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ABSTRACT

Spatial boundaries play an important role in defining spaces, structuring memory and
supporting planning during navigation. However, it remains unclear which structures (e.g.
parks, streets, etc.) will form salient boundaries in real-world cities. Here, we tested licensed
London taxi drivers, who are unique in their ability to flexibly navigate London without
physical navigation aids. They were asked to indicate streets they considered as boundaries for
London districts or dividing areas. We found agreement on boundary streets varied
considerably, from some boundaries providing almost no consensus to some boundaries
consistently noted as boundaries. Examining the properties, the streets revealed that a key
factor in the consistent boundaries was the near rectilinear nature of the designated region (e.g.
Mayfair and Soho) and the distinctiveness of parks (e.g. Regent’s Park). Surprisingly, the river
Thames was not consistently considered as a boundary. These findings provide insight into
types of environmental features that lead to the perception of explicit boundaries in large-scale
urban space. Such cognitively perceived boundaries could predict behavioural differences
during route planning, such as the recall of route sections during planning, and ultimately
improve navigation, when implemented in navigation guidance systems.
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1. INTRODUCTION. Boundaries form an important feature of any environment for
navigation. Some geographical boundaries, such as rivers or train tracks, can impact navigation
and cause diversions by forcing travel to flow through bottlenecks, such as bridges and tunnels.
Other boundaries, allocated by countries, states or local administrations, may not always be
clearly visible, yet they can become important in restricting movement or impacting the way
movement of individuals occurs. These boundaries can affect how the environment is
represented cognitively, such as via cognitive maps (cf. Tolman, 1948; O’keefe & Nadel,
1978). Boundaries can cause distortions of spatial memory and erroneous distance estimates
(e.g. Chase, 1982; McNamara, 1986; Okabayashi and Glynn, 1984; Stevens and Coupe, 1978;
Klippel et al., 2004). Often locations are also recalled faster (e.g. Chase, 1982) and more
precisely (e.g. Stevens and Coupe, 1978) within than across neighbourhoods. In this context,
as boundaries geographically separate neighbouring areas from each other and mark area limits,
they can globally facilitate a segregation of the entire environment into smaller, well defined
regions that contain relevant information. Such a segregation into geographical areas could
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Figure 1. Areas and districts of London. Overview of London and the street network, with boundaries for expected areas
(bold), streets (italic) and the River Thames. The major street network has been highlighted in orange and yellow (bottom
right). Source: © Mapbox, © OpenStreetMap

perceptually impact the cognitive representation that humans have of an environment and
ultimately be exploited for navigation. In particular, differences in the planning behaviour (e.g.
systematic variations of response times for recalled streets, route choices and errors) could be
explained and accounted for in novel designs of navigation systems that are more adaptive to
individual needs during navigation.

For abstract spaces, computational models have reported evidence for the existence of an
optimal segregation that minimizes the amount of computational planning steps across the
environment (e.g. McNamee et al., 2016; McNamee, 2019). Here, global planning focused on
the selection of regions, while local planning created specific trajectories within each region as
it was entered. Such a hierarchical planning process allows to eliminate irrelevant information
and focuses on information from a subset of regions that is relevant for planning. Behavioural
support for such a hierarchical organisation of space has also been found (e.g. Hurts, 2005,
Wiener & Mallot, 2009, Wiener et al., 2004; Schick et al., 2019, Balaguer et al., 2016). In these
studies, a hierarchical segregation was artificially imposed on a virtual environment through
semantic object (Wiener & Mallot, 2009; Wiener et al., 2004) or language cue categories
(Schick et al., 2019), or through colours (e.g. Wiener et al., 2008; Balaguer et al., 2016). These
types of segregation of the artificial environments explained behavioural preferences for route
choices. For instance, Balaguer and colleagues (2016) imposed a hierarchy on a subway
network through differently coloured train lines. Here, variables related to the hierarchical
segregation of the environment (e.g. number of different lines to the goal) explained response
times of individuals, who planned routes through the virtual environment.

However, in contrast to many artificial environments, it remains unclear if individuals also
cognitively represent a real-world environment by segregating it and which features of the
environment would determine the boundaries of such a regionalisation. For instance, in an
urban environment like London, UK, it remains unclear which features of the street network
might determine the boundaries of individual regions. Yet, this information could crucially
impact how humans plan routes: If individuals rely on such a segregation of the environment
during their route planning processes, planning along or across streets that are considered
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boundaries might have a different effect on the planning behaviour than streets that are within
a region. In particular, such boundary streets might require different planning actions, such as
planning-ahead or the selection of future subgoals, which might coincide with street network
boundaries, similar to planning across hierarchically organised, abstract spaces (McNamee et
al., 2016). Here, individuals might use these boundaries to plan across an upcoming region
from one boundary, where they enter the region, to the boundary where they leave it. Therefore,
understanding where individuals perceive boundaries in the street network and what determines
the boundary character of a street, can provide important information to explain route planning
in a real-world environment.

Historically, medieval cities like London, often lack a clear, regular structure of the street
network as in many modern cities that have been carefully designed and built in a
square-shaped pattern to save space and allow easier navigation (e.g. Manhattan, New York,
USA, Brasilia, in Brazil; cf. Epstein, 1973). Instead, London displays a largely irregular street
network. Here, boundaries (related to the street network) might not exist for some areas as these
areas are high in complexity because they originate from multiple, merging, unstructured,
medieval settlements along important artery roads. Owed to the unstructured merging of
settlements, some London areas do not have clear boundaries. Such areas include Bayswater,
Clerkenwell, Farringdon and Dalston (Figure 1).

