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Growing urban bicycle networks
Michael Szell1,2,3*, Sayat Mimar4, Tyler Perlman4, Gourab Ghoshal4 & Roberta Sinatra1,2,3,5

Cycling is a promising solution to unsustainable urban transport systems. However, prevailing bicycle 
network development follows a slow and piecewise process, without taking into account the structural 
complexity of transportation networks. Here we explore systematically the topological limitations of 
urban bicycle network development. For 62 cities we study different variations of growing a synthetic 
bicycle network between an arbitrary set of points routed on the urban street network. We find 
initially decreasing returns on investment until a critical threshold, posing fundamental consequences 
to sustainable urban planning: cities must invest into bicycle networks with the right growth strategy, 
and persistently, to surpass a critical mass. We also find pronounced overlaps of synthetically grown 
networks in cities with well-developed existing bicycle networks, showing that our model reflects 
reality. Growing networks from scratch makes our approach a generally applicable starting point for 
sustainable urban bicycle network planning with minimal data requirements.

Cities worldwide are scrambling for sustainable solutions to their inefficient, car-centric transport  systems1,2. One 
promising, time-tested candidate is cycling. It is an efficient mode of sustainable urban transport that can account 
for the majority of intra-urban trips which are primarily short or medium-distance3. Cost-benefit analysis that 
accounts for health, pollution, and climate, reveals that in the EU alone cycling brings a yearly benefit worth € 24 
billion while automobility costs society € 500  billion4. These insights provide further impetus for coordinated 
efforts to extend cycling infrastructure as one solution to the urban transport crisis and to effectively fight climate 
 change5,6. Apart from being effective, this solution is also considerably more economic and wide-ranging than 
merely focusing on motor vehicle  electrification7–9.

In practice, however, bicycle infrastructure development struggles with a political inertia due to the deep-
rooted complexity of car-dependence10,11: For example, Copenhagen took 100 years of political struggles to 
develop a functioning grid of protected on-street bicycle  networks12 that continues to be split into 300 discon-
nected components  today13. Accordingly, the most developed, influential bicycle network planning guidelines, 
such as the Dutch CROW  manual14, acknowledge that building up bicycle networks happens typically through 
decades-long, piecewise refinements. Unfortunately, there is overwhelming scientific consensus that the possible 
exit scenarios from the planetary climate crisis compatible with the 1.5° goal are closing  rapidly15,16. Given that 
transport is the most problematic  sector17 and that the majority of humanity is living in cities, making urban 
transport sustainable is therefore one of the most urgent societal  issues1,7,10,18. Electric cars are a potential solu-
tion to exhaust pollution but come with the same unavoidable downsides as traditional cars concerning urban 
 livability2, space  allocation6, road  safety19, particulate matter pollution that is mainly caused by non-exhaust 
 emissions20, public health and  equity5,21, among others. In particular, a sole focus on electric vehicles is coun-
terproductive and “active travel should be a cornerstone of sustainability strategies, policies and planning”9. 
Because of the fact that boosting active travel in cities has some of the highest potential to mitigate climate change 
and to improve public  health5,7, in this paper we focus on bicycle network development. While there has been 
historical political inertia in growing bicycle networks, the ongoing COVID-19 pandemic has prompted several 
cities to engage in successful accelerated network development, proving that such efforts are indeed  possible22,23 
(apart from already existing examples of fast  growth24,25). A systematic exploration of city-wide, comprehensive 
development strategies is therefore urgently needed.

Although the prevailing, piecewise application of qualitative policy guidelines in existing bicycle network 
 planning14,26 might have a good track record in e.g. Dutch cities and  Copenhagen12, this process lacks rigorous 
scrutiny: are the resulting networks truly optimal? Can such policies be replicated in other cities? And are there 
fundamental topological limitations for developing a bicycle network? Indeed, an evidence-based, scientific 
theory of bicycle network development is missing.

There is a growing academic literature on analyzing bicycle networks of specific cities, for instance  Montreal27, 
 Seattle28, or recent data-driven approaches for  Bogota29,  London30, or  Berlin31. While such studies are invaluable 
in terms of local enhancements and data consolidation for a particular place, here we instead focus on a global 
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analysis, in particular on the fundamental topological limitations of bicycle network development that are relevant 
for all urban environments, independent of the availability of traffic flow  data32. This approach follows the idea 
of a Science of Cities33 where we study the topological properties of bicycle networks that are independent of place 
using computational, quantitative methods of Urban Data Science34.

The vast majority of cities on the planet has negligible infrastructure for safe  cycling6. Indeed, urban transport 
infrastructure development worldwide has been heavily skewed towards automobiles since the twentieth century, 
today featuring well connected networks of streets for motorized  vehicles13. Rather than uprooting the existing 
infrastructure and replacing it with an entirely new one—an economically infeasible strategy—we investigate 
how to retrofit existing streets into bicycle networks. Sacrificing specificity for generalizability, our formulation 
contains as a starting point two ingredients: the existing street network of a city, and an arbitrary set of seed 
points. With these minimal ingredients we explore different growth strategies that sequentially convert streets 
that were designed for only cars to streets that are safe for  cycling14,35. Using the CROW manual as a key refer-
ence and  inspiration14, the objective of all explored strategies is to create cohesive networks, i.e. well connected 
networks that cover a large fraction of the city area (see “Materials and methods”).

