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Abstract

Licensed London taxi drivers have been found to show changes in the gray matter

density of their hippocampus over the course of training and decades of navigation

in London (UK). This has been linked to their learning and using of the “Knowledge of

London,” the names and layout of over 26,000 streets and thousands of points of

interest in London. Here we review past behavioral and neuroimaging studies of

London taxi drivers, covering the structural differences in hippocampal gray matter

density and brain dynamics associated with navigating London. We examine the pro-

cess by which they learn the layout of London, detailing the key learning steps: sys-

tematic study of maps, travel on selected overlapping routes, the mental visualization

of places and the optimal use of subgoals. Our analysis provides the first map of the

street network covered by the routes used to learn the network, allowing insight into

where there are gaps in this network. The methods described could be widely applied

to aid spatial learning in the general population and may provide insights for artificial

intelligence systems to efficiently learn new environments.
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1 | INTRODUCTION

The ability to navigate an environment depends on the knowledge of

that environment. This knowledge can be gained in multiple ways,

such as via instructions on GPS devices, memorizing a cartographic

map, or through exploration. The knowledge formed can vary from

very imprecise to extremely accurate, depending on the complexity of

the environment, the level of exposure to the environment and indi-

vidual differences (Ekstrom et al., 2018; Schinazi et al., 2013;

Weisberg et al., 2014; Weisberg & Newcombe, 2016). Over the last

decades, there has been increasing interest in understanding how dif-

ferent methods for learning impact the acquisition of spatial knowl-

edge (e.g., Balaguer et al., 2016; Dahmani & Bohbot, 2020; Gardony

et al., 2013; Hejtmánek et al., 2018; Ishikawa et al., 2008; Münzer

et al., 2006, 2012; Siegel & White, 1975; Streeter & Vitello, 1986) and

how individuals differ in their capacity to learn to navigate new

environments (Burles & Iaria, 2020; Coutrot et al., 2018, 2019, 2020;

Feld et al., 2021; Newcombe, 2018; Weisberg & Newcombe, 2016).

Despite GPS devices being a preferred method of navigation for

many (McKinlay, 2016), the increased use of GPS devices appears to

have a negative impact on spatial memory (Dahmani & Bohbot, 2020;

Ruginski et al., 2019) and is associated with habitual learning of a par-

ticular route (Münzer et al., 2006). In contrast to GPS-based

instruction-guided navigation, “map-based navigation” (relying on

memory for the map) has been found to support spatial learning,

knowledge acquisition of the environment and improved flexible navi-

gation performance (e.g., Ishikawa et al., 2008; Münzer et al., 2006,

2012). Such flexible navigation relying on long-term memory is associ-

ated with the construction of a cognitive map, which stores the

allocentric information about the structure of the environment

enabling shortcuts and efficient detours around unexpected obstacles

(O'Keefe & Nadel, 1978; Tolman, 1948).
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A range of evidence indicates that within the brain the hippocam-

pus provides a cognitive map of the environment to support memory

and navigation (Epstein et al., 2017; Gahnstrom & Spiers, 2020;

O'Keefe & Nadel, 1978) and damage to the hippocampus disrupts

navigation (Morris et al., 1982; Spiers, Burgess, Hartley, et al., 2001).

Hippocampal neurons encode spatial information (O'Keefe &

Nadel, 1978) and for a selected group of individuals, who spend their

daily lives navigating using map-based recall of space, their posterior

hippocampal gray matter volume increases with years of experience

and is larger than in the general population (Maguire et al., 2000).

These individuals are licensed London taxi drivers. Here, we review

the past literature from studies of London taxi drivers and explore

how they learn the large amount of knowledge required to navigate

London, which evidence suggests drives the changes in their hippo-

campus (Woollett & Maguire, 2011).

2 | A REVIEW OF RESEARCH ON LONDON
TAXI DRIVERS

Licensed London taxi drivers are unusual among taxi drivers. They are

able to mentally plan routes across an environment that contains more

than 26,000 streets within the six-mile area around Charing Cross, the

geographic center of London (A to Z from Collins The

Knowledge, 2020). They are required to have sufficient knowledge to

also navigate main artery roads in the suburbs—known as “The Knowl-

edge.” This area covers almost 60,000 roads within the circular M25

(The London Taxi Experience—The Knowledge, 2020; numbers may

vary depending on sources, road types and the definition of the bound-

ary of London). What makes licensed London taxi drivers unique is that

they have to accomplish this using their own memory, without relying

on physical maps or navigation aids. They are also the only taxi drivers

permitted to pick up customers when hailed in the street, due to their

license to operate. In the rest of this article, we refer to them as London

taxi drivers, but readers should note that our analysis pertains only to

licensed taxi drivers, who are also referred to as “London cabbies.”
Changes in the hippocampal gray matter density in London taxi

drivers were first reported by Maguire et al. (2000) using a cross-

sectional study of London taxi drivers and magnetic resonance imag-

ing (MRI) measures, including voxel-based morphometry (VBM).

Maguire et al. (2000) speculated that because rodent and avian spe-

cies can show variation in the size of their hippocampus with the

demand on spatial memory (Lee et al., 1998; Smulders et al., 1995), it

might be possible that London taxi drivers would show similar differ-

ences due to their profession. There were two main findings from this

study: (i) compared to age and gender matched control participants,

London taxi drivers had an increased gray matter density in their pos-

terior hippocampus and a decreased gray matter density in their ante-

rior hippocampus, (ii) years of experience was positively correlated

with gray matter density in the right posterior hippocampus and nega-

tively correlated with anterior cross sectional volume. Thus, there is

no evidence for a globally larger hippocampus, but rather more experi-

enced taxi drivers show a significant difference in the amount of gray

matter along the long-axis of the hippocampus.

Following the discovery of differences in hippocampal size in

London taxi drivers by Maguire et al. (2000) numerous studies have

explored their brain function and cognition. MRI has provided further

evidence of structural differences in their hippocampus, with three

further studies supporting the initial findings (Maguire, Woollett, &

Spiers, 2006; Woollett et al., 2009; Woollett & Maguire, 2011). To

provide a more precisely matched control group to London taxi

drivers, MRI structural measures were contrasted between London

taxi drivers and London bus drivers. If the gray matter changes in taxi

drivers are driven by daily driving and/or daily exposure to London,

then bus drivers should have a similar hippocampal size to taxi drivers

as they daily drive routes through London. However, if it is using

extensive spatial knowledge that underlies the differences in gray

matter density then London taxi drivers and bus drivers should differ.

Results revealed that compared to London bus drivers, London taxi

drivers have increased posterior hippocampus gray matter density,

decreased anterior hippocampal gray matter density (Maguire,

Woollett, & Spiers, 2006), replicating previous results (Maguire

et al., 2000). While bus drivers show no relationship between hippo-

campal volume and years of experience, London taxi drivers were

again found to show a positive correlation between posterior hippo-

campal gray matter volume and years of experience (Maguire,

Woollett, & Spiers, 2006).

