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The development of transport networks has been explained, predicted and planned using a variety of methodological approaches. These range 
from narrative historical accounts to the application of models borrowed from the natural sciences. Probably the most remarkable studies are 
recent attempts to align network development with organic logics – e.g. the mimicking of motorway networks by slime mould in Petri dishes. The 
aim of this paper is to examine and compare methods mobilized to both explain and hypothesise on the development of transport networks. more 
specifically, we juxtapose methods in transport planning inspired by the natural sciences with historical inquiries into transport planning. Network 
modelling driven by topological features (e.g. connectivity and compactness) is compared with a more historical sensitive approaches taking 
contextual, sociospatial factors into account. In doing so, the paper contributes to transport geography by highlighting the influence of political 
choice, and indeed ideas about sociospatial organization, on the network model as well as adds to planning history by including the technical 
rationale in the discourse on sociospatial organization and form. Belgium was chosen as case because the topology of Belgium’s motorway network 
is considered by some researchers as one of the most ‘rational’ in the world, while others have often qualified its form and materiality as ‘chaotic’, 
or indeed ‘irrational’. On the basis of a two-sided analysis of the Belgian motorway network, a quantitative topological approach and a planning 
history lens respectively, the present paper critically assesses the views and values held by actors of the past, present and future of the development 
of transport networks.
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INTRODUCTION

The development of transport networks has fascinated researchers from a variety of disciplinary backgrounds. 
In order to explain the growth of a system, each approach emphasises a particular rationality, logic and/or order. 
Besides offering an explanation for past developments, the same methods and models are also used to predict 
and plan the expansion of existing infrastructure networks, and gaps or ‘missing links’ in networks are detected 
based on an underlying rationality. Interestingly, many applications across disciplinary boundaries rely on models 
and metaphors borrowed from the natural sciences. Probably the most remarkable example is the mimicking of 
motorway networks by slime mould in Petri dishes.1 Transport networks are also conceptualised and explained 
by using fractals,2 Newton’s law of gravitation,3 the vascular system, Shiatsu meridians,4 and so on. The surge of 
cross-disciplinary alliances in transport studies has resulted in an increasing influence of physics and complexity 
sciences in the analysis and planning of network development.5

In a recent paper, Gabriel Dupuy aims to identify the potential benefits of this disciplinary diversity, in particular 
of contributions from ‘naïve’ outsiders.6 Such outsiders include mathematicians, biologists and physicists 
which apply their toolbox and concepts to transport networks without much knowledge of transport studies. 
Although he raises some critical remarks, Dupuy argues that hostility towards the contributions of outsiders is 
not warranted. In fact, there exists a continuum of studies that employ naturalising models and metaphors to 
transport networks, ranging from ‘naïve outsiders’ who hardly make reference to transport studies, to work in the 
core of the discipline.

This conclusion, however, urges us to re-consider why models and metaphors derived from the natural world 
have continued to attract scholars from different disciplines, and across different epistemic communities in time 
and space. moreover, and more importantly, the continuous importance and even re-emergence of ‘naturalistic’ 
modelling in scientific discourse, should be analysed and assessed on its concrete effects and impact. Therefore, 
and on the basis of an analysis of the Belgian motorway network, the present paper critically questions the 
historical use of natural models and metaphors within transport studies. Although we recognize the merits of 
interdisciplinary, or even transdisciplinary research, and recognize that valuable inspiration can be found in other, 
seemingly unrelated, disciplines as well as outside the academic world, we are critical of using natural metaphors 
and models to explain, predict and plan human interventions. Not only do they seem to signal a return of overtly 
positivist ways of approaching the human world; they also evict the process of political-economics – and the 
consequential human strife related to the fundamental process of societal decision making – out of the equation. 
As we will demonstrate, de-naturalising the topology of transport networks precisely results in stronger historical 
explanations and stronger democratic policy practices.

