
Introduction
It has previously been argued that journey planners and
other maps which copy Beck’s London Underground
solution have become clichéd to such an extent that
innovation in design has become stifled (Smithers, 2009).
Furthermore, while stylized maps may aid readability, they
often distort the information content so that distances are
not usefully represented (Guo, 2011). In this paper, we will
ignore graphic design and consider just the distance-
information content of maps. 

In a hypothetical network, such as a railway map
where every station is connected to all others (fully
connected), the number of railway lines increases with (and
grows more rapidly than) the number of stations, as
illustrated in Figure 1. For example, when the number of
stations reaches 32, the number of lines will have grown to
1,024.

In order to keep the example manageable, we will
consider the three-station network. If we travelled on the
three-station network at a constant known speed and timed
the journeys with a stopwatch, we could work out the
distance between each station. If we then took three lengths
of straight wire that were each cut to represent the scaled
distances, we could quickly arrange them to show a map of
the network. With three stations this is a trivial problem
which will always give the correct unique solution, or its
mirror image. In this case, it will be a map showing a
triangle (equilateral, isosceles, or scalene). The orientation
may not match the original, but given that its orientation
(using the convention of north at the top) is arbitrary, this
is of no concern. 

If we extend this method to a network of four
stations, the problem becomes more difficult as there is
more information and greater complexity. It is possible to
draw the actual solution and the mirror image of the map;
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Figure 1 Example networks, where every station is connected to all others
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both of which preserve the actual relative distances and so
both are correct representations of the relative distances
between stations (Figure 2).

Methodology
Now, if we were to try and solve the map for more stations
which were fully connected, we would start to struggle
with the method of using straight lengths of cut wire.
Rather than tediously attempting to solve the problem by
hand using trial and error, it is possible to construct an
iterative systematic set of rules to search for the solution
(Figure 3) and execute this as a mathematical model on a
computer. 

The rule set can be refined further to state how the
stations should be moved, and, importantly, to define a
criterion at which point the iterations stop. Figure 3
includes a measure called ‘stress’, which may be defined as
a measure of the overall stress which the model would
contain if it were distorted in order to force the inter-station
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Figure 2 Mirror-image maps

Figure 3 Flow diagram of an iterative systematic rule set to solve the mapping problem
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distances to match the actual station distances (Manly,
1986). Imagine a physical two-dimensional model in
which the stations were held together with springs of the
same lengths as the rail lines, so that the positions of the
stations were a result of the stress in the springs being zero
overall (both expansion and compression being measured
in positive units). If such a configuration were distorted by
an external force it would be expected to return to a stable
shape with zero overall stress once the force was removed.
This physical model using springs might be like the first
triangular model described with wires, except that this new
model would have the elegance of finding its own solution
after a distorting stress force was applied, as shown in
Figure 4. This is the analogy with the stress assessment
metric, and the aim of the iterative rule set is to find a
configuration with overall zero stress for the springs. The
rule set provides positive feedback which iteratively guides
the modelling towards the solution. The reduction of stress
in a model has also been termed ‘annealing’ by analogy
(Avelar, 2002).

In order to build a mathematical model using the rule
set, a numerical method is needed to assess the degree of
model stress. The stress can be assessed using a general
measure of the disparities between the actual distances and
the distances in the model at each iteration (Manly, 1986).
There are various formulas for calculating this but the
basic aim is to allow the model to converge iteratively to
reach a solution (ibid.; Kruskal and Wish, 1987).

The above description of the method has assumed an
ideal scenario in which the distance data is perfect and that
any outcome of the model is acceptable. However, there are
some possible issues as follows:

• All stations connect to all others

It may be necessary to map a system where not all
the stations are connected to all the others. This does
reduce the amount of information available and
account can be taken for this.

• There is no error in the measures of distance between
stations

Usually, real-life data contain a degree of error, no
matter how well they are captured and so poor data are
very likely to result in a final model containing
stress. In this case, a solution is to predefine an
acceptable level of tolerance and let the model iterate
until it reaches this acceptable threshold at which
point it stops.