Across the realistic strategies we report a growth phase that initially leads to a diminishing trend of quality 
indicators, until a critical fraction of streets are converted, akin to a percolation transition observed in criti-
cal phenomena and also present in the growth of other forms of transportation infrastructure as well as pat-
terns of  traffic29,32,36–39. In other words, initial investments into building cycling-friendly infrastructure leads to 
diminishing returns on quality and efficiency until the emergence of a well-connected giant component. Once 
this threshold is reached, the quality improves dramatically, to an extent which depends on the specific growth 
strategy. We provide empirical evidence that the majority of cities effectively lie below the threshold which might 
be hindering further growth, implying fundamental consequences to sustainable urban planning policy: To be 
successful in developing well-connected bicycle networks, cities must invest with the right growth strategy, and 
persistently, to surpass a critical mass.

Results
The starting point for our analysis is the manually sampled street networks of 62 cities aiming to capture a 
diversity of cultural regions and a large range of populations, population densities, areas, and network lengths, 
selected from cities where there is relatively complete data  available41, see Fig. 1A and Supplementary Table 1. 
Here, links represent streets and nodes are street intersections. Being embedded in a metric space, these consti-
tute planar  graphs42. We downloaded and processed these networks from OpenStreetMap using  OSMnx43 (see 
“Materials and methods”).

Although many of the covered cities are from well developed regions, we observe that they have negligible 
bicycle infrastructure, Fig. 1B. Additionally these are split into hundreds of disconnected components, Fig. 1C, 
which has previously prompted analysis of strategies to merge  them13. Although such strategies make sense in 
cities with already well established bicycle infrastructure, they are less useful in most other cities. Further, they 
produce minimum spanning tree-like solutions that are economically attractive but lack resilience and cohe-
sion (Fig. 2), and they potentially reinforce socioeconomic inequalities by connecting only already developed 
areas while ignoring under-developed  ones32, prompting us here to grow new networks from scratch instead. 
By resilience we mean a general level of fault-tolerance44: A resilient bicycle network should provide an accept-
able level of service in the face of faults and challenges to normal operation, for example interruptions due to 
road works. The removal of a small fraction of links should not have a substantial impact on network metrics.

A

CB

Figure 1.  The state of existing bicycle networks. (A) We extract street networks from 62 cities covering different 
regions and cultures; many are considered modern and well developed. (B) The distribution of city-wide 
lengths of bicycle tracks indicates negligible existing cycling infrastructure that is also (C) split into hundreds of 
disconnected components. See more details in Supplementary Table 1. Map created with: https:// github. com/ 
mszell/ biken wgrow th (v.1.0.0).

https://github.com/mszell/bikenwgrowth
https://github.com/mszell/bikenwgrowth
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Growing bicycle networks from scratch. Our process of growing synthetic bicycle networks consists of 
four steps, Fig. 3, starting with the street network and the seed points. For an intuitive, interactive exploration 
see https:// growb ike. net.

Step (1) Seed points An arbitrary set of seed points is snapped to the intersections of the street network. 
We investigate two versions of seed points: (i) arranged on a grid, and (ii) rail stations. Generally these seeds 
could have arbitrary coordinates, but in the CROW manual’s context of origin-destination  links14 they could 
represent points of interests such as district centers, shopping areas, schools, etc.
Step (2) Greedy triangulation All pairs of seed nodes are ordered by route distance and connected stepwise 
as the crow flies. A link is added only if it does not cross an existing link. This greedy triangulation is an easily 
computable proxy for the NP-hard minimum weight  triangulation45. It creates an approximatively shortest 
and locally dense planar  network46, and a connected, cohesive, and resilient network solution minimizing 
investment, therefore satifsying both traveler and investor demands, Fig. 2.
Step (3) Order by growth strategy Each of three growth strategies is used to order the greedy triangulation 
links from the strategy’s 0-quantile (empty graph) to its 1-quantile (full triangulation), resulting in a sequence 
of growth stages. To study this growth process in a high enough resolution we split the growth quantiles into 
40 parts q = 0.025, 0.05, . . . , 0.975, 1 . The three strategies are: 

1. Betweenness—orders by the number of shortest paths that go through a link. It can be interpreted as 
the simplest proxy for traffic flow (assuming uniform traffic demand between all pairs of nodes). Thus, 
growing by betweenness is an approach that aims to prioritize flow.

2. Closeness—starts with the “most central” node, i.e. the node that is closest to all other nodes. From 
this seed, the network is built up by connecting the most central adjacent nodes. This approach is the 
most local approach possible and leads to a linear expansion of a dense as possible network from the 
topological city center.