NATURAL SCIENCE MODELS AND METApHORS

In the past few years Andrew Adamatzky has published with a number of co-authors a series of scientific articles 
on the rationality of motorway networks.7 Their research method was rather unusual: a map of the study area 
was ‘drawn’ in a Petri dish by putting oat flakes on the location of cities. Subsequently, slime mould (Physarum 
polycephalum) was applied to the flakes representing the capital, and after the slime mould had grown and had 
connected all cities with a network of protoplasmic tubes, the resulting network was compared with the actual 
motorway network. The topology of the motorway networks in Belgium, Canada and China was best represented 
by the protoplasmic networks, while the lowest values of ‘bio-rationality’ were found for the networks in the uSA 
and Africa.

The main author of these slime mould studies, Andrew Adamatzky, is ‘Director of the Unconventional Computing 
Centre’ at the university of the West of england in Bristol.8 It seems indeed rather ‘unconventional’ to examine 
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transport networks using slime mould. However, as mirowski reminds us, in the 1970s, 1980s and 1990s, leading 
economic journals published the results of experiments with laboratory rats and pigeons in which animals were 
seen as consumers with demand curves, as workers, and as players in different kinds of markets.9 When plunging 
even further into history, the very idea of transport networks can be traced back to organic metaphors in the 
19th century, on carefully constructed concepts reconciling the natural and artificial, as studied by scholars like 
Antoine Picon.10 In fact the term ‘réseau’ (network) appears in engineering literature at the same time it is used in 
the medical sciences to refer to artery and nerve systems or tissue structures.11 In the course of the 19th century, 
these organic notions moved from medicine, biology and engineering studies to the social sciences and philosophy, 
in which principles of the natural sciences were transposed to society as a whole.12 These examples illustrate that 
the use of biological experiments is not unique, but taps into a long-running, and re-emerging positivist tradition 
of approaching and speaking about the human world as a ‘natural environment’.

Indeed, a considerable number of studies have employed analogies and metaphors from biology, physics and 
other natural sciences, and what such studies share is the search for (an) order.13 While the slime mould approach 
is situated at the margin of the discipline of transport studies, the application of gravity models is a significant 
element of transport economics and geography. Since the gravity model is used in transport models to estimate 
future demand to direct investments, its application is not an innocent act. The emphasis on rationality in the 
model suggests that society should strive for optimal transport networks. In a similar vein, newspaper articles 
reported that according to slime mould some motorways in the uK should be re-routed.14 The question we 
raise is ‘what kind of planning is mimicked by slime mould?’. The word ‘polycephalum’ in the latin name of the 
organism means ‘multi-headed’ and indicates that the mould is a single cell with multiple nuclei. In other words, 
the development of a transport network is an organic process carried out by a decentral organism resulting in 
a rational, orderly outcome. From here it is a small step to Friedrich Hayek’s war against central planning and 
his preference for spontaneous order.15 In Hayek’s view, no central planner can gather and process all available 
information to plan the most optimal outcome, instead, he proposes decentralised planning based on market 
mechanisms since the market can process information better.16 The market is thus the ultimate information 
processor, on top of being an efficient allocator of resources.17 Paradoxically, an opponent of the Chicago School of 
economics, William Vickrey, is credited for introducing this idea in transport economics, i.e. the idea that markets 
should guide investments in transport infrastructure on the basis of the willingness-to-pay of road users, which 
is ‘decentrally’ revealed in their willingness to pay tolls.18 Also planning concepts like polycentricism in relation 
to ‘bottom-up’ policymaking, which are currently in vogue (see Davoudi)19, tie in with the notion of decentral 
development as well as with the splintered spatial reality.20 In general, these concepts were used to describe and 
analyse the existing reality, but are increasingly deployed to plan and thus determine this reality.21 The critical 
distance between analysis and project seems to be loosing ground when applying these ‘natural’ models.22