While cross-sectional studies of gray matter density provide evi-

dence that changes in hippocampal volume may occur with exposure

over time, they do not track individuals over time to provide a more

reliable measure of structural changes with experience. Examining

brain changes longitudinally within subjects, Woollett and

Maguire (2011) found that an increase in the posterior hippocampus

gray matter density after the years spent learning the Knowledge and

passing the exam required to become a licensed taxi driver

(Woollett & Maguire, 2011). Notably, taxi drivers showed no differ-

ences in hippocampal volume prior to starting training to non-taxi

drivers, indicating that taxi drivers may not be predisposed to having a

larger hippocampus as part of what predisposes someone to choose

to train as a taxi driver. Intriguingly, those who failed to qualify did

not show a change in their hippocampal size, indicating that it is not

sufficient to spend time training, training must be applied effectively

for changes in posterior gray matter density to become evident. Fur-

thermore, cross-sectional evidence from measuring hippocampal size

in medical professionals revealed no correlation between years of

experience and hippocampal structural measures (Woollett

et al., 2008). This suggests that it is unlikely to be storing the memory

of all the street names that underlies the correlation between hippo-

campal volume and years of experience operating a London taxi.

Following the discovery of gray matter differences in London taxi

drivers a number of studies have explored the extent to which hippo-

campal size might predict navigation ability. The first study to explore

this in a sample of 23 participants found no association between pos-

terior gray matter volume and navigation ability on a virtual navigation

task (Maguire et al., 2003). However, a number of subsequent studies

have reported a relationship between measures of hippocampal struc-

ture and navigation performance (Bohbot et al., 2007; Brunec

et al., 2019; Chrastil et al., 2017; He & Brown, 2020; Hodgetts
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et al., 2020; Konishi & Bohbot, 2013; Schinazi et al., 2013; Sherrill

et al., 2018; see also Hao et al., 2017). More recently, two studies

with larger samples have found no relationship between hippocampal

structure and either navigation (Weisberg et al., 2019) or route

sequencing (Clark et al., 2020). Thus it remains a matter of debate

whether in non-taxi drivers there is a link between hippocampal struc-

ture and navigation performance (see Weisberg & Ekstrom, 2021 for

review).

Acquiring the Knowledge of London seems to come at a cost of

learning and retaining new visuo-spatial information, which co-occurs

with a concurrent volume decrease in the anterior hippocampus

(Maguire, Woollett, & Spiers, 2006; Woollett & Maguire, 2009, 2012).

However, in the small sample studied by Maguire, Woollett, and

Spiers (2006) no significant correlation was present between anterior

gray matter density reduction and the performance on visuospatial

tasks. Functional neuroimaging studies have shown engagement of

their posterior hippocampus when verbally recalling routes (Maguire

et al., 1997) and at the start of the route when navigating a highly

detailed virtual simulation of London (Spiers & Maguire, 2006a,

2007a). Other research with London taxi drivers has revealed insight

into spontaneous mentalizing (Spiers & Maguire, 2006b), remote spa-

tial memory (Maguire, Nannery & Spiers, 2006), emotions during navi-

gation (Spiers & Maguire, 2008), the neural basis of driving a vehicle

(Spiers & Maguire, 2007b), the features of street network that define

a boundaries for navigation (Griesbauer et al., 2021) and the route

planning process (Spiers & Maguire, 2008). London taxi drivers have

also been shown to be better than non-taxi drivers at learning new

routes (Woollett & Maguire, 2009).

Despite the numerous studies exploring London taxi drivers, little

attention has been paid to how London taxi drivers learn and memo-

rize the layout and landmarks in London (Skok, 1999). Many questions

arise when considering this. How is their exploration structured?

What do they study when examining maps? How are map and physi-

cal travel experience integrated? What role does mental imagery play

in aiding their learning? How do they exploit the hierarchical structure

of London's layout? Are major roads mastered before minor roads? In

this observational report we provide the first investigation of London

taxi driver's learning process and the methods and techniques that

enable them to retain and use such a large amount of real-world spa-

tial information for efficient navigation.

3 | METHODS TO STUDY LEARNING OF
THE KNOWLEDGE

To understand the learning process of taxi drivers, different types of

sources of information have been consulted. These sources included

(a) a semi-structured interview (ethics approval was obtained under

the ethics number CPB/2013/150) with a teacher from a London

Knowledge school (here referred to as K.T. for “Knowledge Teacher”),
(b) an email exchange with Robert Lordan, the author of “The Knowl-

edge: Train Your Brain Like A London Cabbie” (Lordan, 2018), (c) an

open introductory class of the Knowledge of London and regular

scheduled classes for current students, (d) school specific study mate-

rial, and (e) online information from the TfL (Learn the Knowledge of

London, Transport for London, n.d.; Electronic blue book, 2019).

The interview with the teacher from the Knowledge school was

audio-recorded and transcribed. The transcription of the interview can

be found in Appendix S1. The teacher gave written consent for the con-

tent of this interview to be cited and published. Additionally, atten-

dances of Knowledge school training classes, including an introductory

class and several classes with more advanced students, allowed us to

observe and understand the training process in more detail.

The information collected from these sources was systematically

reviewed to report on (a) the ways spatial information is structured

and presented for the learning process, (b) the techniques and

methods used to learn this spatial information, and (c) how this knowl-

edge is tested and the later perception of this knowledge as a taxi

driver. A summary for each of these categories was created, starting

with verbal reports (interview [Appendix S1], Knowledge school clas-

ses). This information was cross-referenced with and extended by

unreported information from other, published, or official sources

(e.g., study material, online booklets by TfL).

4 | OBSERVATIONS

Taxi drivers in London have to demonstrate a thorough Knowledge of

London within the six-mile radius originating at Charing Cross (see

Figure 1a) to earn the green badge that qualifies them to drive a

“black cab” taxi (Electronic blue book, 2019). Within this area, taxi

drivers are expected to plan a route (i.e., the “runs”) based on the

shortest distance between any two potential places of interest

(i.e., the “points”) their customers might travel from or to, such as res-

taurants, theaters, hospitals, sports centers, schools or parks

(cf. Electronic blue book, 2019, for a complete list). Taxi drivers are

also expected to name all roads or streets that are part of that run in

the correct, sequential order, including traveling instructions, such as

turns (Electronic blue book, 2019).

