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Abstract

Transit maps are designed to present information for using public transportation systems, such as urban railways. Creating a
transit map is a time-consuming process, which requires iterative information selection, layout design, and usability validation,
and thus maps cannot easily be customised or updated frequently. To improve this, scientists investigate fully- or semi-automatic
techniques in order to produce high quality transit maps using computers and further examine their corresponding usability.
Nonetheless, the quality gap between manually-drawn maps and machine-generated maps is still large. To elaborate the current
research status, this state-of-the-art report provides an overview of the transit map generation process, primarily from Design,
Machine, and Human perspectives. A systematic categorisation is introduced to describe the design pipeline, and an extensive
analysis of perspectives is conducted to support the proposed taxonomy. We conclude this survey with a discussion on the

current research status, open challenges, and future directions.

CCS Concepts

e Human-centered computing — Visualization techniques; Visualization design and evaluation methods;

1. Introduction

A transit map is a representation of a public transportation network
focusing on the connectivity of stations via transit lines [Ovel5],
such as railway networks, bus lines, and ferry routes. Among these
examples, metro maps, subway maps, or tube maps [Gar94,0ve03,
Rob12] are typical transit maps of metropolitan railways. To in-
crease legibility, designers often simplify complex structures us-
ing an abstracted representation, for example, by straightening lines
and distributing stations evenly. This process of transforming a to-
pographical map into a network diagram is called schematisation.
The main components of a transit map include symbols for sta-
tions and interchanges, names, and coloured lines, linking the sta-
tions and indicating the types and ranges of transportation services.
The resulting simplified, and often visually pleasing schematic
maps capture essential structures of the transport networks, as well
as the images of cities [Lyn60]. The main purpose of schematic
maps is to facilitate passengers’ orientation and navigation of the
transit network. Examples of the London Underground (Figure 1)
demonstrate several layout styles (e.g., curvilinear, concentric cir-
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cles, multilinear, etc.) applied to the same transit network. Some
schematisations are optimised for usability, whereas others are cre-
ated for visual entertainment (Figure 1(c)).

According to our interviews with map illustrators [WTH™13]
and knowledge gained from transit map history [Gar94], a schema-
tised map is often created in an iterative process. This goes through
a bi-directional loop between organising the information to present,
designing perceptually effective visual languages, and implement-
ing the final product. The result depends on the designer’s intuition
and skills in order to produce an easily understandable and visually
informative map which is effective for its intended tasks. This is
a time-consuming procedure. Thus, scientists have been research-
ing more efficient solutions in order to improve on this. Over the
last two decades, transit map problems have been investigated by
designers, computer scientists, psychologists, and even the general
public, each with different interests and expertise.

As examples of studies, designers [Cerl6, Ove08] have inves-
tigated visual languages that can be used in standard map pro-
duction leading to better design strategies. Computer scientists
have developed algorithms to mimic the map production proce-
dure [WNTN19] by translating data, design criteria, and objectives
into a machine-processable form. Psychologists have researched
the effectiveness of transit maps and the usability benefits of dif-
ferent styles (see Figure 1). In most cases, the three communities
are active individually and collaborate seldom to achieve more ad-
vanced goals. In this survey, we aim to cover a full visualisation
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Figure 1: Various transit map styles of London Underground [Rob12], from less to more constrained curves or polylines in each row.

pipeline for transit maps by investigating the existing work from
the (D)esign, (M)achine, and (H)uman perspectives and pointing
out the existing gaps occurring in current real-world applications.

Five earlier, but more narrow survey papers on schematic maps
exist. Wolff [Wol07] summarised early techniques from an algo-
rithmic perspective. Two surveys [N6114, WNTN19] investigated
more recent algorithms, as well as aspects of interactivity and appli-
cations. Two more surveys [Robl4a, Gril9] summarised user per-
formance and usability. Authors from three of the papers are co-
authors of this survey. We aim to discuss a much broader model
that covers the design, machine, and human perspectives of transit
map layout.

We will first discuss key elements in each perspective. The goal
is to investigate the current state of developed techniques, providing
an overview of the scientific field, and also to identify gaps between
perspectives. The discussion of fusions between them will highlight
opportunities for future collaborations and unifications, facilitating
discussion across multiple disciplines.

Contributions. The contributions and structure of this survey are:

e A unified taxonomy and overview of published work in the field
of transit map layout (Section 2).

e A full summary of design principles, research focus, current
achievements, and gaps in existing work from the (D)esign,
(M)achine, and (H)uman perspectives (Sections 3 to 5).

e A discussion of potential for fusions between the three perspec-
tives (Section 6).

e An outline of potential challenges and key research directions
derived from the previous discussions (Section 7).

Scope of the Work. We performed an extensive search of online

literature databases, covering the domains of visualisation, design
studies, algorithms, and psychology to exhaustively collect relevant
work to be included in the survey. Some results were removed if
they did not explicitly fit within the scope. The primary focus of this
paper will be on layout techniques, as this is the most researched
topic, as summarised in Table 1. Within this topic, readers will find
that the focus of past researchers has been on rail-based transit.
Schematisation techniques can, of course, be applied to road-based
transit networks, too, but the potential conflict between schema-
tised lines and visible topography reduces the benefits that can be
achieved. The materials of this survey have been put on the web-
page http://survey.schematicmapping.org/.

2. Survey Model

Manually creating a transit map is an iterative process. After an
initial discussion to collate requirements with the people who com-
mission the representation, the designer will pass through various
stages [Rob12, WTH*13], including (a) a sketch of the essential el-
ements, (b) iterative refinement of positioning of stations and lines,
(c) a schematic form fulfilling aesthetic criteria, and (d) a finalised
map with legends. In Step (a), a rough composition facilitates the
placement of essential elements (Figure 2(a)). Besides the transit
network, these might be geographical features, such as rivers and
landmarks in a city. In Step (b), the designer performs an iterative
adjustment to align stations and lines on grids and distribute them
evenly, while preserving their relative position in comparison to
other elements. He or she refines this until all criteria are fulfilled
(Figure 2(b)). Once a clean layout is achieved (Figure 2(c)), the de-
signer is ready to finalise the drawing in Step (d), by incorporating
additional information, such as titles, legends, text, and images.
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(a) (b)
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Figure 2: A process for transit map creation: (a) a sketch of the essential elements; (b) iterative refinement of stations and lines on grids;
(c) a schematic form fulfilling aesthetic criteria; and (d) a finalised map with legends.
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Figure 3: Two diagrams that describe the structure of this survey. (a) Shows how theoretical knowledge might permeate through the system,
influencing the design of maps. (see Section 2). (b) Shows a conceptual diagram that depicts the coverage in the upcoming sections.

The aforementioned steps are summarised as a conceptual dia-
gram that relates the three perspectives of this survey (Figure 3).
This is built upon an integration of the map creation proce-
dure [Cer16] and the visualisation pipeline [KMS99]. We consider
a topographical map with attributes (e.g., names, landmarks, pho-
tos) as our input. The process flows via iterative steps (Figure 3(a))
which may involve any or all of the three perspectives. For the de-
sign perspective, aesthetic criteria are investigated. In the machine
perspective corresponding algorithms are developed. In the human
perspective the effectiveness of the selected criteria is validated.
This continues until either an illustrator or a machine creates the
output: the schematic map. For example, a map can be created by
first selecting visual variables based on designers’ experience. The
encoding can be converted into machine-readable form to automat-
ically generate the layout (Input — (D)esign — (M)achine — Out-
put). Alternatively, an analysis of potential user tasks can be in-
serted (Input — (D)esign — (H)uman — (D)esign — (M)achine
— Output).

Ideally, the three perspectives should not be investigated or prac-
tised in isolation since they are strongly mutually supporting. How-
ever, not every researcher or designer has the capacity to cover all
perspectives, and individual perspectives are not always sensitive
to input from others. One goal in this survey is also to understand
the reasons why the quality of machine-generated maps is generally
held to be poorer than the human-created maps and hence identify

(© 2020 The Author(s)
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the tasks that are straightforward for trained humans to perform
but cannot be easily formulated for a machine. The potential for
interactions between perspectives is highlighted by the Venn dia-
gram in Figure 3(b). We will present each individually, and then
discuss their potential input into the other perspectives. We iden-
tified papers relevant to each perspective by researching scientific
publications and books in the corresponding fields as summarised
in Table 1.

Table 1: Table representing the literature search and sources.

[Search Domain/Method [Sources |

IEEE TVCG, CGF, IEEE Vis, EuroVis,
PacificVis, GD, etc.
The Cartographic Journal, Geographic

Visualization

Cartography &

Geoinformatics Information Science,

Schematic Mapping Workshop, etc.
Psychology Psychological Research,

Cognitive Research, etc.
Digital Libraries IEEE Xplore, Wiley DL, ACM DL

Keyword & Citation Google Scholar, Book Publisher

Logical search operators were used in digital libraries to find di-
rectly related literature, while keyword and citation searches were
performed to find other relevant works. A screening process was
conducted to finalise the papers that are strongly connected to tran-
sit map layout. We removed duplicated works, for example, prelim-
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inary conference publications. We classified how relevant a paper
is to each perspective, and examined how they are related to each
other both by high-level conceptualisations and detailed-level im-
plementations. The classification will be explained in the following
sections.

3. Design Perspective

We surveyed 44 references to collate and categorise the most
frequently-expressed criteria for designing transit maps (see Ta-
ble 2), either explicitly expressed by map designers, or inferred
from their expression via visual languages. The first factor of our
taxonomy refers to the design principles for layout and geometry,
which are considered as macro (or global) layout parameters (Sec-
tion 3.1). The second factor involves placement of text and image
labels (Section 3.2), which are primarily micro (or local) design
issues and are often accommodated by adjusting local geometric
configurations of lines and stations. The third factor comprises fre-
quent visual variables, such as colour assignment (Section 3.3) and
the fourth concerns additional requirements for possible applica-
tion scenarios such as static, interactive, and dynamic maps (Sec-
tion 3.4). We conclude in Section 3.5 by providing links to the ma-
chine perspective (Section 4).

3.1. Layout and Geometry

Design criteria for schematic maps have been discussed in several
references [ALB11,BAQ12, Degl3, BWNW16,Rob19a] and pub-
lished books [Cerl6, Gar94, Ove03, Ove08, Ovel5, Rob05, Rob12,
Rob19b]. We identified the most frequently mentioned criteria in
the references and determined whether they were relevant to global
or local properties.

Layout Types. At an early stage of evolution of transit maps, geo-
graphical layouts were iteratively simplified by smoothing off mi-
nor topographical details from the lines, commencing the path-
way towards abstracted representations. These curvilinear (Fig-
ures 1(a), 1(b), and 4(a)) layouts facilitated making sense of com-
plex transit networks. For example, many such maps were cre-
ated for the London Underground network from the 1920s to the
early 1930s [Gar94,Rob12]. More recently, concentric circles (Fig-
ures 1(c) and 4(b)) can be thought of as a sophisticated version of
the curvilinear style, in which lines and stations are constrained
as an ortho-radial layout of orbits and spokes. Curvilinear styles
were superseded by polyline-based layouts to further simplify con-
figurations. With these, irregularly-shaped geographical lines are
straightened to enhance legibility. A multilinear map (Figure 1(d)
and 4(c)) is the most relaxed version in the sense that it allows
any angle of lines to be used [RGL17]. More constrained is the k-
linearity setting, where angles between adjacent edges associated
to a station are equal to 360° /2k [NN19]. This means that the cor-
responding k-linearity design becomes more restricted as k reduces.
For example, k is equal to 4, 3, and 2, in Figures 4(d) (octolinear),
4(e) (hexalinear), and 4(f) (tetralinear), respectively. The intention
is to reduce the number of unwanted changes in the direction of
transit lines so that the visual tracking of users is not disrupted.

Among the possible k-linearity designs, the traditional octolin-
ear layout (see Figure 1(e)) has become a de-facto standard, first

BlgaRRT
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Figure 4: Layout types of a transit map.
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Figure 5: Factors influencing original geographical structures.

being adopted in 1931 for the Berlin S-Bahn network, then by
Henry Beck for the first London Underground diagram in 1933.
For octolinear designs, only four equally spaced angles are permit-
ted for the alignment of lines, i.e., horizontal (0°), vertical (90°),
and two diagonals (45° and 135°). (In this paper;, we adopt the term
octolinear instead of octilinear [NW11] to refer to the 4-linear de-
sign, thus retaining the consistency of the Greek prefixes.)