However, the artery roads that have survived over centuries and become major roads in
contemporary London (Mola: The London Evolution Animation, 2014; Layers of London,
2020) might still be important for the perception of the city (Lynch, 1960) and be perceived as
boundaries for areas that developed on each side of those important roads. Examples include
Watling Street, which once ran north along Edgware Road (Lordan, 2018; London’s Roman
Roads, 2013), and Portway, which continued west from Farringdon Road along Oxford Street,
at the northern edge of Soho and Mayfair (London’s Roman Roads, 2013). In line with this is
past research, which suggests that road categories (Figure 1) may be a key factor in
determining which regions in an environment become used as boundaries in mental
representations (Pailbous, 2969; 1984). In this context, Parisian taxi drivers have been found
to represent the street network in a hierarchical manner, using two layers: a basic network
consisting of major roads (orange and yellow roads in the example from such roads in London,
Figure 1) and a secondary network of minor roads (blue roads, Figure 1; Pailhous, 1969,
1984). However, this might only reflect a preference for major roads over minor roads and be
only linked to the purpose of route planning, rather than a regionalised representation as
suggested by McNamee and colleagues (2016). The clusters of minor roads that are surrounded
and segregated by major roads, might not be considered as individual regions. Ultimately, this
would not necessarily facilitate a global selection of those clusters for local planning across
each individual region, using its boundaries (i.e. from main road to main road). Other
geographical approaches have used traffic flow (e.g. Manley et al., 2015; Manley, 2014) and
topological clustering of the street network (e.g. Filomena et al., 2019, Jiang and Claramunt,
2004, Masucci et al., 2009, Masucci et al., 2015) to identify potential regions in London or in
other cities. On the other hand, these approaches were mainly based on street network analytics
and do not account for the visual features of the environment that might make an area distinct,
e.g. buildings of a similar style. This means that the resulting clusters from the analysis of the
street network often only reflect spatial features but lacks information on how regions and their
boundaries are perceived by humans (Figure 2a).

More closely related to daily life experiences that could impact human perception and be
more likely represented cognitively by individuals might be boundaries that serve an
administrative purpose (Campari, 1996). In London, these could include postal (Figure 2b),
electoral, census and healthcare areas (Open Geography Portal, 2020) or boroughs (Figure 2¢;
London Councils, n.d.). These administrative areas define local competencies and
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Figure 2. Types of boundaries in London. London has been segregated into areas with specific, well defined boundaries
with different purposes. Administrative boundaries include small postal areas (a) or larger, locally governed boroughs (b).
Computational clustering (c) based on street network properties highlight clusters with no clear street network boundaries as
for postal areas and boroughs. Districts, such as Soho, Mayfair, Leicester Square and Covent Garden (d) partially reflect
clustering features and bridges between fine-grained postal areas and large-scale boroughs. Sources: (a) © Crown copyright
and database rights [2021] Ordnance Survey (100025252); (b) Office for national statistics; (c) Gabriele Filomena, based on
Lynch 1960; (d) © Mapbox © OpenStreetMap

responsibilities for a collection of households (London Councils, n.d.) rather than geographical
features of the environment (i.e. paths, edges, nodes, districts and landmarks; Lynch, 1960) and
can range in their size and layout. While postal areas (Figure 2b appear to enclose extremely
fine-grained areas through complex outlines, boroughs (Figure 2¢) might be placed at the other
end of the spectrum as they enclose large regions. Thus, both might be suboptimal for a
segregation and result in a higher cognitive effort if plans would be formed across those regions
(McNamee et al., 2016). Therefore, it seems plausible that smaller areas with specific and
well-defined outlines might better meet the requirements of a more optimal segregation of the
environment. In the following, we will therefore refer to these specific London areas as
‘districts’ to distinguish them from the general, less specific term of ‘areas’ that might cover
entire regions or parts of the city without fixed boundaries in place.

For such districts, street network boundaries might have developed historically with the
purpose of the areas they are expected to enclose. Thus, they might be conceptually distinct
and serve a particular purpose (cf. Lynch, 1960). For instance, Soho (Figure 2d) initially
served as a park, before it was turned into an upper-class living area, a red-light district and
now stands out because of theatre productions, night life and hosting the gay community.
Additionally, Soho is enclosed by streets that clearly separate it from neighbouring areas and
districts, such as Mayfair (Figure 2d).

In general, a regionalisation might thus be caused by perceptual features related to regions
that make them distinguishable different from their surrounding areas. For instance, specific
visual features of spatial layouts (e.g. colours, shapes or symmetry) were found to explain
spatial clustering (e.g. Hommel, Gehrke & Knuf, 2000; Hurts, 2005; Klippel et al., 2004;
Okabayashi and Glynn, 1984; Clements-Stephens et al., 2011). Similarly, in an urban
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environment, visual and perceptual features that might facilitate a clustering to distinguish
areas from their surroundings might include specific architecture, the density and type of
businesses (i.e. restaurants, clubs, shopes), or the purpose of that area (Lynch, 1960). Thus,
areas such as Whitehall, Southbank and Soho might be perceived as distinct for their unique
political, touristic or cultural purpose that is also visually reflected through the buildings in the
area. Inversely, parks might be distinguishable from their surrounding urban environment due
to their green space character. Outlines of these areas might be impacted by perceptual biasing
effects, such as the simplification of irregularly shaped boundaries through more linear outlines
(e.g. Costa and Bonetti, 2018: Milgram 1976; Tversky, 1981). This might facilitate a
perception, where linear streets are more likely identified as boundaries of districts rather than
street with an irregular and more complex outline. Additional support can also be found in
essential properties that made a street identifiable as an important structure of a city. This
included amongst others the distinctiveness, continuity, or importance of that street (Lynch,
1960).

Thus, we hypothesize that street network related boundaries will depend on (1) the
distinctive purpose of the district they enclose and (2) the degree of regularity in the geometry
of the street network that forms the outlining boundary. In particular, we expect that prominent,
topical districts with a distinct function that are embedded in a straight, regular street network
are more likely surrounded by streets that are perceived as boundaries. Furthermore, there also
exist prominent, straight main roads that separate areas and thus are expected to function as
perceptual boundaries in themselves. Additionally, boundary streets will emerge around fully
bounded geographical features, such as parks, as they form important geographical landmarks
and contribute to the recognisability of a city (Lynch, 1960). In particular, the River Thames is
predicted to be highly conserved and act as a major barrier (Lynch, 1960). Finally, the majority
of boundaries are expected to be main roads. For London streets we consequently derived the
following predictions about boundaries (cf. Table 1): Districts that fall in the above category
of prominent districts with a regular street network, include Soho, Mayfair, Belgravia, Nine
Elms, White Hall and the Congestion Charge Zone. These will be more consistently identified
than districts with an irregular outline (i.e. polygons) and that contain streets that are minor
roads, such as the City of London, Leicester Square and Southbank. Streets enclosing
prominent parks, such as Hyde Park, Regent’s Park and Battersea Park, will be more
consistently identified as boundaries. The River Thames constitutes a prominent geographical
structure that will be identified as a natural boundary separating areas south of the river from
the rest of London.