• The are no barriers to the model relaxing to minimal
stress

It is conceivable that after a number of iterations, the
model will reach a suboptimal solution with
sufficient inertia to prevent its moving on to the next
optimum. There are methods to optimize the starting
configuration, but it is possible that the optimal
solution will not be found. This is analogous to
trying to reach the top of a mountain in thick fog by
walking up the steepest incline; this will get you to
a peak, but it may not be the highest peak of the
mountain and in the fog you will not be able to tell
whether you have reached the summit (Miller and
Miller, 1984).

• Distances are linear

If there are no errors in the data and the distances have
been measured in two dimensions and mapped to two
dimensions, it should be possible to produce an exact
map (with zero stress). However, it is possible to
conceive of measures which are not linear and so
would not produce a zero-stress map but would
provide an interpretable map with minimal stress.
For example, the distances between stations may be
measured in three dimensions to take account of
geographic altitude; these data could then be modelled
to a two-dimensional solution (multi-dimensional
scaling). Such a model would attempt to preserve the
real distances between the stations (by minimizing
the stress) on a two-dimensional map. Such a
solution reduces the number of dimensions of three
in the actual data to two in the model. 
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Figure 4 The shape is first at equilibrium and in the second illustration it is distorted by external forces, which, once

released, return the shape to its original optimum configuration
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Discussion
The strength of this method is that it allows a map to be
drawn which represents the relationships between the
stations rather than their actual geography. The
relationships may be measures of distances between
stations, in which case the map will be a representation of
geospatial stations. Alternatively, the relationships may be
journey times between stations, in which case the map
represents an abstraction of travel information, for
example. Two different representational maps of the same
data using three stations are shown in Figure 5.

These two maps are equivalent in that the lengths of
the railway lines are preserved at the expense of the relative
station positions, and, accordingly, travelling from a to b
on the meandering line of the first map is as far as the
direct route of the second map. This is an idealized
example, which provides an exact map that illustrates
journey time for both types of representation.

Figure 6 shows, firstly, a spatial map which cannot
be exactly mapped to a linear interpretation because the
lengths of the lines between stations a and c exceed that of
the distance a to b added to distance b to c. The result of
applying the iterative model to these data would be the
second map, where the distances represent a compromise
that disperses the latent model stress to give the best
possible non-exact solution using a non-linear map.
Though not perfect, this solution still provides an
interpretation of the data in terms of journey times.

These two extreme examples (Figures 5 and 6) were
chosen to illustrate a perfect and a poor solution using
three stations. In practice, care needs to be taken to ensure
that a non-linear solution provides a useful map. Where

this is the case, the method can help provide a novel
method of mapping.

Demonstration Model
A software demonstration (Fig.7) of this method has been
written in Microsoft Excel 2000 and is freely available for
download (see http://www.projectmapping.co.uk/non-
linearmappin.html). The demonstration is compatible with
this version of Excel and higher. It has been tested in
Version 2000 and 2007 and was found to run considerably
faster in Version 2000. The reduced speed of later versions
of Excel is a documented problem (Add-ins.com, 2007).

The demonstration software allows the user to
provide the coordinates of exactly ten stations. The
software then calculates the distances between all the
stations, and, using only this distance information,
attempts to create a map of the original layout so that the
modelled solution can be visually compared with the actual
station layout. Figure 7 shows the main display of the
software with a table of the calculation status, a couple of
graphs of the model stress on the right, and three maps at
the bottom left. The first map shows the model start point,
which in this case is all stations stacked on the same point,
from which the model redistributes the stations to the final
solution shown in the second map. The third map is the
actual map with which the user can compare the model’s
solution. In this example it can be seen that the model has
found a (mirror image) good solution within a run time of
less than a minute.

Conclusion
This paper has attempted to demonstrate using non-
technical language the principles of mapping by relative
distance along with its strengths and weaknesses using
examples. The reader is encouraged to download the
demonstration modelling tool and experiment with the
method. 
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Figure 5 Maps of three stations giving full geospatial information (left) and illustrating journey time at the expense of

geospatial information (right)

Figure 6 Three stations mapped geospatially which have no

exact linear interpretation
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Figure 7 Mapping demonstration
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WEBNOTE

http://mappinglondon.co.uk/2012/01/09/grand-map-of-london-a-new-map-in-an-old-style/
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