Each layout type has its own merits. Roberts [Rob10] made a
preliminary report on possible layout designs of the Washington,
DC metro network, in which he composed schematic maps of dif-
ferent linearity together with a curvilinear map and discussed their
pros and cons. Roberts [Rob14b] also performed an Internet study
on the design preferences of the general public by preparing nine
possible layouts of transit networks with three design rules (curvi-
linear/multilinear/octolinear) and three design priorities (geograph-
ical/simple line trajectories/complex trajectories), and discovered
that the linear designs were rated as being more usable then curvi-
linear ones, with octolinear ones being preferred by far, and also
that simple line trajectories were important to users. Examples of
different layout types are shown in Figure 1.

Relative Position of Stations. Many users complain if the rela-
tive positions of pairs of stations are considerably distorted, for
example reversing their north-south relationship, and Roberts et
al. [Rob14a, RGL17] have discussed the importance of topograph-
ical accuracy in schematic representations, for example, in terms
of conflicts with user mental models of a city. Designers therefore
need to be aware that relative station positions should be preserved
unless other benefits of schematisation outweigh this.

Global Scale Distortion. Map designers often enlarge the central
downtown area compared to suburban areas because, for example,
dense regions of the network can cause difficulties in labelling sta-
tions [Ove08, Sch14]. This reduces visual clutter arising from such
congestion and improves legibility of the most important region of
the map [BRB* 14].

(© 2020 The Author(s)
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Spatially-separated Stations. Different stations must be placed in
different locations. This rule is inherent to a schematic representa-
tion to prevent any station from occluding another.

Even Spacing of Stations. It is often recommended that distances
between adjacent stations are equalised along lines. This criterion
can facilitate a compact representation and further lead to an or-
ganised grid alignment. It can also enlarge a complex dense central
area with respect to suburbs. Degani [Deg13] and Lloyd [Llo17] ex-
plored a close connection between aesthetic design inherent in the
grid structure of the Beck-style layout and modern art, including
paintings drawn by Piet Mondrian. Figure 5(b) illustrates equalised
distances between the stations of Figure 5(a).

Simplification of Trajectories. It is important to aim for sim-
ple line trajectories across the map, i.e., reducing the number of
changes in direction. This will minimise visual disruption when
tracking lines. However, preservation of topographical accuracy,
as pointed out by Roberts [Robl4a], is a conflicting factor in
the design of schematic maps. This leads to the need for explor-
ing the best compromise between topographical/geographical and
schematic/simplified representations (see Figure 5(c)).

Symbolic Shapes. Highlighting transit lines that have specific
topology, such as circular routes, can also increase the visual legi-
bility of the entire network. For this purpose, we often schematise
such routes as symbolic shapes; for example, transforming an irreg-
ular circular path into a geometric circle (Figure 5(d)).

Co-routed Lines. There are several choices for rendering multiple
lines if they share consecutive stations. For example, multiple lines
can be tightly bundled without gaps between them, or we can space
adjacent lines to emphasise their separateness. This has an effect on
the perception of line crossings, see Section 4.2.4. The layering of
co-routed lines can also be changed according to their connectivity
to the stations in their neighbourhood as shown in Figure 5(e).

Zone Partitioning. In many cities, we need to overlay the tran-
sit network over fare zones, e.g., in London Underground maps.
In this case, we can simplify the depiction of the transit network
by exploring the best compromise between the visual clarity of the
network topology versus the underlying zones. Because fare zones
often have a geographical basis, their inclusion may entail a reduc-
tion in topographical distortion of the schematic.

3.2. Text and Image Labels

Proper placement of text and images is a key factor in ensuring that
amap is legible. Here, we enumerate the major criteria for ensuring
the visual quality of schematic representations.

Consistency. Annotating a station node with its name is an es-
sential requirement (see Figure 6). For internal labelling, station
names are placed in the vicinity of the node, or inside it. In con-
trast, for external labelling, names are placed around the boundary
of the map and often connect to the node with a leader line. Gener-
ally, it is necessary to select one of the two sides of each transit line
when we embed station names. Consistent placement is considered
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preferable, in which all station names are on the same side of a line.
Otherwise, placement of station names is inconsistent.

Label Proximity. When placing station names at a node, espe-
cially in the context of internal labelling, it is preferable to minimise
the distance between the station node and its name to enhance the
perception of proximity.

Overlap-free Labels. Non-overlapping station name labels are es-
sential for legibility [Yoe72, Imh75]. This requires sufficient la-
belling space for station names, especially in a downtown area,
where transit lines are dense and multiple station labels are more
likely to intersect.

Name Orientation. For better readability, station names are
aligned horizontally as often as possible. However, orientation can
be switched to diagonal or vertical if horizontal placement incurs
conflicts with other station names (see Figure 6). A useful heuristic
is to align the station names such that they are perpendicular to the
corresponding line [Ove03,Ovel5,Rob19a].

Typography. Typographic principles have a substantial impact on
legibility [MV83,Rob14b, Rob19a]. This often requires a compro-
mise between the choice of letters for station names and the lay-
out of transit lines, especially for long station names in congested
downtown areas. Condensed typefaces can alleviate this problem
but another solution is to break a station name into multiple lines,
applying standard hyphenation techniques to make them as com-
pact as possible without violating linguistic form (see Figure 6).

3.3. Visual Variables

In this section, we cover other important visual variables for
schematic transit maps, such as colour assignment, style selection
of transit lines and station nodes, embedding of landmark symbols,
etc.

Colour. Colour is one of the most prominent visual variables and
effectively discriminates between transit lines. Several eye-tracking
studies [NOK*17, Bur18] have demonstrated that coloured maps
facilitate visual interpretation. Goldstein [Gol65] devised a colour
coding scheme for composing transit maps and Liu and Lin [XY09]
highlighted the importance of colour harmony principles. Lloyd
et al. [LRR18] categorised colour assignment schemes into sev-
eral types, as detailed in Section 5.2.4. It is beneficial to maximise
the perceptual distance between every pair of transit line colours
through colour-map optimisation [FWD*17]. Online tools [HB03]
may be employed for finding the best choice among pre-defined
colour maps.

Line Styles. Line styles can represent service plans along fixed
routes, such as express versus local trains, regularity, frequency,
capacity, etc. (see Figure 7). Typical examples of styles include
adjusting the width of the lines, choosing between solid, hollow,
and dashed patterns, and so forth. Transit lines under construction
can be represented by broken line styles or tints of their assigned
colours. Additional line style examples can be found in [AHO6].
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Figure 6: Labelling styles.

Station Styles. Node styles for stations can be varied by size,
shape, and silhouette width, for example, adjusted according to the
type and importance of the corresponding station (see Figure 7).
More salient node styles can indicate interchange stations and ter-
minals, discriminating such stations from ordinary ones. Specific
station styles are also listed in [AHO6].

Landmarks. Embedding representative landmarks may augment
the understanding of the context of the map. Examples include fo-
pographical features such as mountains, rivers, bays, etc. and ar-
eas/sites of interests including gardens, monuments, museums, sta-
diums, towers, etc. The shapes of the topographical features should
be simplified to match the visual language of the schematic, and
positioned such that correct nearby stations can be identified, as
discussed in [Avel4]. Figure 8 presents examples.

3.4. Application Scenario

The consideration of design criteria also depends on the possible
applications in terms of visualisation models such as static, inter-
active, and dynamic maps.

In general, a schematic transit map is created as a static repre-
sentation, in which we mostly employ a top-down design approach
in the sense that we first introduce macro layout rules and then im-
pose micro layout constraints on the map. Despite the limitation of
scale and range imposed on static maps, Bain [Bail0] enumerated
typical design rules to enhance the visual quality of printed maps
as opposed to interactive versions.

People can also use interactive tools for assembling travel routes,
which can create customised schematic maps. In the latter case,
these are more likely to use a bottom-up approach by incorporat-
ing micro layout methods first. Cousins et al. [CSS19] developed
a framework for interactively designing traveller-centric transport
maps by rearranging layouts according to selected transport modes.
Craig and Liu [CL19] employed a combination of mobile devices
and large display interfaces to help travellers interactively design
their journey plans on transit maps.

Recent advances in digital technology enable applications that
adjust transit maps dynamically as users explore them interac-
tively. In this case, layouts may dynamically change according
to the navigation context associated with the current position and
scale [WTPA17b, WTPA17a]. In such circumstances it is desirable
to maintain a topographically consistent placement of components.

Figure 7: Possible line and station styles.

Figure 8: Landmark examples.

3.5. Links to the Machine Perspective

The common use of the design rules developed by Beck has led
to the conjecture that octolinearity is a schematic mapping gold
standard [Mer13, RNL*13]. In practice, Beck’s design principles
have been widely accepted by the public, and the readability of the
associated map representations has been confirmed in several eye-
tracking experiments [BRB* 14, Bur16, BKM18]. Nonetheless, in a
qualitative survey of experts in geospatial science [Carl5], Beck-
style maps were considered to be not necessarily the best for all
purposes. A study of existing schematic maps [MV83] revealed
eight parameters that characterise the legibility of Beck’s maps
and also identified unwanted cases in which Beck’s method fails
to improve the layout of transit networks in major cities. Schwet-
man [Sch14] listed the pros and cons of Beck’s designs through an
analysis of post-Beck transit maps. Field and Cartwright [FC14]
discussed possible risks hidden behind the overuse of Beck styles,
which may lead to an out-of-date design that limits map usability.

This suggests the need for exploring new design principles
that are potentially superior to those of Beck-style schematic
maps [Chel4]. In this sense, layout algorithms, which will be de-
tailed in the next section, can offer new forms of schematic map
design and customisation, even though they may not produce the
iconic representations manually composed by map designers. Thus,
the design and machine perspectives can mutually support each
other by providing ideas and tools that enhance the quality of such
schematic maps.

In the design perspective, we described criteria according to il-
lustrators’ preferences, which are conceptual and often laborious
to implement. To reduce these demands, the criteria can be trans-
formed into a formal language that can be processed by a machine.
However, this is ongoing: while many criteria have been translated
for the machine perspective, others have not yet been taken into
account.

4. Machine Perspective

In this section we first present a formal framework that unifies pre-
ceding models and then we illuminate the development of algo-
rithms. The framework, which we describe in Section 4.1, is based
on several existing models [NW11,No114, NH18, WNTN19] and is
intended to summarise and unify the taxonomy. Still, as a generic
framework, it does not formalise all details, but allows the reader to
fill the gaps for their own purposes. In particular, we have chosen
a technical and mathematical description so that readers can use
this model as starting point for developing their own algorithms.
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We discuss 46 references that consider the creation of transit maps
from the machine perspective (see Table 3). We distinguish three
major algorithmic aspects when creating a transit map (see Fig-
ure 9). The first one deals with creating the layout of the network.
The second aspect then takes the placement of station labels into
account. Finally, the third aspect considers the routing and order-
ing of transit lines along the edges of the network. Afterwards, in
Section 4.2 we discuss the state of the art with respect to the above
three algorithmic aspects. In Section 4.3 we present results based
on user studies and benchmarks, respectively.

4.1. Mathematical Framework

We assume that the structure of the transit network is given as a
(geometrically embedded) graph N = (S,C) with vertex set S and
edge set C such that each vertex corresponds to a station in the
network and each edge represents a direct connection between two
stations. Further, we are given a path cover T of N, i.e., a set of
paths in N representing the different transit lines, such that each
connection e € C belongs to at least one path in 7. Based on an ini-
tial geographical layout of N and 7 we aim at creating a schematic
transit map M. Formally, we interpret M as a collection of geo-
metric primitives such as points, lines and simple polygons in the
plane representing N (and including additional information such as
labels and transit lines). For the following description we define
that a section of N is a maximally long path in N that only consists
of degree-1 and degree-2 vertices.

4.1.1. Algorithmic Aspect 1 — Layout

A layout £ of N is a mapping that assigns to each vertex s € S a
point p € RR? and to each edge e € C a curve connecting its incident
vertices. We say that p is a station in L and c is a connection in L.
Mathematically, we distinguish three styles of layouts.

1. Multilinear layout. Each connection is represented as a polyline
whose segments are parallel to some orientation from a specified
set C of orientations (also known as C-oriented layout [Ney99]).
Important special cases are octolinear, hexalinear and tetralinear
layouts, recall Figures 1(d)—(f) and 4(c)—(f).