One challenge in attempting to understand how the structure of a city impacts cognitive
representations is having a sample of participants, with enough breadth and depth of experience
of the city to provide consistent data over the city. London offers a rare opportunity to achieve
this: Licensed London taxi (cab) drivers. To qualify as a black cab driver in London, applicants
have to obtain the ‘Knowledge of London’. This knowledge consists of a profound knowledge
of the street network, the street names, the location of places of interest and precise driving
instructions (e.g. Learn the Knowledge of London, Transport for London, n.d.; Electronic blue
book, 2019; Lordan, 2018). As a result, licenced London taxi drivers daily navigate across
sections of the ~56,000 streets that form London (OS MasterMap Integrated Transport
Network, 2018) without relying on any physical navigation aids. Their almost perfect
knowledge, in contrast to the fragmented knowledge of lay people, allows to test the cognitive
representation of boundaries in all areas of London without limitations. Additionally, the taxi
drivers’ training in schools is not explicitly based on boundaries and will therefore provide an
opportunity to test the naturally developed perception of boundaries, based on training and
years of experience driving a taxi. In the past, this knowledge of taxi drivers has also provided
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insight in the neural basis of navigation (Spiers and Maguire, 2006; Spiers and Maguire 2007),
as well as the dynamics of cognition during navigation (Spiers and Maguire 2008). Yet, it
remains unclear which regions of London they consistently perceive as the boundaries of
London.

2. METHODS. For this study, licensed London taxi drivers were recruited. The taxi drivers’
extensive knowledge is based on years of training and daily experience of navigating around
London that the general population would not be able to achieve without years of specific
training as done in knowledge schools (e.g. Learn the Knowledge of London, Transport for
London. (n.d.)). Such an exhaustive knowledge makes it possible to test each individual’s
perception of ‘semantic boundaries’ (i.e. boundaries with a defined name that outline regions,
e.g. Soho, Hyde Park) across different areas in London.

2.1. Participants. 14 male licensed London taxi drivers were recruited from the taxi rank at
Russell Square, London, and all gave written informed consent to participate in the study
approved by the ethics committee (ethics number: EP/2018/008). One participant failed to
perform the task correctly. His data was removed, leaving a total of N = 13 taxi drivers. All
taxi drivers reported their age (M = 45.86, SD = 10.77) and their experience driving a taxi,
except for one driver (M = 9.54, SD = 8.77). The taxi drivers were also asked to indicate areas
that they prefer to work in. The reported areas of preference were areas in Central London:
Westend, The City of London, Camden, St Pancras, Chelsea and Fulham.

2.2. Material. A black and white paper map of London was printed in A4 landscape format
with a scale of 1:31520. The map displayed an area of London ranging from Acton in the west
to Limehouse in the east, and from Swiss Cottage in the north to Clapham Junction in the south.
Street and area labels were removed to avoid biases in the drawings of areas originating from
the positioning of street and area labels in the map.

Since London consists of multiple areas with undefined boundaries (e.g. Bloomsbury), the
study focused on prominent, topical districts with distinct functions that were expected to be
consistently understood to form potential boundaries. Initially, a list of potential district and
area names was derived based on a London A to Z wallpaper map for the area of Central
London (i.e. displaying the boroughs of City of Westminster, City of London and central parts
of Kensington & Chelsea, Wandsworth, Lambeth, Southwark, Tower Hamlets, Hackney,
Islington, Camden). For each district, an online search was carried out to check for official
sources that classified potential streets and other street network features as boundaries of those
districts and would support a potential boundary perception. If two or more reliable websites
indicated a major consensus on area boundaries (i.e. agreement on most boundaries with only
few exceptions, e.g. Whitehall, Southbank), the district or area was included as a task in this
study. Additionally included were the extension of Edgeware Road to the north and the
Westway to the west beyond the Congestion Charge Zone limits (Figure 1), as these major
roads naturally continue beyond their intersection. Furthermore, the potential western
boundary for Central London (i.e. the boundary between the borough of Kensington and
Chelsea, and the borough of Hammersmith and Fulham) was added. Finally, geographical
features with boundaries (e.g. major parks) and geographical features that were expected to be
a boundary in themselves (i.e. the River Thames) were included.

The final list of districts and areas with potential boundaries is displayed in Table 1. A map,
summarizing the potential boundaries that taxi drivers were expected to draw, can be found in
Figure 2b.
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Table 1.