Historically, the exact roots of the Knowledge of London are

unclear as written evidence is mostly missing. The first licenses and

regulations for horse-driven carriages date back to the early 1600s by

Oliver Cromwell (June 1654: An Ordinance for the Regulation of

Hackney-Coachmen in London and the places adjacent, 1911; London

Metropolitan Archives, 2013; Lordan, 2018; Newton, 1857). How-

ever, in 1851 the Great Exhibition in Hyde Park revealed incompetent

navigation skills of the carriage drivers of those days. These initiated a

series of complaints and forced authorities in the following years to

set up stricter qualification requirements for drivers to test their

knowledge of important streets, squares and public buildings (A to Z

from Collins—The Knowledge, 2020; Lordan, 2018; Rosen, 2014). This

scheme was officially introduced in 1865 (Learn the Knowledge of

London, Transport for London, n.d.). The requirements in relation to

the content of the Knowledge have since hardly changed and remained

in place (The Knowledge, 2020) despite the technological innovations

that have produced navigation aids, such as GPS devices, that
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facilitate and guide navigation. The following sections will outline how

this is achieved by taxi drivers.

4.1 | Presentation of spatial information in
Knowledge schools

To help students to acquire the fundamentals of the Knowledge of

London, the Blue Book (the origin of this name is unclear) was

designed, which, in its current form, was put into place in 2000

(interview with K.T., Appendix S1). It contains 320 origin–

destination pairs, their corresponding runs, as well as additional

points related to tourism, leisure, sports, housing, health, education,

and administration (Electronic blue book, 2019). In total, there are

about 26,000 different streets and roads (Eleanor Cross Knowledge

School, 2017) and more than 5000 points (Full set of Blue Book

Runs, 2020) listed in the Knowledge schools' versions of the Blue

Book. However, this knowledge is incomplete. By the time students

qualify, they will have extended their knowledge to identify more

than 100,000 points (The London Taxi Experience—The

F IGURE 1 The Knowledge
of London and the Blue Book.
(a) London taxi driver students
are expected to learn the street
network and all potential points
of interest within the six-mile
radius around Charing Cross
(black circle), which is called the
“Knowledge of London.” (b) To
support the learning process of
this area, the Blue Book was
created. It contains 320 origin–
destination pairs and the
shortest route (i.e., “run”)
connecting those pairs. When
mapped chronologically in
groups of 80 runs, the network
of origin–destination pairs starts
overlapping and becomes
denser. Red: The first layer of
the first 80 origin–destination
pairs. Black: The second layer of
the origin–destination pairs for
runs 81–160. Purple: The third
layer of origin–destination pairs
for runs 161–240. Blue: The
final layer of the last 80 origin–
destination pairs for runs 241–
320. Map sources: (a) Mapbox
(2020) and (b) My Maps by
Google Maps
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Knowledge, 2020) in a street network of about 53,000 streets

(OS MasterMap Integrated Transport Network, 2018). This covers

not only the six-mile area, but extends to all London boroughs,

including major routes in the suburbs.

The 320 origin–destination pairs of the Blue Book with their

corresponding runs are structured into 20 lists of 16 pairs each, which

are designed to systematically cover the six-mile radius: In a chrono-

logical order, as listed in the Blue Book, the majority of origin–

destination pairs have an origin in the same postal districts as the

destination of the previous origin–destination pair and spread across

London throughout each list (Electronic blue book, 2019). When

mapped in layers of four, the first 80 runs (i.e., five lists) provide an ini-

tial rough coverage of London. This coverage becomes denser with

each of the remaining three layers that are shifted slightly against

each other to fill in the gaps (Figure 1b).

Each of the origins and destinations in the Blue Book also require

students to learn the nearby environment within the quarter mile

range. That area around a Blue Book point is called the “quarter mile

radius,” or in short: the “quarter-miles” and is considered as ideal for

learning small areas of the environment without overloading students

with information (interview with K.T., Appendix S1; Learn the Knowl-

edge of London, Transport for London, n.d.; Electronic blue

book, 2019). For the first and most famous run, which connects

Manor House Station to Gibson Square, the quarter-mile radius is

illustrated in Figure 2a. It contains about 8 additional points, numbered

1–8. These are chosen by each Knowledge school individually and can

differ between schools. The additional points serve as initial motiva-

tion for students to explore the quarter-miles and learn which streets

link these points to each other. Knowledge of the remaining,

unmentioned points in the area will be obtained by each student grad-

ually as they progress through the Knowledge of London by studying

maps and exploring the quarter-miles in person.

Mapping the origin–destination pairs with their corresponding

quarter-miles, highlights how the areas locally link to each other

(Figure 2b). To create such an overlap that sufficiently covers the

whole six-mile area around Charing Cross (also see Figure 2a),

640 points are required, thus explaining the total number of 320 Blue

Book runs. Since each point is closely surrounded by nearby origins

and destinations of other runs, information is provided about how an

area can be approached from or left in different directions. For Manor

F IGURE 2 Example of Knowledge school material in use. In Knowledge schools, wallpaper maps (a) are used to illustrate the coverage of
London within the six-mile area by the quarter mile radii (b). These maps support the learning of relations between two places and clear up
misconceptions such as Victoria being located further north than Waterloo, which is owed to a change in direction of the River Thames (c). “The
cottoning up of two points,” a piece of string that is used to create a direct line between the points, is a common method to help with directional
studies (c) and planning the most direct routes (d, e). Additionally, students use 50% and 75% markers along the direct line (e) to create subgoals
that help to plan the runs Source: Knowledge Point School, Brewery Road, London, UK
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House (Figure 2b) these points have been indicated by blue and red

quarter-miles for nearby origins and destinations, respectively, in

Figure 2b. To visualize this information across the entire six-mile area

of London and keep track of their progress while learning the Blue

Book, trainee taxi drivers mark the origins and destinations, including

the quarter-miles, in a large, all London map (Figure 2a,b; Source:

Knowledge Point Central, Brewery Road, London, UK).

Studying maps by visualizing the topological relationship between

areas also helps to avoid misconceptions about the city's geography

that could lead to mistakes in route planning. For instance, deviations

from the more generally perceived west–east alignment of the river

Thames can cause distortions (cf. Stevens & Coupe, 1978). Often

Victoria station, located north of the river, is incorrectly perceived fur-

ther north than Waterloo Station, which is on the southern side of the

river, but further east then Victoria (see Figure 2c). This

misconception is due to a bend of the river Thames, that causes the

river to flow north (instead of east) between Victoria and Waterloo.