2. Curvilinear layout. Each connection is represented by a smooth
curve, e.g., a Bézier curve or a circular arc (see Figures 1(a)—(b)
and 4(a)).

3. Concentric layout. Each connection runs along an ortho-radial
grid that consists of a set of concentric circles and rays emanat-
ing from the centre of the circles (see Figures 1(c) and 4(b)).

We denote multilinear, curvilinear, and ortho-radial layouts as
schematic layouts of N (see Figure 1 for examples). In graph draw-
ing, concentric layouts also became known as ortho-radial graph
drawings [NRW19]. Moreover, a layout is a geographical layout
if each vertex of § is placed at the properly projected position of
the geographical location of its station and each edge {u,v} € Cis
represented by a curve (typically a polyline) that describes the ge-
ographically correct course of the connection between the stations
of u and v (see Figure 1(a)). This general model provides us with
the possibility of formalising the design criteria of Section 3. We
formalise the most important design criteria with the links to the
design perspective as follows.

L1 Topology Preservation. Let £ and £’ be two layouts of the
same transit network N. The layout £ preserves the topology of £’
if both have the same combinatorial embedding, i.e., this prohibits
structural distortions such as modifying the circular edge orders
around vertices or introducing additional edge crossings.

Design Perspective: No explicit correspondence, but correct topol-
ogy is assumed as an obvious criterion in the design perspective.
L2 Straightness. This measures, for a given transit line t € T, how
many bends and inflection points it has in £. For multilinear lay-
outs, a high straightness implies use of as few bends as possible
with preferably obtuse angles. For curvilinear layouts, uniform cur-
vature and few inflection points are preferred.

Design Perspective: simplification of trajectories.

L3 Distortion. Let £ and £’ be two layouts of the same transit net-
work N. The degree of distortion between £ and £’ measures the
distance between the same station in £ and £’.

Design Perspective: global scale distortion, relative position of sta-
tions.

L4 Edge Length. The edge length measures how uniform the
lengths of the connection between consecutive stations are.
Design Perspective: even spacing of stations.

LS5 Angular Resolution. The angular resolution measures how
uniformly incident edges are distributed around a vertex.

Design Perspective: layout types.

L6 Distance of Features. Measures the distances between unre-
lated features. Design Perspective: spatially-seperated stations.

Depending on the concrete problem setting, some of the listed prop-
erties are strictly enforced as hard constraints and some of them are
optimised as soft constraints. In general, we can express most of the
algorithmic results on creating the layout of transit maps as follows.

Problem 1 (LAYOUT) Given a transit network N = (S, C), soft and
hard constraints as well as the geographical layout £ of N, find a
layout £’ in a given layout style that preserves the topology (L1) of
L and optimises the soft constraints subject to the hard constraints.

In order to express the soft constraints mathematically, cost func-
tions for the different measures are introduced, which can be com-
bined as a global objective function. Some soft constraints may
contradict each other, for example, the straightness of the layout
may be opposed to a low degree of distortion of the geographical
layout. Hence, it is necessary to find a good compromise between
them. A typical way is to linearly combine the individual cost func-
tions and to balance them by weighted priorities.

4.1.2. Algorithmic Aspect 2 — Labelling

A label in a network map is a text, a symbol, or an image that
describes a station. From an algorithmic point of view we ab-
stract from this particular information and represent each label as
rectangle, e.g., as its bounding box. Hence, for a transit network
N = (S,C) we are given a set L of rectangles such that each rectan-
gle ¢ € Lis alabel of a station in S. For a layout £ of N, a labelling
‘P of L places each label on M by means of an affine transforma-
tion, i.e., it translates, scales and rotates each label ¢, and places the
result on the transit map M. Based on the design criteria of Sec-
tion 3 we distinguish the following basic properties of labellings;
see also Figure 10.
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Figure 9: From the machine perspective the creation of a transit map consists of three algorithmic aspects.
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Figure 10: [llustration of labelling properties P1-P4 and P6.

P1 Overlap-free. A labelling is overlap-free if no two labels over-
lap.

P2 Adjacent. An adjacent labelling places each label ¢ € L with a
fixed and small offset to its station in L.

P3 Remote. A remote labelling places the label not necessarily
close to the label’s station in £. In order to sustain the visual associ-
ation between station and label, it additionally draws a connecting
curve between both; this connecting curve is called a leader-.

P4 Consistent. A consistent labelling places the labels of the sta-
tions along the same section of N on the same side.

PS Rotation. The labels in a labelling are either horizontally, ver-
tically or diagonally aligned.

P6 Layout Compliant. A labelling P complies with a layout L if
none of the placed labels intersect a connection in L.

Again, these properties can be enforced as hard constraints or opti-
mised as soft constraints, which we formalise as follows.

Problem 2 (LABELLING) Given a layout £ of a transit network
N = (S,C), soft and hard constraints, find a labelling P that opti-
mises the soft constraints subject to the hard constraints.

Depending on the layout and the hard constraints, not all labels
can be placed without creating overlaps with other labels or the
network layout. Hence, many approaches also adapt the layout to
create more free space for the labels (e.g., by stretching edges). In
this case, a further soft constraint is that the layout is changed as
little as possible. All of these approaches have in common that the
resulting layout still has the same layout style, e.g., a too dense
octolinear layout is transformed into another octolinear layout with
more space for labels. In addition, we also consider approaches that
consider Problem 1 and Problem 2 in an integrated way, i.e., these
approaches create a labeled schematised layout in a single step.

Problem 3 (LAYOUT AND LABELLING) Given a transit network
N = (8,C), soft and hard constraints for layouts and labellings as
well as a geographical layout £, find a layout £’ in a given layout
style and a labelling P such that £’ preserves the topology of £ and
the soft constraints are optimised subject to the hard constraints.

(© 2020 The Author(s)
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Figure 11: Each transit line is laid out such that it passes through
the regions representing its stations.

4.1.3. Algorithmic Aspect 3 — Transit Lines

Finally, we extend the model to drawing the transit lines of 7" along
their connections in £ such that the total number of transit line
crossings is minimal. We formalise this as follows. Each station s
in £ is drawn as a region ry, e.g., a disk or square centred at s
(see Figure 11). A curve c in M represents a transit line r € T if it
starts in the region of its first station, passes through all intermediate
stations in the correct order and ends in the region of its last station
in L. Thus, the goal is to construct a set 7 of curves in M such that
each transit line in T is represented by exactly one curve in 7 ; we
call 7 the wiring of T in L.

Problem 4 (TRANSIT LINE WIRING — Geometric Version)
Given a layout £ of a transit network N = (S,C) and a set T of
transit lines, find a wiring 7~ with minimum number of crossings.

From a combinatorial point of view, routing transit lines can be for-
malised as an ordering problem. The curves representing the transit
lines enter and leave the the stations in a certain order. Thus, for N
we obtain an ordering O that describes for each vertex the order
in which the transit lines enter and leave the station. Consider two
transit lines passing through the same station s. They have a sta-
tion crossing if the order in which they enter and leave s alternates
(see Figure 11). Further, consider two transit lines that contain the
same connection e € C between two stations s; and s,. They have a
connection crossing if they leave s; and enter s, in different orders.
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For common layouts (such as octolinear layouts) station crossings
and connection crossings have a one-to-one correspondence with
the crossings of the curves in 7. Hence, the combinatorial problem
is to find an ordering O of T such that the number of station and
connection crossings is minimised. We observe that finding such
an ordering is independent of the concrete layout as long as the
topology is preserved.

Problem 5 (TRANSIT LINE WIRING — Combinatorial Version)
Given a layout £ of a transit network N = (S,C) and a set T of
transit lines, find an ordering O of T such that the number of station
and connection crossings is minimised.

4.2. Algorithmic Approaches: State of the Art

Table 3 gives an overview of the key properties of our references. In
order to structure these, we have partitioned them into four groups.
The first and second include those references that present algo-
rithms for creating only layouts and only labellings, respectively.
The third includes references that present algorithms for creating
layouts and labellings in an integrated way or successively. The
last group includes references that consider the wiring problem. In
the following we discuss the four groups of references in this order.

4.2.1. Algorithmic Layout Techniques

In this subsection we review approaches that consider only the lay-
out problem (Problem 1) of creating transit maps. We group them
with respect to the applied techniques.

Line Simplification. A core problem when creating schematic
transit maps is the simplification of a path P such that the result is a
C-oriented path Q, i.e., the orientation of each of its segments stems
from the pre-defined set C of orientations. Neyer [Ney99] presented
a dynamic programming approach that computes a C-oriented path
Q that stays within an e-distance to P. While the approach takes the
Fréchet distance into account, Merrick and Gudmundsson [MGO07]
used the Hausdorff distance slightly simplifying the problem by re-
quiring that the simplified path needs to pass through vertices of
P in the correct order. Dwyer et al. [DHMOS] presented a simpli-
fication procedure that is based on least-squares regression fitting
octolinear or rectilinear paths to blocks of vertices. The procedure
considers paths of the transit network independently, so that no de-
sign rules describing the interplay of transit lines are taken into ac-
count. In contrast, Barkoswky et al. [BLROO] considered multiple
lines simultaneously using discrete curve evolution. Their iterative
approach resolves the least relevant kinks by moving and removing
vertices. While it preserves topology, the orientations of the edges
are not restricted and the resulting layout does not satisfy any spe-
cific linearity criterion. Cabello et al. [CdBVKO0S5] proposed an ap-
proach that schematises a road network by replacing paths between
junctions with octolinear paths, each consisting of three segments.
It returns a feasible solution (if one exists) or reports failure other-
wise; no particular design criteria are optimised.

Local Optimization. Avelar and Miiller [AMOO] (see also
[Ave07]) presented the first local optimisation method for creat-
ing schematisations of road networks. It iteratively moves vertices

to nearby positions while preserving the topology of the network.
The produced layouts only have few non-octolinear edges. Ware
et al. [WTATO6] presented a similar approach based on simulated
annealing, which was extended by Anand et al. [AAWJO07]. Fur-
ther, Ware and Richards [WR13] proposed an ant colony system in
which the vertices are moved iteratively, but in parallel. Van Dijk
and Lutz [vDLI18] computed linear cartograms with prescribed
edge length using least square optimisation. They utilised their al-
gorithm to obtain a fast procedure for computing layouts of transit
maps. However, their approach does not take any further design
rules into account.

Stroke-based Methods. Li and Dong [LD10] proposed a 3-step
algorithm for schematising road networks. Firstly, they decom-
posed the network into a set of strokes represented by paths. Sec-
ondly, they simplified the paths using a variant of the Douglas
Peucker algorithm and projected the result on octolinear or rectilin-
ear paths. Finally, they iteratively added the simplified paths to the
layout, while preserving the topology by adapting the paths. Ti and
Li [TL14] as well as Ti et al. [TLX15] presented a pre-processing
step for this approach that detects and enlarges congested areas
with high feature density using a fish-eye-projection. Van Dijk et
al. [vDvGH™14] used a stroke-based approach, which represents
each stroke by a circular arc, aiming for a curvilinear layout.

Force-based Methods. Fink et al. [FHN*12] used a force-based
method for drawing a layout based on Bézier curves instead of
straight line segments; see Figure 12(d). The core idea is to change
the position of the control points of the Bézier curves using
forces. Chivers and Rodgers [CR14] presented a hybrid force-based
method that consists of two phases. Firstly, they used a spring em-
bedder distributing the stations and creating a first rough layout.
Secondly, they applied a magnetic force field in order to achieve
octolinear edges. To improve the layout they used a gradual transi-
tion between both phases.

Mixed Integer Linear Programming. The mixed integer lin-
ear programming (MILP) formulation by Nollenburg and
Wolff [NW11] (see Section 4.2.3) was a starting point for several
similar formulations. Oke and Siddiqui [OS15] improved the run-
ning time by relaxing constraints and dropping design rules in the
objective. Nickel and Nollenburg [NN19] generalised the formula-
tion from octolinear layouts to multilinear layouts.

4.2.2. Algorithmic Labelling Techniques

In this section we discuss approaches that only consider the la-
belling problem. The advantage of these generic labelling ap-
proaches is that they can be combined with many different layout
algorithms. On the other hand, considering the layout and labelling
problem separately bears the risk that the layout does not provide
enough free space such that it must be distorted heavily. Hence,
criteria that are optimised while creating the layout may become
compromised. From the perspective of computational complexity,
the problem is NP-hard in several of its variants [GIM*01,NH18].