Expected Boundary List
Areal Area Names Expected Boundary Streets No.of  Exemplary Source!
Category streets
Districts Mayfair Park Ln; Piccadilly; Piccadilly Circus; Regent St; Oxford St 5 Google Maps. Mayfair.
Boundary (2020).
Soho Regent St; Piccadilly Circus; Shaftesbury Av; Charing Cross Rd; Oxford St 5 Google Maps. Soho. (2020).
Belgravia Knightsbridge; Sloane St; Sloane Sq.; Cliveden PI; Eaton Gate; Eaton Sq.; 8 Google Maps. Belgravia.
Hobart PI; Grosvenor PI (2020).
Leicester Haymarket; Cockspur St; Trafalgar Sq.; Charing Cross Rd; Shaftesbury Av; 8 File: Leicester Square OSM
Square Area Denman St, Sherwood St; Coventry St map.png. (2015, May 13)
City of London  Petty Wales; Tower Hill; Shorter St; Mansell St; Middlesex St; Brushfield St; 27 Google Maps. City of
Bishopsgate; Worship St; Appold St; Sun St; Wilson St; South PI; Ropemaker London. (2020).
St; Moor Ln; Chiswell St; Whitecross St; Beech St; Golden Ln; Baltic St;
Goswell Rd; Charterhouse Sg.; Holborn; High Holborn; Chancery Ln; Strand;
Middle Temple Ln; River Thames
South Bank Lambeth Bridge; Lambeth Rd; Train Tracks to Waterloo; York Rd; Stamford 7 Our South Bank. (2020).
St; Blackfriars Rd; River Thames
Whitehall Victoria Embankment; Northumberland Av; The Mall; Horse Guards Rd; Great 8 Research Gate. (n.d.).
George Street; Bridge St; Whitehall; Parliament St
Nine Elms Queenstown Rd; Silverthorn Rd; Nine Elms Rd; River Thames 4 Google Maps. (n.d.). Nine
Elms.
Congestion Vauxhall Bridge Rd; Bressenden PI; Lower Grosvenor PI; Grosvenor Pl; Duke 24 Wandsworth.gov.uk. (2019,
Charge Zone of Wellington PI; Park Ln; Marble Arch; Edgeware Rd; Marylebone Rd; Euston January 11).
Rd; Pentonville Rd; City Rd; Old St; Great Eastern St; Commercial St; White
Chapple; Mansell St; Goodman'’s Yard; Minories; Tower Bridge Rd; New Kent
Rd; Elephant and Castle; Newington Butts; Kennington Ln
Linear Hammersmith ~ West Cross Route; Train Tracks: Imperial Wharf — Shepherd’s Bush NA The Royal Borough of
Boundary & Fulham/ Kensington and Chelsea.
Kensington & (nd.).
Chelsea
Maida Hill/ Edgware Road Continued north 1 Continuation of Congestion
Lisson Grove Charge Zone to north
White City, Westway 1 Continuation of Congestion
Paddington/ Charge Zone to west
North West
Park Regent's Park Ulster Terrace; Outer Circle; Gloucester Gate; Prince Albert Rd; Park Rd; 7 Mappery. (2009, June 30).
Boundary Hannover Gate; Outer Circle
Hyde Park Kensington Rd (Kensington Gore); Knightsbridge; Park Ln; Marble Arch; Hyde 7 Mappery. (2004, March).
Park PI; Bayswater Rd; Kensington Palace Gardens
Battersea Park  Albert Bridge Rd; Prince of Wales Dr; Queenstown Rd; River Thames 4 Friends of Battersea Park.
(n.d.).
River Thames NA

"List with further sources can be found in Appendix A



2.3. Procedure. Taxi drivers received a paper map and were asked to mark the boundaries
of each area that they were told by the experimenter. To focus them on generally perceived
rather than individually perceived boundaries, they were asked to only mark streets (or other
features, e.g. rivers and train tracks) only if they were sure that nine out of ten other taxi drivers
would agree with them on that boundary. Boundaries were defined to them as a street (or
structure) that enclosed a distinct or area in London or divided two districts or areas from each
other. In this sense, any place or street within an area would be unambiguously divided from a
place outside that area through a boundary street (e.g. someone would be considered ‘in Russell
Square’ if they were within the area that the roads around the square enclosed). Roads with this
function should be marked as boundaries on the map (e.g. all roads around Russell Square that
enclose the square).

The experimenter read out the list of districts and areas in a random order to avoid ordering
effects. After the last area was mentioned, they were asked if they perceived any boundary to
divide (1) Hammersmith & Fulham from Kensington & Chelsea, (2) Maida Hill from Lisson
Grove and (3) the area from Paddington to White City from the north west. Finally, to account
for potential areas that might have been excluded by the above criteria but might be important
street network features forming boundaries in London, taxi drivers had the chance to add any
features that were not included, but they perceived as boundaries in this context.

3. RESULTS. In this study licensed London taxi drivers drew the boundaries of London
districts that they were prompted with on a paper map. With these drawings, the aim was to
gain a better understanding of area boundaries of the street network in Central London as
perceived by expert navigators, such as taxi drivers, who know the whole street network of
London extremely well. The analysis of the boundary drawings on paper maps was carried out
in two layers: An initial understanding was gained from the overlay of all map drawings,
showing all boundaries that were perceived across drivers. Additionally, agreement rates
across drivers were calculated for each street as the percentage of drivers that indicated a street
to be a boundary. The average percentage across all agreement rates of surrounding boundary
streets for a district or area was used to represent the agreement of that district or area. An
overlaid mapping of boundaries was created and districts with agreement rates above average
(more than 50%) and total agreement (100%) were identified across all drawings. Agreement
rates above average (more than 50%) were then compared with the boundaries the taxi drivers
were expected to draw (Figure 1).



O mapbox

Figure 3. Overlay of boundaries. The original paper drawings (a) were digitised in geoJSON.IO (b). A layover of all
drawings (c) was created. Lines with higher opacity, e.g. boundaries around Mayfair and Soho (e), indicate a higher agreement
across drivers on a boundary street than for streets with low opacity, e.g. City of London (d). Sources: (a) © Crown copyright
and database rights [2021] Ordnance Survey (100025252); (b) Hanson & Seeger, 2016; (c-e) Overlayed mapping created by
Melda Salhab (Salhab, 2020)
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Table 2.

Consensus of boundary drawings across licensed London taxi drivers.

