
perience where a relatively small proportion of streets a@ityaform a cognitively
important skeleton structure. Thus, even a small set ohallstreets in the street
network may provide convenient referents for place anderdescriptions.

This result illustrates well the plausibility with which tweeenness centrality re-
veals the experiential hierarchy in an urban network, asd pbints to the impor-
tance of named streets as a conceptual building block ofrthenunetwork.

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 subbis to be constructed, in
which suburbs are noted as adjacent if connected by a namesd. sthis relation

between streets and suburbs can be found in natural langoatgeexpressions,
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such as: “...take Victoria Street to Richmond”. We do not aestwo suburbs
adjacent if a street only touches but does not cross theindamy.

The network of the 185 streets of Melbourne with betweengessrality values
above mean (Section 4.1) was used for the construction chdiecency matrix.
The high betweenness values of a few suburbs show their sotetral transit
regions within the urban structure (Fig. 9).

 [0.02] Cariton North
QO

o
v [0.00] Fitzroy North

[0.01} Parkville :
Q

Fig. 9. Structure of inner suburbs of Melbourne. Betweenness ofuinriss 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 con guration of the streetowx assures a high
betweenness centrality value to the suburb of Melbournesisting of the postcode
areas of the CBD and adjacent parklands). Its betweennessligntalueCE
is 0:21 Most of the routes between the opposite parts of the cite hawransit
through it. Following in the ranking by betweenness are thisugbs of Fitzroy,
West Melbourne, East Melbourne and Carlton, together crgdlie 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 structuraltien between the layout
of the street network and the intuitive partition of the gityo the central suburbs,
the southern and northern suburbs divided by the Yarra RNe¥.assumption is
that prominent streets in the city structure should presémeir roles even at this
coarser level of partition of the city.
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The faction analysis algorithm provided by the softwaretatv (Borgatti, 2002)
retrieves naturally cohesive groups of suburbs withinrggon (for an overview of
the algorithm, see Hanneman and Riddle (2005). The optimateaing coef cient
was obtained for ve factions, as shown on Figure 9. This tetsg follows and
intuitive division of the inner part of Melbourne into therteal 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 (CarltahiN&itzroy North).
The distinct region of Docklands represents a new developswmehow isolated
on the other side of a sports stadium, and is in this respettasito Parkville,
which consists mostly of parkland with only a few connecsioém the surrounding
suburbs.

This analysis was performed to identify a hierarchicallyh@r-order organization
of the city. It has successfully identi ed the major nortbush 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. Asaesee, the structure
of the suburb partition of the city is closely related to tbathe street network. As
such, both should be considered when constructing expelistreet hierarchies.

4.3 Experiential Hierarchy of the Street Network of Melbourne

The results of betweenness analysis of the street netwddielifourne and of city's
higher-order functional partition into suburbs serve a&sitiputs for the reconstruc-
tion of a re ned experiential hierarchy of the street netkwby application of the
experiential rankingg; (Eq. 3).

The re ned ranking of the named streets of Melbourneghys shown in Table 2.

Table 2
Hierarchy of most important streets in inner Melbourne (with considerafisatmrb 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 re ectbtivelstructural and
functional role played by the streets identi ed in the cifyMelbourne. Swanston

17



Street is the major north-south connector between the eartimner suburbs and
the suburb of Melbourne, and serves its eastern part. [Eibc®treet serves a sim-
ilar purpose, but runs more to the west. King Street is yettaraorth-south con-
nector, but in this case connects the westernmost edgeyafrwtthe 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 suburbdguttction is comple-
mentary to that of Flinders Street, serving the same purposiee southern border
of the CBD. When relating this ranking with the higher-ordertipian of the city
(Section 4.2), the top-ranking streets of Melbourne aitkidénti able 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 ve major streets of Melbourne as identi ed by the combinedestsaburb
betweenness (bold). Outlines of the suburb boundaries in dashed.strok

The perception of prominence may be reinforced by the fattttiese streets are all
multi-modal corridors (including tram lines) or are partste city bypass system.
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One can, however, argue that the presence of tram rails isoadary result of an
engineering process, by which the structurally signi camiction of these streets
was acknowledged and reinforced.