Wu et al. [WTLY11] presented a genetic algorithm that places
textual labels and images on the metro map. They kept the layout
fixed and used the free spaces of the map to place remote labels.
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(a) Stott and Rodgers [SRO5]

(b) Nollenburg and Wolff [NW11]

(c) Wang and Chi [WC11]

(d) Fink et al. [FHN*12]

Figure 12: Layouts for the metro system of Sydney created by automated methods using (a) hill climbing (b) mixed integer linear program-
ming (c) energy terms, and (d) force-based methods. To emphasise the layouts, only their structures have been recreated from the original
references, while the wiring of the transit lines and the labellings have been omitted. The thickness of the lines indicates the number of transit

lines passing through the according edge.

At the core they used a genetic algorithm that evaluates the order
of placement for the labels. Based on this they applied a greedy
algorithm that places the labels while minimising the leader length.

Niedermann and Haunert [NH18] presented a procedure based
on parametric search that systematically scales the edges of the map
uniformly to acquire free spaces. Using this scaled layout they cre-
ated for each station a set of label candidates. For the selection they
considered dynamic programming, integer linear programming and
a simple greedy approach.

Yoshida et al. [YMK* 18] presented an iterative approach that
places adjacent labels for each station from the inside to the out-
side of the map. In case that there is not enough free space, they
scaled single edges preserving the shape and topology of the map.
Takahashi et al. [TMK*19] extended this approach by restricting
the aspect ratio of the regions enclosed by the network.

4.2.3. Combined Algorithmic Layout and Labelling
Techniques

Next we discuss approaches that consider both layout creation and
label placement. We partition the results into those that strictly sep-
arate the layout and labelling problem and those that consider both
problems in an integrated way.

Successive Layout Creation and Labelling. Hong et
al. [HMdNO6] used the force-based paradigm for general
graph layout algorithms. To that end, they proposed a topology-
preserving spring embedder that straightens transit lines and
additionally uses magnetic forces that pull edges towards the
closest octolinear orientation. In a second step, they created the
labelling of the layout. They reduced the problem to finding a
maximum independent set in a conflict graph based on label
candidates for each station. The major drawback of their labelling
approach is that stations may remain unlabeled.

Wang and Chi [WC11] considered focus-and-context maps in
which a single travel route is highlighted and presented in the centre
of the map. They formulated the layout problem based on weighted,
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squared energy terms that expressed the position of the vertices and
the rotation of the edges. The labelling problem is solved in a sec-
ond step again using a multi-criteria energy function. In particular,
it avoids occlusions between labels and prefers consistent labels on
the same side of the metro line. The same approach can be used for
creating layouts of the entire transit map; see Figure 12(c). Wang
and Peng [WP16] used the same labelling approach for an interac-
tive map editing system.

Wau et al. [WTLY 12] presented an approach that creates a user-
specific metro map that shows a single travel route as a hori-
zontal line in the centre of the map. They created this layout by
modifying the MILP formulation introduced by Nollenburg and
Wolff [NW11]. They placed the pictorial labels on two sides of
the boundary of the map, associated with leaders to their stations.
Using a flow network they minimised the total leader length. Wu et
al. [WPT™15] extended this approach to circular metro lines cen-
tred on the map and labels on all four sides of the map.

Wu et al. [WTH* 13] introduced a procedure that creates a layout
in three phases. First, they created an unlabeled schematic layout
using a variation of the MILP of Nollenburg and Wolff [NW11].
Afterwards, they enlarged the layout in order to acquire enough free
space to place a pictorial remote label for each station. To that end,
they again used a MILP approach to minimise leader length. Fi-
nally, they compacted the labeled layout so that labels were tightly
contained within their respective faces.

Integrated Layout Creation and Labelling. Stott and
Rodgers [SRO5] and Stott et al. [SRMOWI11] presented iter-
ative multi-criteria approaches based on hill climbing for creating
the layout and labelling of a transit map in an integrated way; see
Figure 12(a). The approach iteratively moves vertices and labels
on a pre-defined grid. Chivers and Rodgers [CR11] used the layout
component of Stott et al. [SRMOW 11] and introduced an approach
for creating a labelling that greedily selects for each station one
label out of eight candidates. In particular, they preferred the
consistent placement of labels. Inspired by this approach, Chivers
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and Rodgers [CR13,CR15] conducted subsequent studies creating
their layouts with hill climbing.

Nollenburg and Wolff [NW11] introduced the first MILP for-
mulation for creating transit maps; see Figure 12(b). It takes into
account both the layout and labelling problems. The work was the
starting point for several other approaches based on MILP formula-
tions. As taking the labelling into account drastically increases the
time for computing a solution, most of these considered the layout
and labelling problem separately; see the previous section. Onda et
al. [OMI18] used the method by Nollenburg and Wolff at the core
of their divide-and-conquer approach.

4.2.4. Algorithmic Wiring Techniques

The transit line wiring problem has been studied mostly as a theo-
retical problem in the past, yet recently some algorithms have also
been implemented. Most of the papers on the wiring problem con-
sider the minimisation of connection crossings and explicitly forbid
unnecessary station crossings, i.e., two lines may cross in a station
only if they do not share an incident connection where that cross-
ing could occur instead. This restriction is typically justified be-
cause station crossings are hidden underneath the station symbols
and thus are more error-prone in visual line tracking tasks.

The transit line wiring (also called metro-line crossing min-
imisation (MLCM)) problem was identified by Benkert et
al. [BNUWOG6], who presented an exact quadratic-time dynamic
programming algorithm for minimising connection crossings along
a single edge in the presence of some terminating lines. Asquith et
al. [AGMOS8] considered arbitrary planar graphs instead and pre-
sented a polynomial-time algorithm for MLCM assuming that all
lines terminate at a specified position at the periphery of the termi-
nus station (MLCM with periphery assignment, MLCM-PA); for
the variant without given terminus assignment, but still requiring
the periphery condition (MLCM-P), they presented an ILP. Ar-
gyriou et al. [ABKS10] presented a faster algorithm for MLCM-PA
and showed that the MLCM-P problem is NP-hard, even for path
networks. However, they also introduced another variant, where it
is required that all transit lines in the network must terminate at leaf
nodes of degree 1 in the underlying graph (MLCM-T1). Nollen-
burg [N6110] gave a faster algorithm for MLCM-PA and MLCM-
T1 based on iterative line insertion on planar transit networks; fi-
nally, the running time to solve MLCM-PA and MLCM-T1 was
reduced to linear time by Pupyrev et al. [PNBH16], who also im-
plemented their algorithm. Fink and Pupyrev [FP13] extended the
NP-hardness of MLCM-P to the unconstrained MLCM problem,
even on a restricted class of tree networks. On the algorithmic side,
they provided an approximation and a parameterized algorithm for
MLCM-P; if no transit line is a proper subline of another line, they
showed that MLCM-P can even be solved in polynomial time.

Fink et al. [FPW15] defined a variation of MLCM-T1, in which
the goal is not to minimise individual crossings, but the number of
block crossings that combine all pairwise crossings of two bundles
of transit lines into a single block crossing (see Figure 11), which
can yield a visually cleaner appearance even if the number of indi-
vidual crossings may be larger. They presented several algorithms
and an NP-hardness result for minimising block crossings.

Recently, Bast et al. [BBS19] presented a system for drawing

geographical transit maps, which also includes a transit line wiring
component for minimising station crossings. The wiring problem is
solved either by engineering a sufficiently fast and exact ILP model
or by alternative wiring heuristics based on hill climbing or simu-
lated annealing.

4.3. Evaluation and Benchmarks

Evaluating and comparing solutions for automated layout, la-
belling, and wiring of transit maps is difficult for several reasons.
Firstly, rating the aesthetic quality of the produced schematics de-
pends on the same subjective measures as rating manually created
designs. Since the design criteria and formal objectives to be opti-
mised by an algorithm are never exactly the same when comparing
two layout algorithms (even when they share many aspects), we
also cannot resort to a purely quantitative evaluation in terms of
objective function values. We have no proper, method- and map-
independent analytic measures for rating transit map quality, which
ideally correlate not only to human aesthetic judgements, but also
to task performance at these maps (see Section 5). Secondly, there
is no widely accepted set of representative benchmark instances
that is used for evaluating new layout solutions. Some network
maps appear more frequently in evaluation sections than others
(most notably, Sydney, London, Tokyo, Vienna, and Washington
DC), but more systematic standard benchmark sets are needed.
Therefore, most of the practical papers present a collection of sam-
ple layouts produced by their method, sometimes in comparison to
official maps from the transport authorities or layouts found in pre-
vious work. The analysis of these new layouts is then mostly anec-
dotal, discussing pros, cons, and the main differences to competing
maps. Some of the papers also report results from a formal user or
expert study; see Table 3, M5.2. Therefore, in our comparison here,
we do not attempt to provide a complete ranking of the methods
in the literature. Rather we carefully inspected the example layouts
provided in each paper and judged whether the commonly expected
properties of a schematic transit map as discussed in Sections 4.1
are mostly satisfied, somewhat satisfied, or barely satisfied.

A second aspect for evaluating implemented algorithmic ap-
proaches for transit map layout is their actual computational per-
formance. Some algorithms are very fast and provide schematic
maps in less than 1 or 2 seconds, which allows their use in an inter-
active setting providing basically instantaneous output. Other algo-
rithms have some lag from several seconds to a few minutes before
returning the output. Such algorithms may still be well-suited to as-
sist graphic designers and cartographers in a continuous map cre-
ation workflow with acceptable waiting times. Finally, some of the
methods require even longer computation times up to several hours
or more, meaning that layouts can be computed overnight. Even
though these three performance groups are coarsely defined, it can
still be difficult to put a method into one of them precisely. This is
due to the fact that the running times reported in the literature orig-
inate from vastly different hardware systems, from desktop com-
puters to powerful servers, and having more than 20 years of age
difference. Secondly, the instance complexity between a smaller
network like Vienna and a large one like Tokyo differs drastically;
it is very difficult to predict running times on large and complex
instances based on measurements on small and simple instances.
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Table 4: Ratings for the approaches found in literature with respect
to satisfaction of typical design criteria (barely, somewhat, mostly)
and performance (unspecified, slow (> 2 min), lagged (< 2 min),
instantaneous (< 2 sec)).

Design Criteria Satisfaction

barely somewhat mostly

3 [AMO00], [BLROO],

= [LD10], [TL14],

g [TLX15]

[CR11], [OMI18],

© o
2 [SRMOWI11], [SROS], [Nr(«;;]];][v[v;;[]gl]s],
g & [WTLY12], [WTLY11] ’
-
£ - [CR13], [CR15],
& 9 [HMANOG], [AAWIO7],  [TMK* 191, [WPT* 5],

e [WTATO6] [vDVGH* 14], [WR13],

- [YMK* 18], [NH18]

= [WP16], [CR14],

<

g [DHMO8], [MG07] [WC11], [vDL18] [PNEH16], [BBS19]

In Table 4 we present all those references discussed in this sec-
tion, which provide sample layouts and running times. Each layout
method is assigned to a group regarding the level of design crite-
ria satisfaction and a group regarding computational performance.
Algorithms for which no performance data are reported in the pa-
pers are listed in the top row. References that are in one or even
both of the highest scoring groups represent algorithms that satisfy
the respective aspect(s) well. This does not necessarily mean that a
method is able to generate schematic transit maps perfectly or in the
same quality as a human designer would do. For instance, methods
that can solve the layout or wiring problem very well do not neces-
sarily integrate proper station labelling or some of the more global
aesthetics such as symmetries, harmony, or balance.

One observation that can be made from Table 4 is the improve-
ment of algorithmic techniques over time (see Figure 12 for some
sample layouts). For instance, algorithms in the lowest design cri-
teria satisfaction bracket all belong to the earliest approaches pio-
neering the automation of metro map layout. The more recent tech-
niques are grouped more towards higher levels of criteria satisfac-
tion and better performance and are mostly found on or below the
diagonal from bottom left to top right.

5. Human Perspective

Research in the human perspective category has the objective of
attempting to understand transit maps from the point of view of the
user, including how designs are perceived and interpreted, along
with the strategies that people apply for route planning. Hence, it is
intended that the effects of design on usability will be understood,
so that it is possible to identify and subsequently specify the criteria
necessary for efficient error-free performance.