Consensus Level  Area Category Area Names Overall Consensus
High (>80%) Park Boundary Regent’s Park 95.38%
Battersea Park 90.38%
Hyde Park 88.46%
Districts Boundary ~ Mayfair 100%
Soho 93.85%
Belgravia 88.46%
Congestion Charge Zone north! (total) (gg;;%
City of London Riverside? 80.77%
Increased (>50%) Districts Boundary ~ South Bank 67.69%
Whitehall 63.08%
Linear Boundaries Edgware Rd Continued 69.23%
Hammersmith — Kensington? (total) ?55033;/;
Westway 61.54%
Nine Elms Lane 61.54%
River River Thames 61.54%
Low (<50%) District Boundaries ~ Nine Elms 44.61%
Leicester Square Area 39.56%
Congestion Charge Zone south? 39.16%

City of London (total)

no consensus on most
boundaries

"all streets north of the River Thames from Victoria St (south west) to Commercial Street (east); cf. Figure

2only refers to Upper Thames St and Lower Thames St

3Holland Rd and Warwick Rd only

4all remaining streets from the Congestion Charge Zone from Whitechapel high St (east) to Vauxhall Bridge Road (south west)

3.1. Overlaid Mapping of all Drawings. An overlaid mapping of all boundary drawings was
used to identify differences in agreement that indicate how manifested a boundary is across
individuals. For this overlaid mapping, the individual drawings (Figure 3a) were each digitised
(Figure 3b) using the website GeoJSON.IO (Hanson & Seeger, 2016) and saved individually
in JeoJSON format. For each taxi driver, each street that was highlighted as a boundary was
represented through polyline segments. The same polyline segments were used where multiple
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drivers highlighted the same streets. An overlay of the digitised boundary maps was then
created with Mapbox (Figure 3¢), a platform that supports customised processing and design
of geospatial maps (Mapbox, 2020). The boundaries were displayed with increased
transparency to create higher opacity for boundaries that are overlaid with higher frequency.

The resulting map that contained all drawings (Figure 3¢, for an interactive map, see Salhab,
2020) was then also used in subsequent analysis to identify differences between areas with
varying levels of agreement.

The map showed a good agreement for the major Parks, Mayfair, Soho, the Congestion
Charge Zone, Westway, Edgware Road extended north and the River Thames. Parts of
Belgravia, Whitehall and the Boundary between Hammersmith and Kensington also indicated
increased agreement across drivers, but also highlighted some ambiguity for individual
boundaries. More fuzzy boundaries appeared to be in areas around Leicester Square (Figure
3e), Nine Elms, South Bank and the City of London (Figure 3d).

3.2. Overlay of Major Boundaries. Since this study aimed to understand the emerging
pattern of perceived boundaries for the majority of drivers (more than 50% consensus), streets
with an agreement of at least two drivers were transcribed. These created a frequency count to
determine consensus across all boundary drawings. Streets with an increased frequency count
(>50%) and a high frequency count (>80%) were then cumulatively mapped to identify streets
that had a high likelihood of being perceived as a boundary and potential features of the street
network linked to this perception.

3.3. Agreement. For each London district with expected boundaries as listed in Table 1, the
streets that were identified by at least two taxi drivers were transcribed. This frequency was
then transformed in an agreement rate as the number of identified boundary streets over the
total number of participants. The overall agreement for districts indicated the average
agreement rate for boundary streets surrounding that district (see Table 2). Three levels of
agreement were distinguished to understand general tendencies: low (less than 50%), increased
(more than 50%, but less than 80%) and high consensus (more than 80%). On the overlaid map
that contained all boundary data (Figure 4a), increased consensus (Figure 4b) and 100%
consensus (Figure 4c¢) were then visualised to indicate the two extreme levels of boundary
agreement rates.

Boundaries with high consensus included the three major parks with consensus ranging from
88.46% (Hyde Park) to 95.38% (Regent’s Park) and district boundaries for Mayfair and Soho
above 90%, Belgravia (88.46%), the northern parts of the Congestion Charge Zone between
Victoria Street and Commercial Street (85.71%) and the southern boundary along the river for
the City of London (80.77%).

Increased consensus was found for the two districts of South Bank (67.69%) and Whitehall
(63.08%). All linear boundaries (the continuation of Edgware Road northbound, the division
of Hammersmith and Kensington, the Westway and Nine Elms) and the River Thames ranged
between 69.23% at the higher end and 61.54% at the lower end.

Fuzzy boundaries with low consensus (<50%) were below 45% of agreement. These areas
included Nine Elms, Leicester Square, the remaining part of the Congestion Charge Zone as
well as the City of London, and all other remaining boundaries from the complete overlaid

mapping.
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Figure 4. Agreement rates across boundary drawings. The overlay of all boundary drawing indicates areas of different
rates of agreement. (a) All boundaries that were overlaid and highlighted in red (Salhab, 2020). (b) Boundaries where the
agreement was higher than 50% across drawings highlighted in yellow. (¢) Individual streets of regions that were identified
as boundaries with 100% of agreement across taxi drivers highlighted in yellow. (d) Comparison of mean agreement rates for
districts with almost rectangular (Soho, Mayfair, Belgravia, Whitehall) and irregular shape (Southbank, Leicester Square,
Nine Elms, City of London) show significantly higher agreement (t(6) = 3.1, p <.05) for almost rectangularly shaped districts
(86%) than for irregularly shaped districts (39%). Source: Overlayed mapping created by Melda Salhab (2020)

A comparison of mean agreement rates of districts with a near rectangular shape and districts
of irregular shape was carried out (Figure 4d). Here, Soho, Mayfair, Belgravia and Whitehall
were classified as districts with an almost rectangular outline, whereas Southbank, Leicester
Square, Nine Elms and the City of London were contained in the group of irregular shaped
districts. Not included in this comparison were the major parks as these were conceptually
different due to their greenspace character from the surrounding urban environment, the
Congestion charge Zone due to the dual shape (near rectangular in west and north, but round
in the east and south), as well as other linear boundaries. Mean agreement rates were
significantly higher (t(6) = 3.1, p <.05) for almost rectangular districts (M = 86, SD = 16) than
for irregular districts (M = 39, SD = 25).