In the Blue Book, the 320 runs connect the origin–destination

pairs through the route along the shortest distance for each pair

(Electronic blue book, 2019). These pairs were chosen to create runs

that are about two to three miles long and mainly follow trunk or pri-

mary roads. Here, trunk roads are the most important roads in London

after motorways, providing an important link to major cities and other

places of importance, with segregated lanes in opposite directions

(Key:highway, 2020). Primary roads are defined as the most important

roads in London after trunk roads, usually with two lanes and no sepa-

ration between directions, linking larger towns or areas (Key:

highway, 2020). Since these are often printed in orange and yellow in

paper maps, taxi drivers also refer to them as “Oranges and Lemons”
(interview with K.T., Appendix S1). Trainee taxi drivers visualize these

runs on all London maps to learn and practice recalling them

(Figure 2d, credit: Knowledge Point Central, Brewery Road, London,

UK). Knowledge schools provide the 320 runs for the points of the Blue

Book but encourage students to plan these runs before checking the

up-to-date solution. To plan a run using the shortest distance and

avoid major deviations (as required for the examinations), drawing the

direct line (i.e., “as the crow would fly”) or spanning a piece of cotton

between the points is essential (Figure 2e). This so-called “cottoning
up” also helps students to learn relations between places (Figure 2c)

and visualize the map to find ways around obstacles, such as Regent's

Parks, or to select bridges for crossing the river (Figure 2e) during the

“call out” of the run (i.e., the recall of the street names in order along

shortest route without using a map). Additionally, it provides opportu-

nities to set subgoals, the “50% and 75% markers.” These markers are

set where the line coincides with major roads or bridges, about half-

way or three quarters along the line. These distances are guidelines

F IGURE 3 Runs and reverses runs. Due to one-way systems or turning restrictions, some runs differ when planned in reverse (dashed line),
not allowing to simply invert the original sequence of streets taken (black line). This is the case for the run from Islington Police station (P) to the
British Museum (B). When reversed, the one-way systems at Russell Square (1) and at Margery Street (2) require adaptation to traffic rules,
resulting in differences between the runs and its reverse run. Figure is based on learning material from Taxi Trade Promotions
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only, and sometimes bullets are set at other distances for streets and

places along the direct line that facilitate planning in stages. These

markers help students to stay close to the direct line, while breaking

down longer runs in smaller sections and reduce the number of steps

they have to plan for at a time (Figure 2e). Due to one-way streets

and turning restrictions, reverse runs from the initial destination to the

initial origin can differ. Therefore, the streets and roads cannot simply

be called in reverse order but have to be learned separately (Figure 3).

The runs of the Blue Book form a network of routes that covers

the six-mile area centered around Charing Cross (Figure 4a). However,

the coverage of the London street network by the Blue Book runs sys-

tematically varies in density with respect to the distribution of points

and the complexity of the street network: At its boundaries

(Figure 4b) this network is less dense than in central London, where

the runs are also overlapping more often (Figure 4c). This also reflects

that more points are located closer to the center of London, whereas

residential areas are more likely to cover larger regions at the bound-

aries of the six-mile radius. Similarly, areas of London with a more reg-

ular street network, such as in Marylebone and Fitzrovia, are covered

by less runs (Figure 4d) than areas with a more complex and irregular

street network, such as South Kensington and Chelsea (Figure 4e).

These might require more practice to learn.

The Blue Book runs focus on connecting origin–destination pairs

about three miles apart from each other. Since these are mostly main

artery roads, they provide the main grid for efficient traveling

between those origin–destination pairs. In contrast, minor roads and

the areas between the Oranges and Lemons (i.e., main roads that are

printed in yellow and orange in most maps) are learnt by studying the

quarter-miles and linking the additional points in those areas

(Figures 2a and 5b). Further understanding and flexible linking is

gained from the Blue Book runs as students start considering continu-

ations between them. For instance, one Blue Book run would have

continued along a sequence of straight streets, but the run required a

turn off from this straight sequence of streets to reach a destination.

In contrast to the previous example, parts of a different run might con-

tinue straight, where the initial run required to turn off the straight

sequence of roads. Both examples highlight the importance of the

ability to flexibly use individual runs as part of the “bigger picture”
(interview with K.T., Appendix S1).

Ultimately, they cover large distances across London as such a

combination of knowledge enables trainee drivers to link the Blue

Book runs efficiently where they intersect, or through minor roads of

the quarter miles where no intersection is available (Figure 2c). Over

time, links become more efficient as the Knowledge is “ingrained” and
minor roads are integrated to create shortcuts where possible. At this

point, the Blue Book is no longer perceived as a list of

individual routes, but as an entire network of runs (interview with

K.T., Appendix S1).

F IGURE 4 Network of Blue Book runs. A visualization of the 320 runs that connect the corresponding origin–destination pairs of the Blue
Book forms a dense network of routes that overlaps, similar to the quarter mile radii (a). Across the network, density varies and is less dense
closer to the six-mile boundary (b) then in Central London (c). This overlap also shows that more routes run through areas with higher irregularity
in the street network (d) than areas of a more regular street network (e) in Central London Source: Adapted from Blue Book mapping by Prof Ed
Manley, University of Leeds
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4.2 | Learning methods

The progress that Knowledge students have to make from learning the

first points and runs to flexibly plan routes all across London is

supported through a range of learning techniques as listed in Table 1.

These methods can be categorized into theoretical, map-related stud-

ies and practical, “in situ” experiences (interview with K.T., Appendix

S1; Lordan, 2018). Both support the development of planning strate-

gies that are later used in situations where route planning is required.

These include practicing the planning of Blue Book runs and general

runs with a “call over partner” (i.e., a Knowledge school study partner) in

preparation for exams and when driving a taxi as a qualified driver.

In general, maps are used to learn the structure of the street net-

work from a bird's eye view. They help obtain knowledge about

F IGURE 5 The points of the Blue Book. Each origin–destination pair of the Blue Book is presented in relation to its quarter mile area. The

origin of a run, here run 1 (a), Manor House Station, and the corresponding quarter mile radius (black circle) with additional eight other points of
interest (numbered 1–8) are marked in a map. Labels are provided in a legend (left) and the most direct route (i.e., “run”) to the destination,
including driving instructions (L on L: leave on left, L: left, R: right; F: forward) are listed on the right. The dense network of origin–destination
pairs (b) results in an overlay of the neighboring quarter mile radii (black circles around purple arrows). For Manor House Station (purple circle)
neighboring quarter-mile origins and destinations are highlighted in blue and red, respectively. These quarter-miles are covering the six-mile
radius in London by linking places of interest through linking runs (c) as indicated by the dashed lines connecting run 1 (#) from Manor House
Station and run 80 (!"), ending at Harringay Green Lanes Station. Source: Figures are based on learning material from Taxi Trade Promotions
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relations between places and areas (e.g., quarter-miles and boroughs)

and learn traffic rules that can limit route planning due to one-way

systems and turning restrictions. Additionally, maps facilitate a better

understanding of the sequential order of streets that are part of a run.

Initially, when studying the Knowledge, this information is

obtained mainly through the “dumbbell method.” This requires stu-

dents to identify the quarter-miles of the origin and the destination

and visualize the connecting Blue Book run by tracing it on the map.