As indicated above, natural metaphors play a double role. On the one hand, biomimicry and gravity models are 
employed to explain the past growth of transport networks, on the other hand, the same models are used to 
plan extensions of existing networks. The former raises questions about the role of agency and contingency in 
the development of networks, while the latter reduces the role of government to building the optimal network 
that ‘nature’ reveals. To examine these issues, this paper focuses on the Belgian motorway network, a network 
characterised by a high level of ‘bio-rationality’ according to Adamatzky et al..23 In what follows, however, we will 
argue that this supposed ‘bio-rationality’ of the Belgian motorway network is not a natural process at all, neither 
is it the outcome of ‘naturalised’ (read: ‘neutral’) market forces at work. Thus, natural explanations or models or 
only indicative on a descriptive level, but fail to analyse and explain what is driving historical change. To illustrate 
this central aim, we start with an analysis of the development of the Belgian motorway network using a classic 
gravity type of method. Subsequently, we complement and assess this analysis with a historical geographical view 
to indicate the shortcomings of naturalised models and metaphors.
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THE GROWTH OF TRANSpORT NETWORKS

Numerous studies have been published which simulate and explain the growth of transport networks.24 It is 
generally acknowledged that networks start growing from and in between large centres while more peripheral parts 
of the network are built later. Once congestion becomes an issue, investments are again concentrated in core areas.25

Here, as is common in the literature, we focus on the topology of networks and on the question why a segment is 
added to the network (or not). usually, the nodes in the network represent cities, although networks within cities 
are analysed as well.26 Whether a segment connecting two cities is added to a network depends on construction 
costs, budgetary constraints, the structure of the existing network, and transport demand.27 The latter factor 
is commonly estimated as in a standard transport model, i.e. demand is a function of both the size of and the 
distance between the cities: the larger the distance and the smaller the size of the cities, the lower the demand for 
transport between these cities. Rietveld and Van Nierop reformulate this in terms of the rate of return on capital: 
whether an investment in an additional segment is made depends on transport demand, which determines the 
receipts, which are in turn a function of passenger kilometres travelled (or in the case of freight, ton-kilometres). 
The number of kilometres travelled also determines the variable costs, while the length of the network is a proxy 
for the investment costs.28

most studies use population data to estimate demand, although it is recognised that employment and economic 
development matter as well, but data on this are much more difficult to obtain. Regarding costs, expenses per 
kilometre are much higher in case of river crossings, steep slopes and marshes. Furthermore, the shape of cities is 
relevant since in more compact cities, a larger share of the population can reach a station or highway entry within 
a given time frame, and land acquisition costs might be lower.29 Finally, investments in infrastructure can be 
motivated by political-military, mining, agricultural and exogenous reasons.30

TRANSpORT pLANNING: TOpOLOGICAL MODELLING 
OF THE BELGIAN MOTORWAY NETWORK

Figure 1 depicts the (topological) growth of the Belgian motorway network. The unit of analysis is the segment, a 
finished motorway link between 2 of the 19 selected cities. The period under consideration is subdivided into three 
intervals: 1954-1965, 1966-1975 and 1976-2000.31 For each of the three periods a regression model estimates the 
probability that a new link is added to the network.32 The variables chosen were (1) demand, which is a function 
of the size of and the distance between two cities, (2) investment costs, which is a function of the length of a 
segment, and (3) overlap with the existing network, i.e. it is not very likely that a road is built close to an existing 
one. The results can be found in Table 1 in Appendix.

Model 1: 1954-1965 
On the eve of the Second World War, the Belgian government had started building a section of the motorway 
between Ghent and Bruges. However, it was not until the first half of the 1950s that the first segment connecting 
two cities was completed. From a topological perspective, Belgium was an edgeless graph at the start of this 
period, and taking into account the assumptions stated in Appendix, 79 segments could have been added to the 
network. In reality, only seven segments were completed in the period 1954-1965. Simple statistical analysis 
was used to explain why certain motorway segments were added, but none of the parameters were statistically 
significant at the 5% level, which might be partly due to the small sample size. Nevertheless, the estimates for the 
variables segment length and the angle between a segment and one of the other segments built have the expected 
negative sign. In contrast to what was expected on the basis of the literature, the demand variable has a negative 
sign, indicating that investments were mainly directed towards peripheral parts of the network. Note that no 
account is taken of the existing non-motorway network.
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figure1 The Belgian motorway network figure2 Plan with missing links (Source: Devallée 1938)

Model 2: 1965-1975 
After the completion of seven segments in the previous period, there were still 72 segments that could have been 
built. In the second period, thirteen segments were actually added to the motorway network and the regression 
model indicates that the larger the demand, the greater the probability of construction. Furthermore, a larger 
angle between the segment and other motorways increases the probability that a segment was built.