3.4. Perceived Boundaries and Expected Boundaries. The impact of culturally defined
boundaries for districts was studied by comparing the list of expected boundaries to the
boundaries with high or increased consensus (Figure 5). This comparison indicates an overlap
for Hyde Park, Regent’s Park, Mayfair, Soho, the Westway, the extension of Edgware Road
towards the north, and the River Thames. A partial match was obtained for Battersea Park
(except for the Prince of Wales Drive), Belgravia (except the boundary between Sloane Square
and Grosvenor Place), South Bank (except for the extension along the River Thames), the
riverside area of Whitehall, the riverside boundary of the City of London and the northern
boundaries of the Congestion Charge Zone. Deviations were found for the boundary between
Hammersmith and Kensington (streets parallel to the train tracks) and Nine Elms (Nine Elms
Lane). The area of Leicester Square, the majority of the City of London, as well as the southern
part of the Congestion Charge Zone had low or hardly any overlap with expected boundaries
due to low agreement across drivers.
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=== Agreement rate higher than 50%

=== Expected boundaries, agreement
less than 50%

Figure 5. Comparison of expected and perceived boundaries. The agreement rate on drawn boundaries that surpassed 50%
across taxi drivers was used to highlight above average agreement on perceived boundary streets. Yellow: agreement across
drivers above average. White: Expected boundaries, that did not surpass average agreement level (50%). Map source: ©
Mapbox, © OpenStreetMap

4. DISCUSSION. To study if humans mentally segregate an environment through
geographical boundaries related to the street network, data was collected from boundary
drawings on maps by London taxi drivers. Taxi drivers were chosen, because they are trained
on the Knowledge of London (e.g. Learn the Knowledge of London, Transport for London.
(n.d.)), which requires them to learn the entire London street network in order to flexibly
navigate between places without consulting additional navigation aids. Years of training and
extensive experience driving a taxi ensure exceptional familiarity within streets and districts in
the six-mile area around Charing Cross station (e.g. Learn the Knowledge of London, Transport
for London. (n.d.)) and allows for testing of perceptual street-network boundaries of districts
and regions that the general population would not be able to display. Based on this extensive
knowledge, data from boundary drawings on maps provided initial insight into the mental
representation and a potential segregation of a complex, urban space. Results highlight in
particular how mental representations of spatial features can vary between individuals and that
often clearly defined boundary features based on historical records and legislation might not
be perceived as such mentally. In the following, these results will be considered in the light of
general, geographical and behavioural findings.

4.1. Conceptual limitations. It would have been useful to test both male and female taxi
drivers of a wide range of experience and age. Both age and gender have been shown to impact
navigation (Coutrot et al., 2018; van der Ham & Claessen, 2020; Coluccia, & Louse, 2004;
Malinowski, & Gillespie, 2001). However, it is a challenge to recruit this participant group as
98% of drivers are male with an average age of 50 years (GOV.UK, 2020). Thus, we were
limited in what was possible for data collection. Nonetheless due to the extensive experience
required to train and the continual updating as part of the job, we anticipate that our results
would be similar across genders and a range of ages.
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4.2. General Observations. In this study, mental representations of street network related
boundaries were assessed through boundary drawings on paper maps by taxi drivers. An
overlay of these drawings (Figure 3) indicated areas with highly agreed boundaries, such as
Mayfair or Soho, as well as areas with hardly any agreement on one particular boundary, such
as Leicester Square and the City of London. Agreement rates on whether a street was a
boundary or not varied even for the series of streets that enclosed individual regions (e.g. South
Bank) or formed linearly separating boundaries (e.g. Westway to City Rd). However,
real-world, spatial boundaries that stem from geographical features or serve a conceptual
purpose (e.g. Lynch, 1960) in general often rely on precise definitions. In this study, there is
evidence that even such obvious geographical features do not always reflect on a perceptual
level the clarity as by which they are defined. For instance, the River Thames only minimally
exceeded the agreement rate threshold required to be categorically considered as a boundary in
this study (see Table 2). Such a discrepancy between geographical or conceptual definitions
and perception might pose a problem for many spatial studies on navigation as they might
wrongly assume a clear perception of boundaries where disagreement of boundaries might
prevail. Additionally, the low agreement rates for the River Thames might also be explained
through conceptual differences between street network boundaries and geographical features
that form boundaries in themselves. For the purpose of this study, boundaries were defined as
specific streets of the street network that segregate particular areas or districts from each other
and could be used for route planning purposes. In contrast, other definitions of boundaries (e.g.
Lynch, 1960) regarding survey knowledge of individuals also involve geographical features,
such as waterways, trainlines, or concrete barriers that similarly separate areas, but are not
necessarily used for travelling purposes. The River Thames would thus fall under the latter
definition and not entirely be in line with the current definition of a street-network boundary
that can be travelled on. However, it was included as a prominent boundary that indirectly
affects the street network, as it separates South London from the rest of London, which are
connected via bridges, special and often prominent forms of street network features. Thus,
studies on navigation in a real-world environment will have to take into account how such
discrepancies in perceptual spatial boundaries can impact on human navigation.

A challenging question in this context is to identify and predict which spatial features
ultimately qualify as boundaries with a high agreement and which do not. In general, perceived
street-network boundaries, in contrast to their administrative or geographical definition, show
a range of deviations and inconsistencies in which streets are perceived as boundaries by
individuals. An entire agreement on one particular street was rarely given. Instead, the
perception of boundaries was best described through agreement rates rather than a binary
classification into ‘boundaries’ and ‘non-boundaries’, due to these inconsistencies in
perception. Still, to allow for categorical references, low (<50%), increased (>50%) and high
(>80%) agreement rates were used to classify different levels of agreement. These only aimed
to explore general tendencies to gain an initial understanding of prominent boundaries in the
London street network and contribute to a potential segregation of the environment. Even
though the collected data is preliminary, it already highlights interesting tendencies that can be
used for subsequent studies to test if districts and regions are bound by boundaries or if
boundaries divide areas from another as discussed in the following.