The joint consideration of the street network structurestbgr with the suburb par-
tition of the city allow for a reliable identi cation of the ost prominent streets of
the street network. We are now turning our attention to thegiration 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@fect ow and business.
Ultimately, the intensity of use leads to overloading ofsia@arts of the network.
Administrative measures, such as alteration of traf ¢ atods from a two-way
into a one-way street, are often taken to alter the structitiee network in order
to decrease the traf c. When the overcrowding exceeds socepéable threshold,
way nders optimize their trips. Locals with a thorough knedge of their envi-
ronment seek shortcuts and by-passes. The network prepe@tftithe alternative
streets found also have relatively high values of betwessireven 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 ehsnaf the city, such as
landmarks, have been widely studied before and we have somda believe that
they do not in uence our experience of the street networlsud characteristics
of shopping arcades and important pedestrian zones camgbly salient. The ef-

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

however, unclear how these characteristics mix togethesntribute to the overall
prominence of a speci ¢ street. Furthermore, our effortasused on the identi -

cation of prominent parts of a transportation network ineorid support the com-
munication between two agents. If only a minimal knowledgew the context

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

5 Conclusions

We have introduced the notion of experiential hierarchienéntal representations
of urban networks as a product of the interaction of way rederth streets in the
city. The intensity of experience is a re ection of the fuiocial and structural im-
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portance of a speci c street in the urban network. Such egpéal hierarchies
represent one of the fundamental structures on which we &s@ dur assumptions
about the spatial knowledge of others. It allows for a sedecof references to
elements of a city in communication such as the exchangeuté idirections.

We have analyzed the effects of three basic measures of rketentrality 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
re ects the hierarchical importance of streets in the ci#ywork, without being in-
uenced by distortions due to the boundary effects. Our apph is based on the
used of named streets, which provides a mean to analyze s&tweorks re ect-
ing additional aspects of the shared experience, namelialieding of the streets.
During communication of two locals who do not know each otnaat 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 autaihatenerated route
directions.

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

We then propose to ne-tune this hierarchical ranking oésts in the network by
considering the higher order embedding in the suburb partdf the city. We con-
struct a graph representation of the connectivity of subumlihe urban structure,
and argue for the use of betweenness centrality values aflssilas an additional
factor in uencing the prominence of streets connectingrthExperiential ranking
(E;) is the novel measure proposed, merging the structurakptiep of the streets
in the network with in uences of the functional partition thfe urban network into
suburbs. The resulting ranking of streets follows our elgoee 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 spltialviedge, and that the
knowledge of the prominent parts is common. Thus, a certagneg of difference

in individual experiential hierarchies is not a barrier &mching understanding.
The match between the prominent parts of the hierarchieeeokpeaker and of
the hearer is high when most of their elements are identotdalnot necessarily

ranked in the same order. Due to the power-law distributiostr@et prominence

values in the experiential hierarchies, highly promindreets have values higher
by magnitudes than those of low prominence. This also allwsise of the pro-

posed objectivized experiential hierarchy, for an aut@uatonstruction of route

directions by an automated service.
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Individual experiential hierarchies are continuous ragkj and it is dif cult 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
streets in the hierarchy are below the mean value of prorgdn the case of the
city of Melbourne, the streets around the mean value of prenge 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 bedalrominent and used
in hierarchical place and route descriptions for way ndeith 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. rEaeiction of the total
length of such route directions, compared to traditionaidoased directions, or to
directions using spatial chunks (Richter et al., 2004), stduprocess of relevance-
based selection of referents. The direction giver assuime®d knowledge of the
coarse structure of the environment with the way nder, aadadibes the location
of the target in a zooming manner. We have proposed a formdéhto determine
the referents in such granular route directions (Tomko amitét/ 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 valuesdets 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 8tricture of the street
network. This could improve the constructed experientraes hierarchies.
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