Model 3: 1975-2001 
The third period witnessed the completion of six additional motorway segments. The only variable that was 
significantly correlated with construction probability was the angle. Hence, the structure of the existing network 
seemed to be the main determining factor for new investments.

pLANNING HISTORY: SOCIOSpATIAL DEVELOpMENT 
OF THE MOTORWAY NETWORK

This contribution reflects on the search for rationality in transport networks, and rationality plays at least two 
roles in this context. First, scholars attempt to reveal the rationality underlying network growth to explain the 
historical formation of infrastructures. Second, it is regularly argued that infrastructure systems, and investments 
therein, should follow a certain rationality. The latter is especially clear in cost–benefit analysis, but we start here 
with a discussion of the explanatory power of models of network growth.

The case of the Belgian highway network illustrates that, despite a ‘rational’ outcome, investments were not 
made according to a ‘rational’ plan that can be summarised in one or two variables. The quantitative analysis of 
the development of this network reported in the present paper indicates that this supposed rationality is seldom 
followed and seemingly ‘irrational’ parameters literally deviate its growth. more specifically, for the early period, 
an explanation needs to be given why the segments connecting Ostend-Bruges-Ghent-Aalst(-Brussels) were built 
first (1954, (1956)), while the motorway between Brussels and Antwerp (via mechelen) was not completed until 
1981. Therefore, the quantitative part is complemented by a historical analysis which focuses more on the role, 
and indeed rationality, of historical actors and the wider institutional context.

In contrast to the early enthusiasm for motorways in countries like Germany, Italy and the united States, in 
Belgium this new type of limited access road for cars was perceived as ‘snobbish’ and indeed anti-democratic 
by many engineers and politicians. In addition to the loss of public street life, these roads would act as barrier, 
or ‘Chinese Wall’, in the densely urbanized landscape of Belgium. Instead of being a means to rebuilt the nation 
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after World War I, the motorway would fragment the ‘typically’ Belgian landscape.33 even influential automobile 
clubs, often with a strong focus on recreational driving, preferred more exciting sceneries and capricious routes 
over functional and standardized infrastructure. Although the idea of special purpose roads was known in 1900, it 
took decades to make the concept acceptable in Belgium.34 Consequently, the Road Fund, set up in 1928 by Prime 
minister Henri Jaspar to reconstruct the damaged network as well as to respond to the growing popularity of the 
car, was not used for the conception of modern motorways. In this first wave of public works during the interwar 
period, engineers focused on adapting the surface and profiles to multimodal roads. For example, considerable 
investments were made in the Brussels-Antwerp connection, with some financial input from the legacy of King 
leopold II. Accessible for cars, trams, bicycles and pedestrians in separate lanes, it was more than an ordinary 
road, but definitely not a motorway.35 The availability of an, albeit somewhat less efficient, alternative might 
have reduced the need for an entirely new motorway between Brussels and Antwerp. Although the new type 
of multimodal road did not allow for high speed car traffic, it did incorporate the sociospatial motives of the 
Road Fund aspiring reconstruction and modernization. Infrastructure was designed as a collector of traffic and 
consequently attractor of urbanization and industrialization.36 Translated to the slime mould method: not only the 
cities, also the connections between cities were designed to become attractors. Or, the mould had to transform into oat 
flakes: a fairly improbable evolution in natural science, a logic causal, and indeed intentional, development in history.