By including variations of origins and destinations from the quarter-

miles on the map, students start to connect nearby points with the

original Blue Book origins and destinations and create a network that

is forming the “dumbbell” (Figure 3). This method is later extended to

other places, as students learn to flexibly link runs and cover larger dis-

tances across London. This is also supported by the “cottoning-up”

and the use of subgoals, called the “50% markers,” which are not

included in the blue book and must be determined by the trainee

(interview with K.T., Appendix S1). These 50% markers (not always

chosen halfway along the direct line) are bridges if the river needs to

be crossed to ensure efficient planning through these bottlenecks at

early stages, or other major roads and places. Additional subgoals are

added before and after, as needed, to help give initial direction for the

route planning without overwhelming the students. Both methods,

the “cottoning-up” and the “50% markers,” when used during initial

stages of the training, help students to correctly visualize the map and

relations between places. At a later stage of the Knowledge, when

route planning is carried out mentally and without a physical map,

these methods are integrated in the planning process automatically.

Notably, the process involves focusing on distance rather than time

between locations. The route with the shortest distance might be

extremely slow, but during the training taxi drivers are required to find

this route. This relates to the assessment used which uses distance to

determine the correct answer (see Section 4.3). After qualifying

drivers taxi drivers describe incorporating time into their choice of

routes.

To help students memorize sequences of street names that are

often used for runs, different memory techniques are applied during

the learning process and often remembered years after obtaining

the license. The most common techniques are creations of acro-

nyms and mnemonics, inventions of short stories that contain street

name references, mental walks through rooms of an imaginary

house, historical connections and personal memories that logically

structure (cf. Table 2, Lordan, 2018). Trainees use the range of tech-

niques in combination to learn, rather than starting with one

method and moving to another. Thus, the learning techniques listed

in Table 2 provide a set of cognitive tools for learning the layout of

London.

Location specific information from an in-street view is learnt

through “in situ” visits to the 320 origin–destination pairs of the

Blue Book, their quarter-miles and driving the corresponding runs.

These visits—carried out multiple times, often on a scooter with a

map of the Blue Book run attached to the windscreen—are essential

to learning and recalling the Knowledge. These experiences of runs

and the quarter miles create memories that drivers use to later recall

sequences of streets (Table 2, Lordan, 2018) and visualize routes

during planning (interview with K.T., Appendix S1). For instance,

memories of traveling a run for the first time might help the recall of

sequences of streets, places of interest and specific traffic rules that

must be obeyed. These memories become an essential source of

information when planning and calling out similar runs, linked to the

original. Students use them for mental simulations that facilitate

decisions about where to pick up or set down passengers, in which

direction to leave or to approach an area and how to find the most

optimal route. Thus, students incorporate their study from maps into

egocentric representations of directions and turns when driving the

runs in situ and this is vital for the planning process. Trainees are not

paid so the process of learning is expensive as well as time

consuming.

TABLE 1 Learning techniques used in Knowledge schools

Learning technique Supported skill and knowledge

(A) Map study Bird's eye view:

• General use

of maps

• Visualizing street network

• Relational knowledge of streets and

areas

• Areal knowledge (e.g., quarter miles)

• Traffic rules (e.g., one-way systems,

turning restrictions)

• Sequential order of streets

• Dumbbell

methoda,b
• Relational knowledge of places

• Areal knowledge

• Linking runs • Flexible and efficient route planning

• Cottoning up • Efficient route planning

• Relational knowledge of places

• 50% and 75%

markers

• Efficient route planning

• Relational knowledge of places

• Memory

techniquesa:

1. Acronyms and

mnemonics

2. Short stories

3. Method of loci

4. Historical

connections

5. Personal

connections

• Memorizing groups of streets in

consecutive order (1–3)
• Relational knowledge of streets in

an area (e.g., quarter miles) (4)

• Visualizing street network (4)

• Relation to personal memories (5)

(B) In situ experience In-street view

• Traveling in

street

• Sequential order of streets

• Experience

• Mental

simulation

• Visualizing places and streets

• Sequential order of streets

(C) Combination of the

above

Bird's eye and in-street view

• Call over partner Combination of all to simulate examination

and fares• Practice material

• Exam questions

aLordan (2018).
bLearn the Knowledge of London.
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4.3 | Assessment scheme

The assessment scheme for trainee taxi drivers in London was designed

to support the learning process and guide students from early stages of

learning the initial Blue Book runs to final stages, where their knowl-

edge of London and suburban artery roads is rigorously challenged

(Figure 6; interview with K.T., Appendix S1, Learn the Knowledge of

London, Transport for London, n.d.). Initially, Knowledge schools offer an

introductory class to provide basic information and an overview of the

content of the Knowledge. This introductory class includes expectations,

procedures, and requirements of the qualification process, before pre-

paratory examinations (Figure 6, light gray) can be taken. Within the

first 6 months of starting the Knowledge, students are expected to sit

an assessment that is testing the Knowledge on the initial 80 runs (five

lists) of the Blue Book. Even though this assessment is unmarked, it is

obligatory and of supportive and informative purpose at the same time

(i.e., formative assessment). Feedback is given and the performance is

discussed with teachers to help students identify problems in their

learning process that need adjustment at an early stage to enable stu-

dents to successfully progress at later stages. Following this initial self-

assessment, students have 18 months to sit a marked multiple-choice

exam that tests their knowledge of the Blue Book, to ensure they have

acquired the basics that are necessary to progress to the appearance

stages (Figure 6, dark gray). To test this, the multiple-choice exams con-

sist of two parts, where (a) the shortest, legal route out of three possi-

bilities has to be identified for 5 randomly chosen Blue Book runs, and

(b) the correct location out of six possible locations has to be selected

for 25 points of interest that are likely to be part of the learning of the

Blue Book runs.

After passing the two entry assessments, trainee taxi drivers

enter what is known as the “appearances,” a set of oral examinations.

At each appearance, students are expected to call runs from any two

points that the examiner names. The appearances also comprise the

longest and most difficult part of the Knowledge examination process.

TABLE 2 Common memory techniques to learn runs

Technique name Example Streets or places Run Book reference

Acronym “MEG” (1) Melton St

(2) Euston Rd

(3) Gower St

(4) …

121 p. 22

Mnemonic A: “bask under nice fair weather” (1) Blackfriars Bridge
(2) Unilever Circus

(3) New Bridge St

(4) Farringdon St

(5) West Smithfield

153 p. 26

B: “little apples grow quickly please” Lyric, Apollo, Gielgud
Queen's, Palace
(order of Shaftesbury Av theaters)

– p. 20

Short story “In the scary monster film (1), the creatures burst out from

behind the closed doors, riling (2) their victims with sheer terror

(3). […]”

(1) Munster Rd, Filmer Rd

(2) Rylston Rd, Dawes Rd

(3) Sherbrooke Rd

(4) …

20 p. 92

Method of loci “On the wall of the lobby are several framed certificates (1).
Below them is a bookcase where a guide to New York City

sticks out, the cover of which is illustrated with an image of

Park Avenue (2). A train ticket to Macclesfield is tucked inside

as a bookmark (3). […]”

(1) College Crescent

(2) Avenue Rd

(3) Macclesfield Bridge

(4) …

7 p. 148

History “It's believed that Copenhagen House was named either in honor

of the King of Denmark or the Danish Ambassador, both of

whom stayed there in the 17th century.