One strategy for researchers is to extrapolate from general
behavioural sciences findings to the particular case of transit
maps [Ros11]. In many cases, it can be difficult to identify pre-
cise specifications for effective design, but findings can offer tools
to critique existing maps [Rob17]. It is advisable for researchers
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Figure 13: Octolinear maps of London, (a) optimised for sim-
ple line trajectories, similar to the official Underground map (b)
is topographically correct. For (a) the two alternative routes from
Paddington to Bond Street appear equally viable. In a regression
study of real route choice data, map distance was more predictive
of journey choice than topographical distance [Guoll]: 40% of
passengers took the less efficient route in this specific example.

Original map
Route X

Route Y

Route X:
Modification 2 Lengthened,
more complex

Modification 1

Route X:
Lengthened

Route Y:
Route Y: Shortened,
Shortened simplified

Figure 14: Examples of experimental manipulations of layout to
investigate, via laboratory studies, its effects on route choice (as
per [GZW* 17, Xul7]). Route X is more popular because it offers a
one-seat ride, and hence might be overcrowded.

to attempt to validate their extrapolations via empirical testing of
actual transit maps.

Another strategy is to obtain data from the use of transit maps
themselves. Where available, real route choices can be investi-
gated using regression analyses with respect to the map design fea-
tures [Guol1]. Alternatively, designs may be tested in experimental
studies, in which users are asked to perform various tasks and qual-
itative or quantitative aspects of their performance are measured.
From these, the effects of design on performance can be identified
and evaluated, and prescriptions for good practice formulated.

Table 5 gives an overview of 26 papers that contribute to the hu-
man perspective. There are two earlier survey articles which give
an overview of usability testing [Rob14a,Gri19] along with a more
detailed review of the effects of topographical distortion on usabil-
ity [For14]. In conjunction with the current analysis, these give a
comprehensive overview of past research, highlighting the topics
that have received the most focus, along with the generalisable de-
sign principles that can be identified from them.
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5.1. Variables in Usability Testing

The variable most frequently investigated is the effect of micro
layout. Different configurations can be identified [Guoll], cate-
gorised [LRR18] or manipulated [GZW*17, Xul7] and the con-
sequences of these investigated — usually for route choice (Fig-
ures 13, 14). Colour-coding has also frequently been investigated,
but mostly only comparing this with no coding at all. The one ex-
ception [LRR18] investigated the effects of colour-coding individ-
ual routes (route colour-coding) versus using identical colours for
routes on a common trunk line (trunk colour coding).

Macro layout has been investigated in a number of studies, in
which the entire network is mapped using different design rules,
e.g., octolinear versus curvilinear [BD84,RNL*13,RV16], octolin-
ear versus curvilinear versus multilinear [RGL17] and octolinear
versus concentric circles and spokes [RNC16]. There can be diffi-
culties in interpreting such studies, although the question of which
design rules result in the most effective designs generally, or for
specific networks, is an important one.

Individual difference variables have been investigated compara-
tively rarely, so far being confined to city expertise [BD84,RGL17,
Xul7] and nationality — British versus Chilean [RGM12]. Also
rare, considering the variability of applications in practice, is in-
vestigation of the effect of supplementary details on route planning
performance, such as topographical features and information about
services and facilities.

The three most frequent measures of map usability are route
choice, route planning time — the time necessary to identify a
route between two specified stations — and route efficiency — based
on time/number of transfers/inconvenience estimates for chosen
routes. All of these are straightforward to implement and have
yielded reasonable effect sizes in the literature. In general, studies
of micro layout tend to investigate route choice, whereas studies of
macro layout tend to investigate route planning time.

Other measures have been investigated less frequently for good
reason. (1) Route planning errors, in which illegal routes are formu-
lated (e.g., requiring a non-existent transfer between lines) are rela-
tively rare for a competently designed map. (2) A number of studies
have investigated gaze direction/duration, but so far the conclusions
identified struggle to justify the extra effort necessary to implement
the methodology. (3) Station finding time (locate a named station
on the map) has a considerable chance element, and therefore re-
sults in high levels of variability between subjects, reducing statis-
tical power.

A number of measures have been investigated infrequently but
deserve wider attention. (1) direct route verification tasks — Is a
direct route available between station A and station B? — which
has yielded significant differences between designs both for com-
plex [LRR18] and simple networks [RR16]. (2) two studies asked
subjects to draw/place missing information, identifying their men-
tal models for city structure [Ver08] and for the topographical lit-
eralness of a schematised map [BRB97]. (3) a minority of studies
attempted to ascertain users’ opinions about the usability of designs
that were being tested, e.g., by asking subjects to identify preferred
designs when given a range to choose between, or by rating in-
dividual maps according to a number of criteria associated with
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Figure 15: Summary of key findings on the relationship between
layout and route preference. In each case Route A is preferred.

usability, such as ease of following lines, discriminating lines, and
negotiating interchanges. (4) one study implemented a computer
model of human peripheral vision, and applied this to different de-
signs of maps, generating a dramatic visualisation of differences in
the degradation of designs away from visual focus [Ros11].

5.2. Research Topics and Key Findings

The focus of this section will be on cases where multiple papers
have addressed the same research topic: in combination they form
clear, well-corroborated findings that offer important insights for
people with an interest in transit map design. A number of other
individual papers will also be highlighted which offer clear and/or
potentially interesting findings worthy of further research.

5.2.1. Effects of Micro Layout on Route Choice

A number of studies, adopting broadly comparable methodologies,
have investigated this topic [Guoll, MG19, RGM12, RMdGl11,
RNL*13, RR16, Xul7, GZW*17]. Of these, regression studies
quantify various aspects of layout and perform regression anal-
yses to account for route choices [Guoll]. Experimental studies
compare route choices between maps with different designs, ascer-
tained either by asking subjects to generate their own routes [RR16]
or else by offering multiple pre-determined routes and asking them
to choose between these [GZW ™ 17]. Together, these studies pro-
vide a clear picture of how micro layout affects route choice. Over-
all, the preference is for options with the fewest interchanges and
with the shortest travel distance — implied by line segments length
on the map — [Guol1] with the following caveats (Figure 15):

e Complexity. A route with fewer bends will be preferred to a route
with more bends [RNL*13].

e Directness of initial segment. A route whose initial segment
points directly towards a destination will be preferred over routes
whose initial segments point away [RMdG11].

e Interchange postponement. A route will be preferred with a later
interchange than an earlier one, even if this results in a less direct
result overall [RR16].

A further study [GZW™17] investigated a redesign of the Wash-
ington, DC metro map with the intention of shifting preferences
from an overcrowded route, with zero interchanges, to a target, less
crowded route which required one interchange. The greatest shift
was for the map which lengthened the overcrowded route the most,
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making it appear even less direct. However, a further study [Xul7]
found that this was only effective for people less familiar with the
city. For people more familiar, the greatest shift was for the map in
which the bends on the target route were straightened. These find-
ings are easily explained — for less familiar people, the map that
made the overcrowded route look implausible deterred them from
choosing it. For more familiar people, they already knew that this
was a plausible route, and so the most effective design enticed them
away from it by making the target route more attractive. Hence, al-
though the micro layout factors that influence route choice are gen-
erally understood, putting these into practice, e.g., to relieve over-
crowding, may require knowledge of which types of user should
be targeted, and hence an understanding of the mediation effects of
relevant individual difference variables.

5.2.2. Effects of Macro Layout

Three studies have investigated the effects of macro layout by com-
paring maps of the same network (e.g., Paris, Berlin, London) de-
picted using different design rules [RGL17,RNL*13,RV16]. Map
effectiveness was measured by comparing route planning times,
and the one constant finding across all studies is a failure to support
the conjecture that octolinearity = a schematisation gold standard.
This reflects the widely held belief amongst researchers, design-
ers and the general public (see Section 5.2.3) that octolinearity will
always provide the most effective layout from a usability perspec-
tive. In every single case, for the six experiments reported in these
three studies, octolinear designs either yielded performance no bet-
ter than alternatives, or significantly worse.

This finding is important considering the suggestion [Rob12]
that different networks are structured in different ways, and hence
may be more or less compatible with different design rules with re-
spect to optimisation according to criteria for effective design, such
as simple line trajectories and minimised topographical distortion.
If the use of octolinearity is no guarantee of the most effective de-
sign, then this opens the door to investigating the use of different
design rules for different networks.

5.2.3. Subjective Evaluations of Usability

Five recent studies have investigated user ratings of designs, using
various measures that have proven to be correlated and internally
consistent [RGL17,RNC16,RNL*13,RR16,RV16]. These include
map choice/preference rank ordering, and scores obtained from rat-
ing questionnaires. The most persistent, surprising finding is zero
association between subjective evaluations versus objective mea-
sures of effectiveness. This indicates that researchers’ conceptual-
isations of usability are effectively orthogonal to those of users,
which is an important finding in its own right: map acceptability, or
even desirability, is a necessary objective for designers, otherwise
there is a risk that users (and transport professionals) will simply
reject maps and turn to journey planning software instead.

The most comprehensive investigation [RGL17] found that sub-
jects displayed a clear, strong octolinearity preference: such maps
tended to be rated far more highly for usability than multilinear
and curvilinear equivalents. There was also a clear, but slightly less
strong simplicity preference: maps with simpler line trajectories
tended to be rated more highly than those with the same design

rules but more complicated trajectories. The preferences of people
whose ratings showed the greatest levels of internal consistency
were mutually exclusive: almost without exception either for octo-
linearity, or simplicity. Hence, individual differences in map evalu-
ations are substantial.

The maps in this study depicted the London Underground net-
work, and it is possible that the octolinearity preference resulted
from familiarity with the London Underground map. However,
there were no substantive differences in ratings comparing British,
American, and German respondents. Also, subjects were asked to
rate the maps separately for usability and attractiveness, and scores
showed a clear dissociation. Octolinear maps were rated highly for
both criteria, but multilinear maps as being more usable than curvi-
linear ones, and curvilinear maps were rated as being more attrac-
tive than multilinear ones. Hence, processes underlying usability
judgments by the general public seem to be more complex than
mere familiarity or first impressions of attractiveness.

The responses of people who claimed to have a relevant profes-
sional background (design or transport), or some other interest in
schematic map usability, were almost identical to those from people
who did not have these backgrounds. Hence there is the interesting
but disturbing implication that assessment of usability of maps by
people with at least some expertise in this domain is indistinguish-
able from the general public.

5.2.4. Other Studies

Two studies have nicely shown the importance of understanding
the effects of schematic map topographical distortion on the user.
People’s mental models of the structure of London’s streets, land-
marks and rivers tend to be distorted in such a way that matches the
spatial layout of the London Underground map [Ver0O8]. In another
study [BRB97], people were given a schematised railway map of
an unfamiliar city and a topographical street map. They were asked
to predict the location of a target station that was beyond the area
shown on the topographical map, and many people used the exact
spatial relationships of the schematic to infer this (see Figure 16).
Both studies showed considerable individual differences in peo-
ple’s tendency to treat the layout of a schematic map as being liter-
ally true, but nonetheless the findings indicate that designers need
to take this issue into account.

Most investigations of global layout have failed to demonstrate
any usability superiority for octolinearity (Section 5.2.2). For the
one exception [RNC16] a conventional Berlin octolinear map was
compared with one based on concentric circles and spokes radi-
ating from the centre. Such maps generate considerable Internet
comment and media attention, and it can be argued that they ex-
hibit high degrees of orderliness and organisation. However, in ac-
tual testing the concentric circles map yielded both adverse route
planning times, and poor user ratings. The reason for low ratings
appears to be that their structure made the desirability of route op-
tions difficult to compare (see Figure 17). These findings highlight
the importance of evaluating novel designs via usability testing, ir-
respective of their informal receptions. Also, although user evalua-
tions are generally uncorrelated with objective measures (as was the
case in this study) these can nonetheless yield important insights. In
a few cases, the structure of actual cities is based upon concentric
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Figure 16: In a study investigating topographical understanding [BRB97] subjects were given a schematic of local railways and a topo-
graphical map cropped so that Schlump was missing. Asking subjects to indicate its likely location yielded considerable individual differences.
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Figure 17: A concentric-circles-and-spokes map (a) of the Berlin
U-Bahn and S-Bahn networks proved to be both slow for planning
routes and unpopular with subjects, compared with an octolinear
alternative (b) [RNCI16].
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Figure 18: Maps from an investigation of colour coding: (a) route
versus (b) trunk [LRRI8]. Subjects were asked “is there a direct
route from A to B, yes or no” and error rates were generally better
with route colour coding.

circles and spokes, such as Cologne and Amsterdam, and for these
the advantages of a concentric circles and spokes map matching
the structure of a city might outweigh possible navigational diffi-
culties [NR18].