On the level of the network, engineers chose not to start from a clean slate, but to select existing roads requiring 
modernization, like the Brussels-Antwerp connection, as well as to graft new components on the existing 
network. Based on both contemporary flux diagrams and the aspiration to connect productive cities and regions 
for industry, leisure and agriculture, a plan of missing links was published by engineer-in-chief Armand Devallée 
in 1938 (Figure 2). Connecting Brussels to the coast as well as being part of the international london-Istanbul 
connection, the road between Brussels, Ghent and Ostend was defined as one of the four sections to be built first 
(Figure 3). Besides the logic of missing links, also regional preferences within the department of Public Works 
might have played a role in the geographical pattern, and speed of realization of the motorway network. In 
particular Ponts et Chaussées engineers in Bruges (Claeys and De Wulf), did believe in the potential of motorways.37

Although Devallée was critical for the road ‘as an obstacle’, he conceived a compromise between the contemporary 
mobility requirements and the road as ‘creating factor … backbone of the agglomeration’.38 When crossing thinly 
populated areas the road could be designed as limited access motorway. In or near urban areas the road had to 
transform to a multimodal road with level crossings and open to adjacent lots.

Although in the course of the 1930s and 1940s, several proposals were made, there did not exist a comprehensive 
motorway policy in pre-war Belgium. It is not until the 1950s that the integration of the variety of proposals lead to 
a national plan worthy of the name.39 At the sixth Belgian road conference in 1950, engineer Henri Hondermarcq 
presented his program for 930kms of motorway defined by the twin goal of facilitating national socio-economic 
processes and surfing the wave of imminent european Integration. Hondermarcq presented Belgium, and more 
specifically Brussels and Antwerp, as the strategic crossroad of the new european politico-economic configuration, 
resulting in numerous connections linking Brussels and the port of Antwerp with its national and international 
hinterland. The following Road Fund positioned the Antwerp-Brussels region, and indeed connection, as an 
economic and urban core in both Belgium and europe.40
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figure3 The Belgian trace presented at the Budapest conference on the london-Istanbul connection (Source: Claeys 1936)

THE NORMATIVE FORCE OF SLIME MOULD AND OTHER 
FORMS OF TOpOLOGICAL RATIONALITY

As mentioned in the introduction, natural metaphors and models are not only used to explain the growth of 
transport networks, they are also employed to indicate which new segments would make the network more 
rational. Today, rationality is often defined in terms of productivity and demand, disguised in sweeping concepts 
on ‘natural’ development. Perhaps the most sustained critique comes from Karel martens who points to the fact 
that demand-based cost-benefit analysis places a disproportionally large weight on transport projects beneficial 
for highly mobile groups. Accordingly, he proposes to replace the concept of demand by the concept of need.41 
Gabriel Dupuy, to whom we referred earlier, is aware that some logics, in particular the preferential attachment 
principle, might result in networks providing unequal access to destinations.42

Note that basing investments on ‘rational’ economic principles such as demand, productivity and efficiency, is 
distinctly different from an economic development rationale. models based on principles such as demand and 
productivity identify projects that make the best use of resources, and this economic ‘rationality’ tends to favour 
the core regions, as is often argued in the regional policy literature.43 In contrast, the economic development 
rationale of the post-war planning consensus aimed to develop the entire territory, and special attention was devoted 
to the growth of underdeveloped regions. motorway construction in Belgium was mainly based on an economic 
development agenda,44 fitting with a Keynesian state which emphasised planning and large public works.45

The distinction between economic development and market-based rationality can be seen in light of changing views 
about markets, the economy and economics. The modern view of the market popular in the first decades after World 
War II is built on the distinction between, on the one hand, a government sphere, and on the other hand, a market 
sphere, the economy.46 Both spheres are supposed to follow their own logic. Applying this to the case of motorway 
planning, we have an engineering/planning logic aiming at national or regional economic development in the 
government sphere, and a market logic of firms which are supposed to locate themselves in new industrial estates near 
motorways. However, the modern government/market dichotomy has been blurred and has often been replaced by a 
neoliberal political rationality which boils down to the application of market norms, metaphors and logics to all social 
phenomena. motorway construction is then no longer a tool of the Keynesian state, but the outcome of market-like 
processes. In the latter case, the consumption behaviour of motorists, preferably measured by their willingness to pay 
road user charges, indicates where new road capacity is needed.47 This is nothing more than applying the principles 
of consumer democracy to motorway development, rendering public debate about road construction obsolete.48
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Although metaphors can be interpreted in many different ways, the slime mould approach seems to correspond to 
the type of decentral market-like planning described above. likewise, the demand-based gravity-style model can 
be used to replace democratic debate by a specific kind of technocratic decision-making.