Consequently the first roads on this run have a Danish theme.

Matilda Street is named after Queen Caroline Matilda who

was born in London but became Queen consort to Denmark

after her marriage to Christian VII. […]”

(1) Matilda St

(2) Copenhagen St

(3) …

2 p. 106

Experience “I remember arriving at Manor House very early one Sunday
morning; it was cold and misty and, as I expected many fellow

students did, had a brief moment of crisis when I asked myself

what on earth I was getting myself into.

But this thought was quickly expelled when I stood up to stretch

my legs – and promptly trod in some dog mess, which in

hindsight was probably a symbol of good luck although it

certainly did not feel like that at that time. […]”

(1) Manor House

(2) …
1 p. 190

Source: Adapted from Lordan (2018).

12 COMMENTARY



It is quite common that several of the stages have to be retaken by

students due to shorter intervals between appearances coupled with

the growing expectations of the examiners as they proceed. In total,

there are three stages of appearances, the 56s, 28s, and 21s, which

correspond to the number of days between any two appearances in

that stage.

Even though the requirements for students sitting these exams

become more rigorous as they proceed, there are general rules that

apply across all stages: Each appearance is about 20 min long and can

consist of up to 4 runs that students have to call, using the shortest

route, disregarding traffic and temporary roadworks. The call outs

(i.e., naming streets in sequential order) include identifying the location

(i.e., the correct street) of the origin and destination (points of interest),

naming streets and giving turning directions along the run in correct

sequential order, as well as including instructions for leaving and setting

down passengers. Possible errors that will cause deductions of points are

incorrect street names, any divergence from the shortest route, violation

of traffic rules, impossible leaving or setting down instructions and hesi-

tations during the call of the run. In each appearance, 3–6 points are

awarded and 12 points are needed to progress to the next stage. Per

stage, students are allowed to fail a maximum of three appearances,

before the stage has to be repeated (first time) or students have to go

back to a previously successfully passed stage (failing second time), limit-

ing the number of exams per stage to a maximum of seven appearances.

In contrast to later appearance stages, the “‘56s” are very closely

related to the Knowledge obtained from the Blue Book. Here, exam-

iners closely stick to runs from the Blue Book, which reflects a good

knowledge of primary and secondary roads (i.e., the “oranges and

lemons”). At this stage, examiners also take into account differences in

the choice of additional points of the quarter-miles that different

Knowledge schools provide in their version of the Blue Book

(Figure 2a). Additionally, runs are structured in a way that they will not

contain obstacles (e.g., road closures), special requirements

(e.g., requests to avoid traffic lights) or theater shows and temporary

events (e.g., Chelsea Flower Show). Students are also allowed to cor-

rect mistakes by going back in their call out and changing their run. At

the next stage, the “28s,” examinees are expected to be able to link

runs, using some minor roads and avoid obstacles or comply with spe-

cial requests without being granted a chance of correcting faulty runs.

At the final stage, the 21 s, trainee drivers have to demonstrate an

overarching knowledge that is up to date and can additionally refer to

particular topics (e.g., new tourist attractions, changes in hotel names)

and temporary events, such as the Chelsea Flower Show.

After passing all appearances, the final exam is set to test the

knowledge of suburban London. This knowledge covers 22 specific

routes, including major points along those routes, radiating from the

six-mile radius to the borough boundaries of London. In this final

appearance, trainee drivers will be asked six questions relating to the

22 routes and points along those routes.

For the learning process of a Knowledge student, the Blue Book is

central, as it provides them with “the ability to know where streets and

roads are going to and where all those places are” (interview with K.T.,

F IGURE 6 Knowledge examination process. The initial stage
(light gray) of the Knowledge examination process provides
feedback (Self-Assessment) on the individual progress of learning
the first 80 runs of the Blue Book and assesses the minimum
knowledge on all 320 Blue Book runs needed (Multiple Choice
Exam) to start the oral examination (Appearances). The main part of
the examination process (dark gray) consists of a series of oral
examinations, the so-called “appearances,” consisting of three
different stages (the 56s, 28s, and 21s, named after the intervals
between each exam in the corresponding stage). Even though the
requirements to students sitting these exams become more
rigorous as they proceed, there are general rules that apply across
all stages. These are related to the general layout of each
appearance (e.g., duration, number of runs), expectations
(e.g., shortest route), format of call out (e.g., identifying the
location of origin and destination, sequentially naming streets and
providing turning instructions), penalties (e.g., traffic rule violations,
deviations from shortest route, hesitations), awarded points and
progressing to the next stage. Following the appearances, students
are required to pass an exam on suburban Knowledge before they
obtain their license Source: Adapted from Learn the Knowledge of
London; Knowledge of London learning and examination
process, p. 21
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Appendix S1). However, over the course of obtaining the Knowledge

and learning how to link Blue Book runs efficiently, there seems to be

a change in the perception of London. Initially it consists of distinct

routes and locally focused areas on a map. Over the course of time,

this fades into a connected, large-scale, inseparable network of streets

and places in the real world (Appendix S1). During consulting conver-

sations with taxi drivers, they reported that they just knew where

they had to go without much planning. For well-known places, Robert

Lordan described the planning and execution of a run as “I wouldn't
even have to think; my brain would be on autopilot. […] like a moth

drawn to a light!” (email conversation with Robert Lordan, Appendix

S2). For longer distances, subgoals (as trained with the 50% markers)

are used automatically: “I'd find that my brain would often plan in

stages; essentially I'd envision a set of waypoints and the route would

then come to me as I progressed” (email conversation with Robert

Lordan, Appendix S2).

The overall impact of the Knowledge also seems to foster a deeper

connection (“I already loved the city, but in studying it I now love it all

the more. It feels like an old, familiar friend,” email conversation with

Robert Lordan, Appendix S2). It provides a constant drive to stay up

to date with changes in the city (“The Knowledge made me crave detail!

To this day I want to know as much as I can about London,” email con-

versation with Robert Lordan, Appendix S2) and new curiosity (“The
Knowledge also makes you want to know as much as you can about new

locations that you've never been to before,” email conversation with

Robert Lordan, Appendix S2).

5 | DISCUSSION

Here we examined the process by which licensed London taxi

drivers learn and are examined on the Knowledge of London,

which includes the network of ~26,000 streets and thousands of

points of interest. In summary, to learn the Knowledge of London,

taxi drivers use a wide range of theoretical and practical methods

and learn specific methods for efficient planning. Such training pri-

marily includes map-related study, based on an overlapping net-

work of basic points of interest and list of routes (Blue Book) that

systematically covers London. This knowledge is combined with

visits to the locations used in the routes and retracing of the theo-

retically learnt routes on motorbikes. Both experiences are

reported to be vital for linking theoretically learned information to

specific real-world locations and flexible navigation in London. We

also observed a range of techniques to improve memory, such as

acronyms and stories linked to sequences of streets, visualizing

the locations and travel along streets, and the strategic use of sub-

goals. We discuss: (i) how these findings relate to other studies

examining spatial learning, (ii) how the learning compares with taxi

drivers in other cities, (iii) why the knowledge is still required and

trained when GPS aided navigation systems exist, and (iv) how

these methods and techniques might benefit the general popula-

tion in spatial learning.