Colour coding of metro lines differs substantially from network
to network, most obviously with some adopting route colour cod-
ing and others adopting trunk colour coding. The choice of which
system to adopt seems to depend on national traditions rather than
any basis in usability testing. Initial studies [LRR18] have shown
that route colour coding yielded the best performance in a direct
route verification task, i.e., one in which it was necessary to track
individual lines and pay attention to the stops en route (Figure 18).
This study combined an investigation of colour coding with micro
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layouts, identifying a number of navigational hazards: particular
layouts where the difficulty of accurately tracking routes was great-
est. Tracking lines for long distances proved unchallenging for ei-
ther colour coding, even when lines passed under others, but trunk
colour coding was challenging in situations where lines ceased to
run in parallel. The map used in this study was a variation of the fa-
mous 1972 Vignelli design [LO12]. The level of errors for this task
was surprisingly high, approaching 40% in some conditions, per-
haps vindicating earlier complaints about its usability [BDO76].

Considerable research exists on the properties of the human vi-
sual system, but little of this has filtered back to transit map design.
One exception [Ros11] investigated the consequences of signal at-
tenuation in peripheral vision, which preserves structure and move-
ment at the expense of detail. Computer simulations of this demon-
strated, via dramatic visualisations, the effects of this for different
macro formattings. Maps with disorganised thin lines and cluttered
with supplementary information were particularly vulnerable, in-
dicating that peripheral vision is less likely to be able to supply
information useful for navigating these (see Figure 19). This study
highlights the potential of creating computer models of user percep-
tual and cognitive processes as a means to evaluate maps without
the need for extensive usability testing.

5.3. Issues in Usability Testing

Usability studies can be demanding of resources — hundreds of sub-
jects have been tested in many cases [GZW*17, LRR18, RGL17,
Xul7] — and there may be limits to the sorts of issues that stud-
ies can resolve (see Section 6.3) along with limits to the general-
isability of their findings (see below). There is also a possibility
that researchers focus attention on issues that are easy (a) to opera-
tionalise as independent variables and (b) to measure as dependent
variables.

5.3.1. Missing Topics and Measures

The most obvious complaint that can be levelled against many us-
ability studies is that they are not investigating real journeys. Much
of the research involves paid volunteers, e.g., planning multiple
routes between origin-destination station pairs, with no intention of
actually implementing these. Hence, the behaviour patterns identi-
fied in such studies may be artifactual rather than representative.
In defence of usability studies, many of these have identified dif-
ferences between maps for errors made while tracking routes, or
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Figure 19: Computer modelling by Ruth Rosenholz of peripheral
vision information attenuation for two different New York City Sub-
way maps: Official MTA topographical design (top), MTA week-
ender map (bottom). In each case the visual focus is Canal Street.
Thin lines with complex trajectories are particularly vulnerable.
For example, on the topographical map, the lines almost disinte-
grate as they head northwards through Manhattan [Rosl1].

for the time taken to plan these [LRR18, RNL*13]. As such, ad-
verse performance at these measures is assumed to be indicative
of general difficulties in interpreting and using such designs. The
reasonable assumption is that the most difficult maps in laboratory
settings will also prove to be the most difficult ones to use in reality.

For studies in which the prime measurement is route choice,
there is a possibility that the inefficient routes chosen in labora-
tory settings would not have manifested themselves in the context
of real settings — where inefficient routes have actual time costs.
It should be noted that substantial proportions of inefficient routes
have been observed when datasets of real journeys have been anal-
ysed [Guol1]. Furthermore, the biases found in laboratory settings
can be substantial. For example, Roberts and Rose [RR16] ob-
served that subjects proposed four times as many inefficient routes
for one prototype design versus alternatives and noted that (p. 458)
“it would be a very brave transportation authority, or operator, in-
deed, that chose to disregard any such warning signals identified in
this way”. Some caution in interpreting laboratory studies is wise,
and validation of findings desirable, but a blanket rejection is not
warranted.

In terms of future focus for researchers, the effects of macro
and micro layout have been well-investigated, but very few stud-
ies have sought to understand the effects of topographical distor-

(@ (b)

Figure 20: A curvilinear map of the Paris Metro (a) has been
shown to be faster for route planning than the official octolinear
design (b) in several experiments [RNL* 13, RGL17].

tion on usability. The permissibility of topographical distortion is
a fundamental issue in the creation of schematic maps, subject to
considerable disagreement between practitioners and users, and is
in conflict with the criterion for simplified line trajectories. To-
gether, these elevate the lack of research on this topic to a chal-
lenge that needs to be addressed (see Challenge 3, Section 7). There
are many other aspects of design that could benefit from evidence-
based input but for which current research is sparse, such as optimal
macro formatting (line thicknesses, types of station and interchange
symbols) and micro features (e.g., interchange station layouts) and
whether prescriptions for design should be modified depending on
whether the intended audience is expert or novice users.

Route choice, route verification errors, and route planning time
have all proved to be straightforward and useful variables to mea-
sure. User assessments of designs can also be identified easily, with
the interesting caveat that attractiveness of a design is perceived to
be different from usability. Harder to measure, but perhaps crucial
to the future of maps, is people’s learning of a network as a posi-
tive, yet incidental, consequence of using one to plan routes. This
is alleged to give map-based navigation an advantage over com-
puterised alternatives [RGL17] and it is also suggested that trunk
colour coding might have an advantage over route colour coding in
this respect [Rob12]. The challenge is to devise and validate mea-
sures of network learning that are not subject to floor effects for
complex networks, such as the New York City Subway.

5.3.2. Specific Evaluations Versus General Principles

Usability testing is powerful in terms of identifying the most and
least effective designs from amongst a set of prototypes [RR16].
However, translating differences between specific designs into gen-
eralised design prescriptions is harder. A good example of this is
comparisons between the official octolinear Paris Metro map and
a curvilinear alternative [RNL* 13, RGL17]. Despite the consistent
faster route planning time for the curvilinear map, it would have
been incorrect to have concluded that curvilinear designs should be
preferred, even for the Paris Metro. This is because the maps varied
by their design priorities as well as their design rules, with sim-
ple line trajectories being a priority for the curvilinear map but not
for the octolinear one (see Figure 20). Hence, a weaker conclusion
was put forward [RNL*13], i.e., that there had been a refutation of
the conjecture that octolinearity = a schematisation gold standard.
These issues have been discussed in detail [Rob14a] and it has been
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Table 5: Papers investigating the effects of various aspects of schematic map design on the measured behaviour of the user, categorised
by (H1) the research topics investigated — primary (o) and secondary (x); (H2) the independent/regression variables that were analysed
statistically (A) or investigated on an informal basis (I); and (H3) the tasks/measures of performance that were recorded in order to evaluate
the designs; and (H4) the studies with implications for schematic map design (see 5.4 for explanation of codes).

[ogreg]

[g1ng]
[+8ad]
[9Loadl

[F1mId]

[Logad]
[v1.qud]

[LLwvE]
[L1MEDD]

Human Perspective Publications

[62.9HD]
[1100D]
[LT.MZD]
[60°0H]
[Tyl
[61DOI]
[L1JON]
[1150¥]
[L171D4]

[c1nDY]
[11oPINN]

[o1ONN]
[T INYI

loryd]
[91A4]
[8012A]

[L1nX]

H1 Primary and secondary research issues

H1.1 Effects of macro layout (global map, e.g., design rules)
H1.2 Effects of macro formatting (e.g., stroke thickness)

H1.3 Effects of micro layout (configuration at specific locations)
H1.4 Effects of micro features (e.g., configurations of transfers)
H1.5 Effects of colour-coding

H1.6 Effects of topographical distortion

H1.7 Effects of supplementary information (e.g., surface details)
H1.8 Identification of sources of difficulty in using metro maps
H1.9 Identification of visual scanning behaviour for metro maps
H1.10 Identification of route planning processes for metro maps

H1.12 Factors that influence route choice

H1.13 Effects of city expertise on route choice

H1.14 Factors influencing early visual stages of map perception
H1.15 Evaluation of fitness of existing design(s)

H1.16 Objective versus subjective measures of performance

HI.11 Effects of information format and complexity/level of detail

N = = O = W= DA B = O =W

H2 Variables analysed/investigated informally
H2.1 Macro-layout

H2.2 Micro-layouts

H2.3 Micro-features: configuration of transfer stations
H2.4 Level of city expertise

H2.5 Cross-cultural factors

H2.6 Route complexity necessary to complete journey
H2.7 Network size/complexity

H2.8 Information format/complexity/level of detail
H2.9 Colour-coding

H2.10 Presence of topographical features

H2.11 Supplementary information: services, facilities, etc
H2.12 Thickness of line bundles

H2.13 No variables discussed or analysed

> >

(=]

W= N W WL =Wk = WN =W

H3 Tasks and Measures

H3.1 Route planning time

H3.2 Route planning errors (i.e., non-valid routes)

H3.3 Route choice

H3.4 Estimated route efficiency (e.g., no of transfers, directness)
H3.5 Direct route availability verification (time and errors)
H3.6 Station finding time

H3.7 Gaze direction/duration

H3.8 Estimated station position (show on map)

H3.9 Logistical details of planned routes (errors)

H3.10 User evaluations (e.g., map choice, rating questionnaires)
H3.11 Draw a map showing key features of a city

H3.12 Verbal protocols of reasoning/planning strategies

H3.13 Computer simulation

X X X X X X

(=] (=]

_—— = AN = RN = O =

H4 Findings with implications for schematic map design
H4.1 Visual field (DR1)

H4.2 Micro-layout/route choice (DR2)

H4.3 Validity of user preferences (DR3)

H4.4 Line colour coding/route tracking (FR1)

H4.5 Macro-layout/octolinearity = gold standard (FR2)

H4.6 Micro-layout/route tracking (FR3)

H4.7 User-understanding of topographical distortion (FR4)
H4.8 Need for usability measures with practical utility (MR1)
H4.9 Need for measures of network learning (MR2)

BN — NN W — oo —
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noted that even with maps designed with utmost care, it is almost
impossible to ensure that they are perfectly matched across all pos-
sible variables except the ones that are intended to be manipulated.
Hence, researchers need to exercise caution in generalising from
their findings.

5.3.3. The Usability Gap

Despite the importance of the acceptability of new designs, only a
minority of studies have solicited user opinions or preferences. The
exceptions [RGL17,RNC16,RNL*13,RR16,RV16] have all iden-
tified a persistent dissociation between objectively measured per-
formance and subjectively assessed usability. Hence, users often
prefer ineffective designs and reject effective ones, and this phe-
nomenon has been named the usability gap [Rob19c]. It is possible,
but inadvisable, to dismiss the disagreement as poor judgement by
subjects on the basis of their inability to monitor their own perfor-
mance. It is important that measures of route planning performance
are directly relevant to the adverse consequences of poor design:
they should have practical utility. Route planning errors (choosing
impossible routes) have obvious practical utility. The status of route
planning time is less obvious: designs might differ by tens of sec-
onds, but this time is small compared with the cost of implementing
an inefficient route, which might be tens of minutes. The low cor-
relations between user-ratings of maps versus measures with low
practical utility, such as route planning time, indicate that it would
be premature to dismiss the usability gap as a reflection of poor
judgement by users.

5.4. Summary of Key Findings of the Human Perspective

Research on topics related to the human perspective is expanding,
with a number of findings that have direct relevance (DR) for other
perspectives, or else indicate that further research (FR) will pay
dividends. However, various issues indicate that methodological re-
finement (MR) is also necessary.

DR1. Research into visual perception indicates that certain design
parameters should be adopted in order to ensure that maximal lay-
out information is available throughout the visual field.

FR1. Line colour-coding conventions differ widely internationally,
and initial findings suggest that the system used can have direct
consequences for performance, such as line tracking errors.