Initial expectations of potential perceptual boundaries were based on geographical features,
such as parks or the River Thames, as well as prominent, topically distinct districts, such as
Soho or Mayfair that are enclosed by a regular street network structure (see also Table 1).
These expectations were met in general as street network boundaries for the three major Parks,
the River Thames, several districts (e.g. Soho, Mayfair and Belgravia) and areas (e.g.
Congestion Charge Zone north of the river), as well as some linearly separating boundaries
(e.g. Westway, Edgeware Road northern extension) were identified. Other areas, such as the
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City of London, Leicester Square, Nine Elms or the Congestion Charge Zone south of the River
Thames were not found to have perceptual street network related boundaries despite their
popularity or topical distinctness. Here, additional factors impact on whether spatial features
are mentally perceived as boundaries or not. These factors go beyond geographical features,
popularity or a distinct purpose alone for which the districts and areas were initially chosen, as
several of these proposed boundaries of the districts were not considered as boundaries by taxi
drivers. Additionally, relevant factors also include the geometric shape of the surrounding
street network (i.e. linear streets and rectangular layout), put an emphasis on main roads, and
require familiarity or experience with the areas, such as frequent visits and travelling around
those areas.

Popularity and topical distinctness alone are not sufficient for such a perception, as the areas
of Leicester Square or the City of London show. The regularity of the street network, i.e. long
straight streets, or near rectangular structure of districts seems to play an important role as well.
Streets that are linearly linked to separate areas (e.g. Westway, Marylebone Rd, Euston Rd,
Pentonville Rd, City Rd, Old St) or enclose areas in an almost rectangular shape (e.g. Soho and
Mayfair) are more likely to be perceived as boundaries than non-linear roads (e.g. Charing
Cross Rd in the east of Leicester Square) or irregularly shaped boundaries, such as the
boundaries of the City of London.

Perceived boundaries also coincide with main roads (see Figure 2), increasing the
likelihood of a boundary being an important street network connection between places. Streets
that are not main roads, but administrative boundaries, such as the northern outline of the City
of London, were less likely to be perceived as boundaries in this study. Furthermore, not all
major roads are perceptual boundaries, despite evidence from Parisian taxi drivers (Pailhous,
1969). However, degrees of perception of the main road network that highlight which main
roads are perceived as boundaries of the network features were not studied. In this context,
spatial analysis of street network properties, as through space syntax (Hiller, 1989, 2007), could
provide important insight into how centrality measures impact mental representations of spaces
and should be considered for future research, in particular to how this might impact neural
representations of city street networks (Javadi et al., 2017).

Additionally, distance to the centre of London also seems to impact on agreement rates.
Districts with high agreement rates include Soho, Mayfair and Belgravia, were located
centrally, within or near the Congestion Charge Zone, which is also a more prominent boundary
north of the River Thames than south (see Figure 4). Increased agreement rates were found for
partial boundaries of the central London districts of Whitehall and South Bank along the River
Thames. South of the River Thames, Nine Elms and the southern boundaries of the Congestion
Charge Zone, despite being straight and regular, had low agreement rates. However, in this
context, tightly linked to proximity is familiarity of taxi drivers with central London areas. As
drivers reported areas of preference being in West and Central London, which are areas where
boundary agreement rates were on an increased or high level, their familiarity with areas south
of the River Thames might be limited and impact boundary perceptions and agreement rates in
those areas.

Interestingly the River Thames, a prominent geographical landmark running through
London, was not identified as a boundary with high agreement rates. Contrary to this
expectation, only about 62% of drivers perceived it as a separating structure of south London
and the rest, rendering it categorically a boundary with one of the lowest agreement rates that
surpassed the 50% agreement level. However, the River Thames seems to be special in this
context as for districts and regions, taxi drivers were expected to indicate bounding streets, but
for the Thames it was the river itself, rather than streets, that was expected to have a boundary
effect. This conceptual difference between street network and survey boundaries might have
affected responses. Support for this effect could be indications of the City of London riverside
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boundary that runs along the river. Furthermore, it can be argued that the River Thames itself
does not necessarily separate prominent, confined and topically distinct areas, as do the
boundaries of Soho. Instead, on a larger scale, districts along the river might fade into each
other or even span across the river as touristic areas of Central London not only include areas
north of the River Thames, but also stretch from Waterloo along South Bank to Tower Bridge
at the southern back of the River Thames. Such a general perception of large-scale areas (i.e.
when considering the global environment), might interfere and explain deviations from the
perception, when studying differences across conceptually different areas and their boundaries
on a smaller, more locally perceived scale (i.e. specific districts and areas).

Finally, it is interesting to note that few taxi drivers indicated additional features that they
would perceive as boundaries in this context. Where taxi drivers did, the streets judged as
boundaries were not agreed on by other drivers (e.g. Camden, King’s Cross and Greenwich).
These regions, similar to the City of London and other areas with diffused boundaries across
the street network, were only perceived on an individual level. This result suggests that our
approach of prompting the drivers with specific options was a useful approach to explore taxi
drivers’ explicit awareness of boundaries when they consider London. Nonetheless, we
acknowledge that had we asked them to note on a map of London any boundaries they
considered important we may have received a different set of results and it will be useful in
future research to explore this.

In summary, a variety of factors impact whether streets are perceived as boundaries of
districts by taxi drivers. It is likely that the impact of familiarity and the extend by which taxi
drivers travel districts and areas might have an obvious contribution to such a perception. Areas
that are travelled frequently might be better mentally represented for recall and thus perceived
to have more pronounced boundaries than other, less frequently travelled districts where
memory about boundaries might be is less salient, such as south of the River Thames, where
there was less agreement on the boundary of the Congestion Charge Zone. Additionally,
geometric effects, such as linear streets and a rectangular surrounding street network, as well
as the main road character expressed through wide, busy and important streets, might contribute
to the salience of such a representation. In particular, the geometric effect of boundaries seems
to have a big impact as high boundary agreements for Soho, Mayfair and Belgravia and low
agreement for the irregularly shaped districts of the City of London or Leicester Square show
(e.g. Costa and Bonetti, 2018: Milgram 1976; Tversky, 1981). Taken together, it is thus
possible that a combined effect of all these factors might explain general tendencies and
discrepancies across areas. For instance, even though the City of London possesses specific,
historically developed boundaries and is often visited by taxi drivers, the lack of a regular and
linear outline of the district in the north and the use of predominantly minor roads might explain
why agreement rates were low in this case. In contrast, the boundary between Hammersmith
and Kensington, the Westway and Nine Elms, even though linear in their outline, were less
agreed on, possibly because they are further from Central London and taxi drivers were lacking
familiarity with those areas. In general, it is possible that a combination of these factors can
better explain why some boundaries are more likely perceived as such than others.