THE pOTENTIAL ADDED VALUE OF MODELS

This paper offers a critical account of natural models that explain and plan transport network development. 
Nevertheless, these models have the potential to generate useful descriptive information for network planning. 
Dupuy refers to the use of graph theory in Geographical Information Systems (GIS) as an example of a fruitful 
collaboration between geographers and other scientists.49 He also refers to the work of laporte et al. who 
employ operation research methods to measure network characteristics and to suggest new designs for transport 
networks.50 laporte et al. stress the flexibility of the heuristics which can be adapted to meet a variety of objectives, 
in other words, the metaphors (which are abundant in the field of operations research51) and conceptualisations are 
less binding and constraining. This openness is a requirement for the use of models in network design if democratic 
dialogue is to be taken seriously, and if external actors are able to bring their own rationalities.

Despite its potential advantages, the topological approach has its limitations. The role and function of nodes 
may change over time and it is not certain whether a topological analysis will fully grasp changes such as the 
development of the Paris metro system from a relatively autonomous network serving the local population to 
one of the building blocks of a much larger integrated transport system.52 Returning to the case of the Belgian 
motorway network, the topological analysis presented here ignores the lively debate that ensued over the 
integration of motorways in the urban fabric, democratic access, and the number and position of motorway 
entries and exits.53 While it is possible to see each entry as a node in the motorway graph, this would add much 
noise to the analysis, and the approach would lose its appeal of rationality.

DISCUSSION AND CONCLUSION: WHO HAS THE HIGHER 
EXpLANATORY pOWER: SLIME MOULD VERSUS HISTORIANS

The question is how meaningful a distinction between ‘rational’ and ‘irrational’ factors and outcomes is, or 
between ‘predicted by the model’ and noise – or indeed between ‘objective’ or ‘neutral’ transport parameters like 
efficiency and connectivity, and, on the other hand, ‘subjective’ socio-political and cultural-economic factors. 
earlier in this paper we referred to Gabriel Dupuy’s claim that studies of transport networks might benefit from 
interdisciplinarity, in particular from the application of natural science metaphors and analogies.54 In a paper on 
transdisciplinarity in urban studies, Thierry Ramadier55 recognises that ‘interdisciplinary bridges have been built’, 
but he also points to the existence of ‘contradictory theoretical schools’. The first school is mainly influenced by 
the natural sciences, with the gravity model as the most well-known example, while the second school is based on 
a cultural (critical, anti-positivist) vision. Regarding these schools, Ramadier states that ‘few attempts have been 
made to confront their points of view’. This paper takes up this challenge and confronted the ‘natural science’ 
approach to transport network development with a ‘historical’ view, and we particularly focused on the supposed 
and desired ‘rationality’ of transport networks.

We might conclude that while an a priori rejection of input from the natural sciences is not warranted, historical social 
science needs to uncover the underlying principles and rationalities of the models and concepts used. For example, the 
slime mould model used to mimic transport networks lends itself easily to describe it in terms of decentral market-like 
planning, and the economic concept of demand is regularly present in gravity-inspired models. The same metaphor 
can be used in many different ways, but what these examples illustrate is that it also evicts the process of political-
economics – and the consequential human strife related to the fundamental process of societal decision making – out 
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of the equation. By ‘naturalising’ human sciences and historical explanations, the importance of political ideology 
and economic power within history is downplayed in favour of a positivist, technocratic reading of the human world.
material provided by this case study supplies fuel for discussion about broader issues, in particular the underlying 
ideological and political-economic claims associated with a particular methodological approach. This is especially 
relevant given the fact that models used to predict past transport investments are also employed to evaluate future 
investments in infrastructure. Quantitative approaches generally attribute a central role to the concept of demand, 
and thus degrees of ‘rationality’ are in fact linked to ideas of consumer democracy where individual demand guides 
investment decisions. In contrast, interpretations of a less deterministic nature emphasise the degrees of freedom of 
political actors/choice. We conclude that the views held by actors of the past, present and future of transport networks 
are relevant for democratic debates on transport policy since the metaphors and models used are not value-neutral.