Research based studies of spatial navigation have employed a

variety of methods to train participants learning unfamiliar environ-

ments. These include instructed learning of paths (e.g., Brunec

et al., 2017; Meilinger et al., 2008; Meilinger, Frankenstein, &

Bülthoff, 2014; Meilinger, Riecke, & Bülthoff, 2014; Wiener

et al., 2013), learning from cartographic maps (e.g., Coutrot

et al., 2018, 2019; Grison et al., 2017; Hölscher et al., 2006, 2009),

landmark-based navigation (e.g., Astur et al., 2005; Newman

et al., 2007; Wiener et al., 2004, 2012, 2013; Wiener & Mallot, 2003),

exploration of the environment without a map (e.g., de Cothi et al.,

2020; Hartley et al., 2003; Spiers, Burgess, Hartley, et al., 2001;

Spiers, Burgess, Maguire, et al., 2001) or a combination of map study

with in situ exploration (e.g., Javadi et al., 2017; Javadi, Patai, Marin-

Garcia, Margois, et al., 2019; Javadi, Patai, Marin-Garcia, Margolis,

et al., 2019; Newman et al., 2007; Patai et al., 2019; Spriggs

et al., 2018; Warren et al., 2017; Wiener et al., 2004; Wiener &

Mallot, 2003). The general assumption is that the method used for

learning is efficient, or a standard way of learning the environment.

Here we found that for London taxi drivers the training is significantly

more intensive and elaborate than any of these studies, which relates

to the dramatically increased demands of learning 26,000 streets and

thousands of points of interest.

Several methods for learning, such as guided turn-based naviga-

tion (e.g., Wiener et al., 2013), have not found an application in the

training phase of London taxi drivers. The absence of this approach

might be explained through the advantage of in situ experience,

understanding the changes with lighting over day time and the very

regular changes to the environment (e.g., temporary road closures,

name changes of hotels or restaurants, and temporary events). Indeed,

being able to adapt to these changes and being aware of some of the

temporary events are considered essential knowledge, especially at

later stages of the training process.

Successfully recalling mental images of locations, retrieving spe-

cific street names and judicious uses of subgoal planning were

described as key to being a London taxi driver. These observations

help to explain results of by Spiers and Maguire (2008) where London

taxi drivers were asked to recall their thoughts watching video replay

of their navigation of a highly detailed virtual reality simulation of

London. London taxi drivers often reported sequential planning to

subgoals along the route, comparison of route alternatives or mental

visualizations of places and route sequences. Many taxi drivers

reported “picturing the destination,” planning with a bird's eye view,

and “filling-in” the plan as they navigated, which indicate a use of

mental visualization as trained through the Knowledge. We found

teachers and examiners claim to know when students “see the points”
as they actively visualize origins and destinations as part of their plan-

ning process. It may be that trainee taxi drivers need some ability with

mental imagery to succeed in the train process. Not all trainees will

pass the examination process (Woollett & Maguire, 2011). The ability

to use spatial visualization strategies has been found to differ

between individuals and vary with age and experience (Salthouse

et al., 1990), education levels or gender differences (e.g., Coluccia &

14 COMMENTARY



Louse, 2004; Fennema & Sherman, 1977; Moffat et al., 1998;

Montello et al., 1999; Wolbers & Hegarty, 2010). There is also evi-

dence that certain spatial visualization skills can be improved through

training (Sorby, 2009). In our study we found that it was expected that

the visualization improves with the training. Further investigation of

the visualization process in novice trainees and expert drivers would

be useful and may relate to the changes in the hippocampus observed

in those that past the exam to obtain a license (Woollett &

Maguire, 2011). The multifaceted learning approach reported here

may relate to why changes in gray matter density have consistently

been observed in taxi drivers.

Further evidenced use of mental simulation during navigation was

found in the way taxi drivers are required to call out the runs in the

exam by using instructions and phrases such as “forward,” “left/right
into,” and “comply” (traffic rules). These provide an egocentric

description of movement through London. Conversely, during the

early stages of the Knowledge training, the planning process is

reported to rely on an allocentric reference frame by studying maps to

train students on planning shortest paths. At later stages, as experi-

ence is gained from planning runs and through in situ visits to loca-

tions, the aim is to build an automatic awareness of the direction of

travel or a particular route. This is consistent with the reports that

experienced taxi drivers very rapidly determined the direction to a

requested destination (Spiers & Maguire, 2006a, 2008).

We found that the examination process appears to provide a lay-

ered approach to learning the London street network. There is an ini-

tial focus on testing the Blue Book routes (runs) or routes along main

arterial roads (i.e., “oranges and lemons”) and only at later stages are

minor roads integrated into the assessments. However, we found the

actual learning process requires students to learn minor roads in the

quarter-miles from the beginning (i.e., with the first run). This differs

from the requirements in other cities, such as Paris, where drivers

have to demonstrate knowledge of a limited number of major points

of interest, as well as predefined major routes. There, taxi drivers are

expected to expand their knowledge to the minor street network

through experience while working as a taxi driver (Préfecture de

Police, Démarches, & Services, 2020; Skok, 2004). Similar to the

“oranges and lemons” of the London street network, the Parisian

street network covers the city in two layers: The base network, an

uneven grid-like pattern that allows travel on major roads, helps to

reduce traffic on the secondary network, a network of minor streets

(Chase, 1982; Pailhous, 1969, 1970, 1984). For Parisian taxi drivers,

such a selective learning of the base network was found to be also

reflected in their mental representation of the street network in form

of these two layers (Pailhous, 1969, 1970, 1984). In contrast to

London taxi drivers, Parisian taxi drivers' awareness of the secondary

network only grows and becomes more efficient and optimal through

experience rather than in the training and is almost nonexistent at the

beginning of their career (Chase, 1982; Giraudo & Peruch, 1988,

1988b; Peruch et al., 1989).