FR2. Studies have cast doubt on the octolinearity = gold stan-
dard conjecture, clearing the way for a more flexible approach to
schematisation, adopting design rules to match network structure.
FR3. Micro-layout research has identified line configurations that
are particularly likely to lead to errors in tracking routes.

DR2. Much research has focused on the effects of micro-layout on
route choice, with clear implications for designers who, for exam-
ple, might wish to encourage people to alter their choices.

FR4. Differences in user-understanding of topographical distor-
tion indicates a need for caution in applying this to schematisations,
especially where this might lead to inefficient route choices.

DR3. Several studies highlight that designs that are popular with
users are not necessarily the ones that are the most usable, hence
user-preferences should not be relied on when adopting designs.
MRI1. The dissociation between objective measures of perfor-

mance versus subjective evaluations indicates that measures of us-
ability with high practical utility are most desirable.

MR2. Researchers have hypothesised that schematic maps, both in
general, and designed in certain ways, facilitate network learning,
and validated measures of this are required.

6. Fusions of Multiple Perspectives

Historically, the three perspectives have typically worked in isola-
tion, but there is a growing realisation that a multidisciplinary ap-
proach is necessary to advance further. The following discussions
identify potential interrelationships between perspectives, and op-
portunities for mutual strengthening, as well as possible difficulties
in interfacing between them.

6.1. Between Design and Machine Perspectives

The literature described in the design perspective (Section 3) pro-
vides a summary of how illustrators create transit maps through
the combination of universal design principles as well as their pref-
erences and experience, broadly speaking design sense. Computer
scientists benefit from the results of design and user studies, which
facilitate the synthesis of designers’ ideas into a set of principles
and assist them in transforming these into a set of mathematical ex-
pressions that can be understood by machines. However, this proce-
dure may lose the aesthetic essence due to the limited capability of
the machine or the programmer. One example is the expansion of
the centre of a transit map to avoid dense information at certain re-
gions [HMdN06, SRMOW11,NW11]. If we formulate this by only
incorporating equally spaced edges, this could lead to a result that
only partially fulfils the principle due to the gap between designer’s
and machine’s conceptualisation. The goal of the machine perspec-
tive (Section 4) is to minimise the gap so that a machine can repro-
duce very similar results as can be created by a designer.

Contribution of the design perspective to the machine perspec-
tive. Machine-generated maps have proved their quality to a cer-
tain degree [WNTN19]. However, to fully satisfy the visual qual-
ity expected from a transit map, to tackle only a subset of crite-
ria in the design perspective is still insufficient. This is because
the human solution is, in general, more holistic, and some design
choices made by an illustrator cannot yet be quantified. The lack
of automatic evaluation methodology also limits the development
of such an intelligent approach due to uncertain goals. Most of
the pioneering approaches [HMdN06, SRMOW11,NW11] only al-
low a parametrised set of predefined variables in the algorithm, but
they cannot adaptively prioritise criteria [OS15]. This gives another
level of complexity on top of layout or labelling problems, each of
which already have high computational complexity (see Table 4).
For this reason, one can consider the results generated by a ma-
chine as a base map for refinement. Some techniques incorporate a
human-in-the-loop editing process [WC11, WP16], but a fully con-
trollable interactive approach is still an unfulfilled goal [WNTN19].
Searching for a compromise between computer performance and
visual quality is an ongoing research issue.

Contribution of the machine perspective to the design perspec-
tive. Empirically, we believe that the design perspective has a
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stronger impact towards the machine perspective, due to the rea-
sons that the present approaches are mostly built on top of the se-
lected design criteria. An analysis has been performed to investi-
gate the correlation between incorporated criteria, corresponding
visual quality of machine-generated transit maps, and system inter-
activity [WNTN19]. The formal machine perspective pushed de-
signers towards more precise principles, i.e., rather than saying
"this looks better", they are urged to give reasons that can be de-
fined, such as "it has fewer bends" or "the pattern of lines is more
symmetric", etc. Since computers facilitate designers to perform
rapid prototyping, it becomes easier to try maps with different de-
sign rules, as well as of novel visualisation ideas and concepts.
This mutual communication between design and machine perspec-
tive allows scientists to establish relationships between the design
space and the machine space, so that one can identify and utilise
the design criteria and their corresponding formulation, to assist
evolution in both perspectives.

6.2. Between Machine and Human Perspectives

Research taking the machine perspective mainly focuses on the de-
velopment of methods for creating transit maps automatically (see
Section 4). One of its major challenges is then assessing the quality
of the produced map. On the other hand, the strength of research
taking the human perspective is the evaluation of maps, while it
has a high demand for transit maps that can be used in empirical
studies (see Section 5).

Contribution of the machine perspective to the human perspec-
tive. Investigating the usability of transit maps requires a variety of
examples possessing similar layout properties. Depending on the
extent and goal of the planned study, creating these transit maps
manually is complicated or just not possible. Firstly, even creating
a single transit map is a challenging task that requires experienced
designers. Thus, conducting a study on a variety of maps easily
becomes too time-consuming. Automated methods promise to mit-
igate this obstacle to widespread user studies. Once an algorithm
has been developed for creating a layout style, it is only a question
of computation time to create a variety of instances. This of course
requires that the development of automatic methods has reached a
level that can compete with manually created maps. Secondly, in
order to obtain meaningful studies systematically testing hypothe-
ses, the considered layouts should possess controlled properties;
see Section 5.3.2. For example, when investigating the impact of
bends on the usability of a transit map, the number of bends should
be varied while other properties, such as the drawing area, should
be kept fixed. For this purpose of varying single properties we es-
pecially deem approaches based on mixed integer linear program-
ming (e.g., [NW11]) to be the current best choice. Their advantages
are two-fold. First, they yield layouts of high quality including la-
belling and the wiring of transit lines [BBS19]. Second, such algo-
rithms yield mathematically optimal solutions for an objective that
is subject to a set of hard constraints. The soft constraints constitut-
ing the objective and the hard constraints can both be easily manip-
ulated and controlled. We note that for creating stimuli, heuristics
are not adequate as they do not give guarantees on the properties
of the produced layout, thus risking to confound the results. Au-
tomated methods also open up new research fields for the human
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perspective. For example, with the ubiquity of mobile devices such
as smart phones, customised and dynamic maps became part of
our daily life. This development has driven the introduction of new
concepts for transit maps such as focus+context maps [WCI11] and
travel-route-centred metro maps [WTLY 12, WPT*15]. These con-
cepts are inseparable from automated methods. From the human
perspective their usability is generally not well understood and re-
mains an open question.

Contribution of the human perspective to the machine perspec-
tive. Research findings from the human perspective can potentially
have a strong influence on the machine perspective. An example
from more general network visualisation is found in the work of
Purchase et al. [Pur97, PCJ96] who confirmed the negative effects
of edge crossings and bends on the readability of network layouts,
which subsequently led to a rich body of literature in graph drawing
on crossing and bend minimisation algorithms [Tam13].

The feedback link from empirical work on transit map usability
to metro map algorithms is currently under-developed. Nonethe-
less, findings from empirical studies that identify desired and un-
desired properties in transit maps, that correlate strongly with map
usability, can provide key ingredients for new objectives in algo-
rithmic map optimization. Similarly, if the effects of formal objec-
tives (e.g., line straightness, edge lengths, edge orientations) that
are part of many existing algorithms are confirmed in empirical
studies, this would serve as a validation of these objectives in ma-
chine approaches.

6.3. Between Human and Design Perspectives

Interest in usability testing of schematised maps developed several
decades after these were first created [Rob19a]. Over time, design-
ers have developed and entrenched their own methodologies and
principles for map creation, alongside beliefs about good practice.
In tandem with this, individual network operators have also evolved
their own requirements, e.g., for colour-coding methods for indi-
vidual lines. Hence there will inevitably be a natural tension be-
tween human versus design perspectives for the foreseeable future.

The belief amongst designers that octolinearity comprises a
schematisation gold standard is evident from compilations by
Ovenden [Ove03, Ovel5]. However, beyond this, the diversity of
solutions for all other aspects of design, including typography, to-
pographical distortion, colour coding, and symbols for stations and
interchanges, indicates the lack of anything approaching a consen-
sus for just about every other aspect of creating schematised maps.
At least one individual [Cer16] has advocated an international stan-
dardisation of basic parameters but there is little evidence of calls
for unification elsewhere.

Contribution of the design perspective to the human perspec-
tive. The diversity of schematic mapping techniques and solutions
certainly provides plenty of opportunities for researchers in the hu-
man perspective to investigate and resolve issues, but the potential
contribution is far more deep-seated because design creativity in-
spires hypotheses and theorising. For example, the five-component
framework for effective design [Rob14b, RGL17] was, in part, as-
sembled as a result of a systematic design exploration of differ-
ent levels of linearity [Rob12]. Similarly, the presence of different
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colour-coding methods led to an analysis of perceptual versus cog-
nitive aspects of route planning [LRR18]. Novel design techniques
can focus attention in new ways and provide new methods to inves-
tigate psychological theories. Hence, concentric circles maps pro-
vided a tool by which the simplicity of line trajectories versus the
overall coherence of a design could be compared [RNC16]. In all
these cases, the key is that the design of maps resulted in more
than merely evaluating the effectiveness of different versions, it
also prompted a deeper attempt to understand the psychological
concepts that underpin usability.

Contribution of the human perspective to the design perspec-
tive. The diversity of schematic mapping techniques and solu-
tions, indicating fundamental disagreements between designers as
to best practice, by itself would seem to demand evidence-based
approaches such as the usability testing research offered by the hu-
man perspective, and many relevant studies were discussed earlier.
The most obviously important ones are those that directly investi-
gated key design issues, such as the utility of different line colour-
coding [LRR18], and studies that investigate global layout, for ex-
ample, comparing traditional octolinearity with more recently de-
veloped methods. Although attracting the attention of the media, at
least one of these have been shown to have weaknesses [RNC16].
However, even with relatively clear findings and advice to offer, im-
plementing such research is only part of the task: the dissemination
of findings into multidisciplinary domains can be challenging.

An important category of studies comprises those that are user
behaviour-driven (as opposed to design hypothesis-driven). For
these, the decisions of the user are observed, and from this re-
searchers work backwards in order to identify which aspects of the
environment influenced them. In studies of route choice [Guoll,
RMdG11] the network map proves to be an important component
of the environment, with layout aspects of distance and directness
having a role to play. In this specific case, however, the focus on
the end product of the process (the decisions actually taken by the
user) as opposed to the raw materials (e.g., how should a map be
designed and colour-coded) results in a different way of conceptu-
alising the problem and a consequential focus on aspects of design
that may have been overlooked by designers. Hence, on the list of
criteria for effective design compiled by Ovenden, which were so-
licited from experienced designers [Ove08], not a single one refers
to, or even implies, methods to influence route choice.

Undoubtedly, usability testing of maps will continue into the fu-
ture, with the potential for further insights for designers as to how
best to optimise the effectiveness of their work. However, it is also
important for practitioners from both the design and human per-
spectives to be aware of the limitations as to what can be achieved
by usability testing. As noted in Section 5.3.2, testing is most pow-
erful when comparing and evaluating different prototypes but, for
various reasons, it can be hard to identify generalisable design prin-
ciples from these studies because of the difficulties in creating stim-
uli that are perfectly matched for all dimensions except the ones
under investigation. To this should be added the problem that many
design principles are somewhat subtle, perhaps contributing more
to map aesthetics than usability, and hence are unlikely to generate
sufficient effect sizes to be detectable statistically, even if they do
genuinely have a slight part to play in design effectiveness. An ex-

ample is the question of whether it is better to achieve a 90° bend
using one single arc, or two linked arcs of 45° each.

Once design criteria move towards influencing aesthetics more
than usability, they become subject to considerable individual dif-
ferences, again limiting the extent to which they can be packaged as
general design principles. However, individual differences in pref-
erences for information presentation can have implications for us-
ability, with formatting that is incompatible with preferences being
detrimental to performance [RNO1]. Providing multiple design for-
mats to cater for individual differences in cognition seems to be a
step too far for most transport organisations.

The consequences of the various issues mean that research needs
to be carefully designed and targeted for maximum impact, with the
focus on primary design issues that are most likely to influence us-
ability. In cases where the impact of design decisions is more likely
to be on aesthetics, it may be better to admit defeat and trust the ex-
perience and intuition of the designer rather than embarking upon
a substantial research program. Overall, the human and design per-
spectives can be mutually supporting, but within limits. Also, there
is a need to be vigilant for systematic individual differences in opti-
mal information formats between different people. The best way to
accommodate these is to offer the user a variety of journey planning
methods, rather than prescribing one-size-fits-all solutions.