AppENDIX

To model the growth of the Belgian motorway network,56 this study uses population data provided by the 
lOKSTAT project.57 Data were aggregated at the municipality level (merged municipalities, since 1983, n=589) and 
distances were measured as the crow flies between the centroids of these municipalities (making use of lambert 
1972 coordinates). A threshold value of 50 000 residents was used to select cities. To this end, the population of 
all municipalities within a range of 5km was taken into account. Two cities which are located at a distance of less 
than 10km are considered as one urban area (this was the case for mons-la louvière and Hasselt-Genk). The 
centroid of the central municipality (whose name is used for the entire city region) is used for further calculations. 
On the basis of this method, there were 16 cities in 1931 and 19 in 1971. 
The maximum number of edges in a network of 19 cities is 171 (note that cities in neighbouring countries are 
ignored, like in the work of Adamatzky58). In reality, only 26 segments were built (Figure 1). Only segments with 
a distance of less than 75km were used in the analysis (n = 79; note that the longest road built is Antwerp-Hasselt 
with a distance of 74km). Given the limited number of observations, the number of variables was kept small. 
Three binary logistic regression models estimated the probability that a segment was added to the network in the 
period under consideration (software: R). Figure 4 illustrates the situation.

figure4 Graph representing four cities (A, B, C and D), one existing motorway (AB) and two possible connections (AC and AD) (Source: the 
authors).

The cos α variable is incorporated in the model to test the hypothesis that it is less likely that a more redundant 
segment was added to the network. 59 Given that AB has already been built, it is more probable that AD is added to the 
network than that AC is built. Since we might expect that it is known at the beginning of a period which segments will 
be built, the angle α is measured between the segment under consideration and all other segments finished at the end 
of the period. When a motorway connects two cities without any other motorway connection, cos α = 0.The following 
independent variables were included in the analysis:

d: the distance between two cities, which is a proxy for construction costs
Demand (log(D)); D = PopAβ

1 PopCβ
2 / dβ3 60

with PopA, PopC: population of cities A and C respectively (in 1000s)
   d: the distance between A and C
   β1, β2 and β3: parameters, set at 1
cos α;   cos α = (dAB² + dAC² - dBC²)/(2 dAB dAC)
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pERIOD 1954-1965

est. Std. err. z value Pr(>|z|)

Intercept 28.96 23.22  1.25 0.21

log(Demand1951) -4.29 3.14 -1.37 0.17

distance -0.15  0.12 -1.28 0.20

cos1965 -16.94 11.81 -1.43 0.15

n = 79

Y: new motorways 1954-1965

Adjusted rho-squared = 0.86 AIC: 15.913

pERIOD 1966-1975

estimate Std. error z value Pr(>|z|)

Intercept -9.68 4.77 -2.03 0.043 *

log(Demand1961)  1.14  0.50 2.28 0.022 *

distance 0.0096 0.032  0.30 0.76

cos1975 -2.25 0.99 -2.27 0.023 *

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

n = 72

Y: new motorways 1966-1975

Adjusted rho-squared = 0.40 AIC: 59.531

pERIOD 1976-2001

estimate Std. error z value Pr(>|z|)

Intercept -0.94 7.08 -0.13 0.90

log(Demand1971) 0.47 0.76 0.62 0.54

distance -0.0076 0.048 -0.16 0.87

cos2001 -6.36 2.64 -2.41 0.016 *

n = 59

Y: new motorways 1976-2001

Adjusted rho-squared = 0.62 AIC: 30.926

table1 Results of three binary logistic regression models
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