The approach that London has taken to train and test their taxi

drivers on the Knowledge as described above, is historically moti-

vated and has been retained over centuries since its implementation,

only allowing for adaptations and improvements. This concept of

learning all possible points, their locations, the street names and how

to flexibly plan routes and adjust to specific requirements is globally

unique. In contrast, other cities, such as Paris (Préfecture de Police,

Démarches, & Services, 2020) or Madrid (Federaci�on Profesional del

Taxi de Madrid: Departamento de Formaci�on, 2010; Skok &

Martinez, 2010), often only require applicants of the trait to learn

the major grid of the street network (i.e., the base network) and

expect the knowledge of the minor street network (i.e., the second-

ary network) to be obtained through experience. Instead, taxi drivers

are also required to demonstrate knowledge on other trade related

areas, such as knowledge related to driving a car, professional regu-

lations, safety and business management, a language test

(Skok, 2004), fares and legislations (Skok & Martinez, 2010). Consid-

ering these alternative qualification requirements for Paris or

Madrid, the London qualification scheme, that relies on a thorough

knowledge of London streets, can be questioned as regards to its

adequacy and value, in times of GPS systems that can guide

navigation.

Given that GPS in general successfully supports navigation and

thus is omnipresent in daily life, it remains a key question as to why

London taxi drivers continue to rely on their own abilities to plan

routes. We found that this to be their sense of accomplishment of a

difficult, and in this case, almost impossible task. They often find

pride in their ability to master challenging navigation tasks in a com-

plex city only by using their spatial memory independently from

external devices that could be sources of mistakes (McKinlay, 2016).

This ability to flexibly navigate beyond a base network of major

streets, enables London taxi drivers to rapidly follow their route plan

even to points in the secondary network, quickly adapt to any

changes on-route due to customer preferences or traffic flow

(i.e., congestion or road closures) and avoid errors that might result

from incorrect instructions given by passengers (e.g., Lordan, 2018).

For instance, they might confuse Chelsea's buzzing shopping mile,

King's Road, with the quiet King Street near St James's Park, West-

minster. These adaptations, that taxi drivers can make instantly,

might even outperform GPS systems that sometimes need manual

adjustments and additional information input to get to a similar

result. In contrast to London, it takes taxi drivers in Paris, Madrid

and other cities years to acquire this type of knowledge in their cities

and in the end, they might never achieve a similar, highly accurate

knowledge of their cities as some areas might be less frequently

traveled. Moreover, their experience to filling the gaps in their

knowledge might strongly rely on their use of GPS devices, which

have been found to impair spatial learning (e.g., Ishikawa et al., 2008)

and interfere with spatial navigation (Johnson et al., 2008;

McKinlay, 2016). These methods of training taxi drivers might be less

efficient and it is thus not surprising that there have been requests

from taxi trades of cities like Tokyo, asking London Knowledge

teachers to develop a similar method for their taxi schools (interview

with K.T., Appendix S1).

How might the Knowledge training process be improved? The

Knowledge in its current form, based on the 320 Blue Book runs,
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has been in place for about two decades, but the study methods

have remained the same over many more decades. However,

there has been a tendency of involving new technologies and cre-

ating online resources, such as apps that can hold and test stu-

dents on the Blue Book runs. By providing the first plot of all

the blue book runs we were able to identify regions in the road

network that were poorly sampled and it may be possible for this

information to be useful should new routes be required in

updating the runs.

It is possible that a database of videos of Blue Book runs would

be useful. However, updating this database is a challenge due to the

regular change in London's appearance and layout. Online maps and

applications could provide a platform that could be regularly

updated. Here, the focus could be on Knowledge requirements that

allow general contribution, similar to OpenStreetMaps (n.d.), and

individual modification, as with Google My Maps (Google Maps. My

Maps, n.d.), to support the individual learning process. Such a plat-

form could include updates on points asked in recent appearances

that students use for preparation or an option to train with and

challenge other students, as well as their call-over partner. Past

research has shown it is possible to probe navigation effectively

using Google Street View (Brunec et al., 2018, 2019; Patai

et al., 2019). However, these platforms would not be able to replace

the social situations that students find themselves in at Knowledge

schools and when practicing face to face with their call-over part-

ners. These social interactions also have a psychologically motivat-

ing, supportive effect. Neither can these digital maps overcome

some obvious visual limitations due to screen sizes. These will not

allow for a similar view of the “bigger picture” that a wallpaper map

is able to convey.

How might the learning process described here be exploited for

the general population to learn new places, or emergency workers,

or those with wayfinding difficulties caused by a clinical condition?

A number of recommendations could be made. One is the focus on

street-names. Much navigation in cities can be based on landmarks

and the rough knowledge of the area. Recent work has explored

how navigation could be improved by enhanced acquisition of land-

mark knowledge using audio information (Gramann et al., 2017;

Wunderlich et al., 2020; Wunderlich & Gramann, 2019). While land-

mark acquisition is important for navigation (points of interest for

the taxi drivers), our analysis of how London taxi drivers learn shows

the extra value of learning street names. Learning the street names

makes it possible to plan precise paths through the network of

streets. This allows for flexible planning that goes beyond chaining

sets of landmarks together. This learning can be enhanced by a

focus on methods to draw out the street names such as acronyms

and rhymes (“East to West Embankment Best”). The memory tech-

niques used in Knowledge schools to memorize sequences of

streets such as the “dumbbell method” that links small areas

through routes, or mental visualizations of familiar places could initi-

ate new ways of displaying spatial information in maps or GPS

devices. A focus on mental imagery is also worth considering in

future research to explore how this may benefit new navigation.

Finally, teaching a method for efficient planning of longer routes

would be a benefit. More research will be required to fully explore

these possibilities and understand how they may be integrated with

other technology for efficient spatial learning. In such research

understanding the order in which information and training is pro-

vided would be an important step. Trainee taxi drivers do not have a

set order by which they use the different methods, other than the

prescribed order in which they learn the blue book runs. Future

route guidance systems for learning a new environment might

exploit the approach of integrating a set of routes as taxi drivers

do here.

Another question arising is how might these discoveries be useful

for researchers seeking to build efficient artificial intelligence systems

capable of rapid learning and planning? Recent work has explored

methods for learning environments and navigating them from street

view data or video (Hermann et al., 2020; Mirowski et al., 2016; Xu

et al., 2021). The main discoveries here that may be relevant are

(1) the organized learning of a set of interconnected routes that allows

for flexible planning in the future, (2) the focus on learning a route and

then exploring the points at the start and end and then connecting

the route to other routes, and (3) learning to create subgoals during

the planning process. These approaches to learning may extend not

just to improving guidance for how humans learn but for considering

the construction of agents that optimally learn structures in the layout

of a large city network.

In conclusion, studying the training process of licensed London

taxi drivers has provided a useful opportunity to better understand

learning strategies and methods that efficiently support the learn-

ing process of a large and complex environment. In this observa-

tional report, information was gathered on licensed London taxi

drivers, who acquire unique spatial knowledge to navigate an enor-

mous street network independently from external support, such as

GPS. Forming such mental representations of real-world spaces is

essential for the job they perform. Essential strategies include

memory techniques, map-based strategies using tactical subgoal

selection to improve planning efficiency and mental visualization of

places and routes based on experiences. Further research is

needed to understand the mental representation that results from

these training methods and how this representation affects naviga-

tion related planning in brain circuits including the hippocampus.
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