6.4. Fusions of Design, Machine, and Human Perspectives

During our investigations in this survey, we established a vi-
sion on individual perspectives, together with their mutual re-
lationships. Technology that meets users’ expectations still re-
quires investigation in multiple disciplines, especially in the vi-
sualisation, algorithms, and psychology communities. According
to our analysis, some papers classified in the machine perspec-
tive [NW11, WTLY12, WTH*13] cover all three perspectives to
demonstrate the feasibility of proposed approaches. The techniques
primarily followed a single-directional process (Input — (D)esign
— (M)achine — Output) in our model (Figure 3), then validat-
ing the approach by performing a user study (Output — (H)uman).
The iterative process to improve the algorithm is often not docu-
mented, unfortunately. A task-driven approach [MG19] follows the
process (Input — (U)ser — (D)esign — Output), although an auto-
matic approach along this line has not yet been developed. Pairwise
perspectives have shown their strong connection in the previous
sections, but any pair of perspectives alone is unlikely to achieve
a bigger goal. Figure 3 in conjunction with our review invites us
to revisit the definition of an idealised map and the corresponding
methodology. We strongly believe that a more interwoven collabo-
ration between the three perspectives not only will lead to superior
results, but will be essential to substantially push forward the un-
derstanding and development of transit maps.

7. Research Challenges and Discussion

The challenges listed below represent strategic topics and recur-
ring issues. The transit map metaphor in Figure 21 provides an
overview, with each perspective represented by a coloured line.
The challenges are categorised by their dominant perspective(s) al-
though each one is potentially relevant to all three.
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Challenge 1:
Optimal Set of
Design Criteria

Challenge 2: Performance D Challenge 3: Impact
and Scalability of of Topographical
Automated Methods Distortion

Challenge 4:
Professional-level
Visual Quality OO Challenge 5:
Quantitative Map
analysis as a
CD Usability Proxy
Challenge 6: Bridging OO
the Usability Gap

Challenge 7:
Matching Design

Rules to Network m
Structure
Challenge 8:

Human-in-the-loop m
Transit Map design

Challenge 9: Modelling
and Applying Route m

Choice Findings

Challenge_ 10:

Famee OO0
Figure 21: A transit map metaphor that shows the relationships
between selected challenges, where each colour corresponds to one
perspective (see Figure 3(b)).

.9, Challenge 1: Optimal Set of Design Criteria. One major
s issue with the design perspective is that the principles are
intuition-derived rather than evidence-derived. Sometimes,

& the hunches of designers drive what they do, which is why

&b different designers do things so differently. A map in which
all aforementioned criteria in Section 3 are targeted is not equal
to a perfect design, since some criteria are mutually in conflict,
or induce an over-constrained and unsolvable problem. Finding a
good combination of existing criteria or exploring a complete de-
sign space could give more insight into the relationships of various
criteria. Some high-level ideas, such as a balanced map, can prob-
ably be achieved by a combination of predefined low level criteria
(e.g., minimising variability of edge length), but how?

e’ - Challenge 2: Performance and Scalability of Automated
%% Methods. High-performance techniques facilitate editing
O;o maps by incorporating user knowledge back to the pro-
%% cess instantaneously, and scalable approaches allow us to
°” manage large networks. Transit map problems are compu-

tationally hard, which implies that we cannot easily find effi-

cient algorithms in general. One important aspect here is to re-
cast this intractable problem and reformulate it as a more tractable
one with additional constraints. Until now, it is hard to mutually
compare the performance and quality of existing algorithms be-
cause there is no standardised format for recording transit maps,
which makes it almost impossible to compare layout quality au-
tomatically. Crowd-sourcing data management, such as the Open-

MetroMap project [Ope], might help to fill this gap and also to

record the provenance of datasets for systematic validation.

o QChallenge 3: Impact of Topographical Distortion. The

%% conflict between the objectives of simplified line trajecto-
feo)

«¢ Tries versus minimising topographical distortion is a source

%2 of considerable disagreement in the creation and informal

“°  assessment of designs. Very little research has directly ad-
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dressed this issue [BRB97], other than obliquely, in terms of the
effects of map layout on route choice [Guol1] such that excessive
topographical distortion can, in certain circumstances, detrimen-
tally distort the implied relative efficiency of competing route op-
tions. The permissibility of topographical distortion is fundamental
to determining criteria for effective schematisation, and given that
these criteria should ideally be evidence-based, research into un-
derstanding the impact of topographical distortion on the user must
be a priority. This should concern not just route choices, but also
the potential for, and consequences of, (1) disorientation if a lay-
out deviates significantly from a user’s mental model of a city, and
(2) unintended inferences, which might be implied by relative po-
sitions of nearby or distant stations, and also of stations related to
major landmarks that are included on the design. It is important to
ascertain whether any disadvantages of topographical distortion ap-
ply generally, or only to particular regions of a map, for example,
comparing densely versus sparsely served regions.

. ° . Challenge 4: Professional-level Visual Quality. The visual
@, quality of machine-generated transit maps is still not fully
satisfactory [Rob19b]. One primary reason is the composi-
o tion step sketched in Figure 2(a), which allows designers to

o arrange essential elements to produce visually pleasing maps.
A precise formulation of every step in the design process is desir-
able, and has not yet been fully achieved. For example, typography
is the sub-field of making written text legible and readable. Font
size is strongly correlated with the amount of information to be
shown, which is often adjusted by designers, but is not intuitive for
a computer. When designing a transit map, designers often decom-
pose a long station name into multiple lines to simplify the labelling
problem. This is a hard problem due to its combinatorial properties.

° , Challenge 5: Quantitative Map analysis as a Usability
@ Proxy Conducting customer and user surveys is a time-
consuming and expensive task that requires a lot of experi-

0
<0 ence in the human perspective. However, researchers in the

& machine perspective are more often interested in the under-
lying algorithmic problems and are most familiar with evaluating
their results using quantitative measures. Hence, identifying a set
of quantitative measures for the usability of a transit map could
be a promising interface. This requires that researchers from both
perspectives identify quantitative measures which would then be

validated as usability proxies by well-defined user studies.

o ° ,Challenge 6: Bridging the Usability Gap. User-
. acceptability of maps is an essential criterion for effective
& design, otherwise people will simply reject these and consult

o )

% computerised journey planners instead. Therefore, it is

oo important that the usability gap (Section 5.3.3) is not only
understood but bridged. In other words, for researchers in usability
testing, it would be desirable to identify measurable aspects of
design effectiveness that correlate to at least some degree with user
evaluations of this, so that maps are effective and preferred by
users. In other words, measurements should also have psycholog-
ical utility [Rob19c]. Route planning errors (choosing impossible
routes) has psychological utility, but usability is potentially mea-
surable in many different ways, and researchers need to explore
more creative methods of objectively measuring map effectiveness.
Hence, it has been suggested that route discriminability might
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be a useful measure of the ease with which users can identify a
preferred route from amongst competing alternatives [Rob19c].

« © , Challenge 7: Matching Design Rules to Network Struc-
%" ture. With challenges to the octolinearity = schematisation
gold standard conjecture [RNL* 13] this lays open the possi-

% bility that various networks, structured in different ways, may
a5 require the use of different design rules in order for criteria
for effective design to be optimised. Hence, certain networks may
be naturally octolinear, hexalinear, tetralinear, curvilinear, or even
based upon concentric circles and spokes [Rob12, NR18]. Forcing
a network to comply with inappropriate design rules may result in
complex line trajectories or topographical distortion, and also con-
flict with users’ mental models of a city. To a certain extent, de-
signers can address this issue at the early stages of the creation pro-
cess by viewing topographical maps and identifying the dominant
shapes of the network, but this may only result in good solutions for
relatively simple ones. Analysing the topographical input and de-
tecting the most suited linearity system is an open challenge for the
machine perspective. Further, the task of evaluating multiple maps
created using a range of different design rules is one that is more
appropriately tackled by researchers into automated layout [NN19].

The network structure can be further simplified into symbolic
geometric objects in a hierarchical fashion by taking advantage of
interactive visualisation. For example, a circular route can be ab-
stracted and be represented as a circle to eliminate unnecessary de-
tails as a user zooms out of the map. In visualisation, this concept is
called visual abstraction, which indicates a simplified form that vi-
sually summarises the subordinate structures as a whole. This facil-
itates users in forming a comprehensive understanding or overview
of the area on the map [Cer16]. Nonetheless, the theoretical formal-
isation of the abstraction concept is in its infancy, not to mention
its algorithmic methodology. This strategy requires map users’ ex-
perience or designers’ knowledge for better usability.

« ° . Challenge 8: Human-in-the-loop Transit Map Design. As
%" mentioned in Section 6.1, interactivity is crucial in order to
OZOO involve designers as partners in the automated creation pro-
€D cess. The idea here is to ask machines to do work that they
=6 can do adequately, and preserve tasks that can be smartly

done manually to designers. This requires investigation of what
tasks are suitable for machines versus humans. Technically, how
machines and designers can collaborate will be the main focus in
this challenge. This would also include a broader set of information
designers who wish to use the transit map metaphors to visualise
other domains, such as abstract relationships in physics, biology,
or engineering [WNTN19]. Transit maps, therefore, serve as visual
metaphors representing an abstract information space, which leads
to the challenge that a designer needs to find an appropriate map-
ping from data space to transit map space.

. © , Challenge 9: Modelling and Applying Route Choice Find-
%" ings. There is now a substantial literature on the influence of
OZOO configuration on route choice (Section 5.2.1), and a number
af?, of further relevant studies in which route choice has been in-
oo vestigated but not in the specific context of transit maps. The

stage has surely now been reached at which it is possible, statisti-

cally, to model human route choice with respect to map layout, and

validate models against actual route choice datasets where avail-

able. For individual networks, it would then technically be feasible
to automatically audit and modify available maps with respect to (a)
operational efficiency — for example, reducing the extent to which
users distribute themselves between different options, which may
contribute towards relieving versus causing overcrowding of indi-
vidual routes [GZW*17,Xul7]; and (b) user efficiency — for exam-
ple, altering the extent to which users are inadvertently prompted
towards choosing inefficient routes [Guol1] or avoiding routes that
are efficient but are implied to be inappropriate from map configu-
ration [RMdG11]. Such steps are necessary to maintain the utility
of transit maps in the face of alternatives such as digital journey
planners.

° . Challenge 10: Personalised Transit Maps. The emergence

%~ of location-based services and mobile devices has driven
OZOO rapid development from static to dynamic and personalised
% maps. For topographical maps, numerous services have been
@D established to support the user in routing tasks and finding
nearby locations on small-screen devices, but the development of
such services for transit maps lags behind. In order to change this,
all three perspectives are implicated, since it is far from clear how
these services should be presented, how they should be technically
realised and which of them are usable in practice. This problem
becomes even more challenging in a dynamic setting. Changes in
service patterns may occur, due to newly constructed lines, added
or (temporarily) closed stations, or due to unexpected incidents in-
terrupting some services temporarily. While the former can be im-
plemented gradually, the latter need real-time alterations. Changes
in the transit map should clearly reflect the changes in service pat-
terns, yet retain the users’ mental model of the corresponding map
region.

8. Conclusions

The first schematic maps of transit networks appeared in the early
1930s, and the concept has spread to virtually all cities in the world.
Strategies for transit map generation have been extensively stud-
ied from design viewpoints [Gar94, Ove03, Rob12] to practical us-
age [Rob19b]. The development of computational tools has the po-
tential to facilitate designers to draft and also more objectively to
evaluate their work. Research has also found direct practical appli-
cations, for example, the urban railway system in Karlsruhe, Ger-
many [kvv] recently changed to curvilinear maps on the basis of
generalisations from usability testing [RNL*13]. Another example
is the Docklands Light Railway train map, which was adopted af-
ter testing of prototypes and commissioned by Transport for Lon-
don [RR16]. Beyond static maps, mobile applications, with user in-
tervention, have the potential to improve the navigation of complex
networks through intuitive and straightforward representations. In
consequence, a new scientific community has emerged and become
active [smw], demonstrating an increasing interest in developing
new techniques for schematic mapping.
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