4.3. Boundaries and Urban Geography. From a geographical point of view, these findings
are also in line with previous approaches that studied for instance how individuals mentally
represented cities through paths, edges, districts, nodes and landmarks (Lynch, 1960). In his
studies, Lynch (1960) highlighted several properties of streets, such as width, distinctiveness,
continuity, directionality or importance in terms of being a major path, that were central for its
identification and can also be attributed to boundary properties, such as linearity or almost
rectangularity, topical segregation of distinct areas, or high likelihood of being a major road.
Similarly, edges, defined by Lynch (1960) as boundaries between different types of areas, such
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as waterways, were found to be important spatial features of the mental representation of
individuals. Parallels can be drawn between edges in Lynch’s study (1960) and the street
network boundaries of parks, or the River Thames itself. Additionally, Lynch (1960) also
points out a gradual change of path properties along the paths that also cause a gradual change
in its perception. Changes in boundary agreement along linear sequences of boundary streets
could also relate back to such a topological gradient along those boundaries.

Retrospectively seen, previous approaches of segregating an urban environment based on
street network properties (e.g. Filomena et al., 2019) have not matched perceptual findings of
this study and are not reflective of how humans ultimately perceive their environment. These
approaches seem too fine-grained for human perception and do not include additional
perceptual or conceptual factors such as popularity, topical distinctness or regularity of the
street network that were found to drive human perception. More important factors include if
streets can be classified as main roads (Pailhous, 1969). Even though not all main roads were
perceived as boundary roads that were perceived as boundaries, were main roads (see Figure
1). Since main roads are often important arteries and overlap with critical streets (cf. Working
papers Series, 2020) of the street network, spatial analysis as by space syntax could provide
further insight in terms of spatial properties and should be included in future analysis.

4.4. Boundaries and Behavioural Science. As boundaries were found to more likely emerge
around prominent, topically distinct areas, surrounded by main roads with a regular, linear
shape, they seem to be in line with findings on distortion effects of mental representations of
space (e.g. Costa and Bonetti, 2018; Tversky, 1981; Tversky 1992; Okabayashi and Glynn,
1984; Stevens and Coupe, 1978; Milgram 1976; Bomba and Siqueland, 1983). In particular,
geographical shapes of irregular borders are often simplified and represented as straight lines
(Milgram 1976; Tversky, 1981) and angular irregularities in the street network often aligned
in a parallel, grid-like shape (e.g. Byrne, 1978). Such tendencies towards simplification might
ultimately also determine which spatial features are more likely to be remembered (Lynch,
1960) and thus recalled and identified as potential boundaries.

In contrast to the spatial boundaries as defined in this or other studies (e.g. Lynch, 1960),
spatial boundaries have been studied in wider terms as well. Turns (Brunec et al., 2017, Brunec
et al., 2020) or doorways in an indoor setting (Horner et al., 2016; Robinson, 2020) seem to
form a mental barrier that impacted spatial memory. Whilst doorways, similar to the current
study, establish a spatial boundary that separates two distinct spaces (i.e. rooms), they are more
obvious features than streets that segregate a complex outdoor environment based on its topical
distinctness. Turns in contrast, are less obvious boundaries and do not fit the concept of spatial
boundaries as assumed in this study. Instead of marking spatial places where spatial regions
differ, turns as studied by Brunec and colleagues (2020) mark a particular event in a route that
leads to a segmentation of a mental representation and thus impacts spatial memory recall.

Other studies that rely on spatial segmentation or hierarchical representations of the
environment (e.g. Wiener and Mallot, 2009; Wiener et al., 2004; Schick et al., 2019; Biichner
et al.,, 2007; Balaguer et al., 2016) created those artificially through themed areas, such as
visually cued areas (Wiener and Mallot, 2009; Wiener et al., 2004) and language cues (Schick
etal.,2019). Here, boundaries were not explicitly studied or perceptible, but implicitly included
as transitions between areas occurred. However, in real-world navigation, boundary streets can
impact how individuals make use of their mental representations to travel an environment. This
understanding might allow for novel ways of studying navigation in the future. For instance,
when planning routes between places of a city, boundary streets, which might be more saliently
represented in memory, might be reported more often, faster or with less errors. Thus route
planning and wayfinding can be affected by such features and are thus important to be
considered.

17



Finally, from a behavioural perspective it might be interesting to raise the question, if
learning these boundaries should be included where spatial learning is carried out, and
particularly in the training of London taxi drivers. Learning these boundaries might facilitate
such a representation and help better structure spatial information in some areas, where they
are perceived, but it will not be sufficient to understand the entire street network. Areas with
low agreement on boundaries or no boundaries are not necessarily poorly represented or more
complex. For instance, there was low or no agreement on the boundaries for Leicester Square,
an area in Central London that taxi drivers are familiar and visit frequently. There are also no
boundaries in areas north of Mayfair and Soho, where the street network is regular and
complexity very low. Additionally, there are large areas in the north, west and south of Hyde
Park with no boundaries, but areas of regular (e.g. Brompton in Chelsea, Holland Park) and
irregular (e.g. South Kensington, Notting Hill/Westbourne Green) street network. Such
potential variation in street network complexity is captured in the training material of student
taxi drivers, but not in the boundary representation. Here, future work to explore the
connections between learning and a potential boundary representation will be useful.

5. CONCLUSION. The current study identified several features of the environment that
may make them a boundary for experts navigating in the street network. These boundary
features were identified by examining agreement rates across the streets identified by London
taxi drivers. Areas with perceived boundaries were found to share common properties: being
prominent and distinct from their surrounding areas, having a regular, linear or near rectangular
outline. These findings will be useful for predicting when a new region of space or a new city
region will be treated as a separate area with a boundary in a mental map for navigation.
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