3. Random—adds links randomly and is used as a baseline. This strategy is not just a theoretical null model 
but well resembling how cities build their bicycle networks in practice, as we discuss later.

Step (4) Route on street network The abstract links in the 40 stages are made concrete: They are routed on 
the street network. These synthetic bicycle networks are then analyzed for all 62 cities.

Different growth strategies optimize different quality metrics. We measure several network met-
rics to assess the quality of the synthetically grown networks and to compare them with existing bicycle net-
works. These metrics are: length L, length LLCC of the largest connected component (LCC), coverage C, seed 
point coverage Cseed , directness D, number of connected components Ŵ , global efficiency Eglob , local efficiency 
Eloc . We define coverage as the area of all grown structures endowed with a 500 m-buffer, see light blue areas 
in Fig 6B for an illustration. Directness measures the average ratios of euclidian distances versus shortest path 
distances on the network, while global efficiency provides a similar measure that accounts for disconnected 
 components47. See “Materials and methods” for technical details.

We first investigate how these quality metrics change throughout the growth process averaged over all cities, 
Fig. 4. The three thick curves show the change of the metrics with growth following the three strategies (between-
ness, closeness, or random) for grid seeds. Similar results hold for rail stations, see Supplementary Figs. 5–7. By 
construction all curves reach exactly the same point at the 1-quantile (full triangulation), but their development 
differs substantially before that. The minimum spanning tree (MST) solution is depicted as a baseline (grey dotted 

Minimum spanning tree Triangulation Fully connected 

Investor's 
optimum

Cohesive  
planar network 

Traveler's 
optimum 

Economic Resilient

Figure 2.  Optimal connected network solutions. Adapted from Ref.40. (Left) The investor’s optimal strategy for 
a connected network is to invest as little as possible, minimizing total link  length13. Its solution is a minimum 
spanning tree, maximally economic but minimally resilient with low directness, inadequate for travelers. (Right) 
The traveler’s optimum connects all node pairs creating all direct routes. This solution is minimally economic, 
maximally resilient and direct, inadequate for investors. It also has crossing links and is therefore not a planar 
network. (Center) A both economic and resilient, as well as cohesive planar network solution in-between is 
the triangulation. In particular the minimum weight triangulation, approximated by the greedy triangulation, 
minimizes investment.

https://growbike.net
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Figure 3.  Growing bicycle networks. Explorable interactively at: https:// growb ike. net. Illustrated here for Paris. 
Step (1) Seed points: A set of seed points (orange dots) is snapped to the intersections of the street network. 
Shown are grid points, alternatively we investigated rail stations. Step (2) Greedy triangulation: The seeds are 
ordered by route distance and connected stepwise without link crossings. Reached seeds are colored blue. 
Step (3) Order by growth strategy: One of three growth strategies (betweenness, closeness, random) is used to 
order the triangulation links from the strategy’s 0-quantile (empty graph) to its 1-quantile (full triangulation), 
resulting in 40 growth stages. Shown are the five quantiles q = 0.025, 0.125, 0.25, 0.5, 1 . Step 4) Route on street 
network: The links in the growth stages are routed on the street network. These synthetic bicycle networks are 
then analyzed for all 62 cities. Maps created with: https:// github. com/ mszell/ biken wgrow th (v.1.0.0).

https://growbike.net
https://github.com/mszell/bikenwgrowth
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lines). This is the most economic connected solution that reaches all seeds, see Fig. 2; therefore any connected 
solution that reaches all seeds must be at least as long as the MST.

From Fig. 4A we observe that length grows linearly for closeness and slightly faster for the other strategies 
because closeness prioritizes close links which typically have similar length, while betweenness and random 
growth selects distant links earlier. Random growth adds single links scattered randomly across the city and 
therefore has the fastest growth of coverage, Fig. 4B, followed by the betweenness-based strategy, while close-
ness leads to a linear growth. Directness, Fig. 4C, displays a large dip for random growth, from D ≈ 0.8 down 
to D ≈ 0.53 at the 0.345-quantile, and a smaller dip from D ≈ 0.83 to D ≈ 0.68 for betweenness growth at the 
0.1-quantile. Directness starts lower for closeness growth, around D ≈ 0.59 but quickly overtakes the other 
strategies at the 0.05-quantile. Global efficiency, Fig. 4D, starts at a high level, around Eglob ≈ 0.7 , and grows 
slightly until Eglob ≈ 0.82 for both betweenness and closeness. Random growth starts instead much lower, around 
Eglob ≈ 0.33 . The length of the LCC, Fig. 4E, is almost identical as the growth of length for betweenness and close-
ness because the LCC makes up most of the network here. However, the LCC in random growth has a sigmoid 
growth pattern as it takes longer for the components to connect, Fig. 4G. Coverage of seeds, Fig. 4F, is similar 
to coverage but more pronounced for random and betweenness growth. On average all seeds are covered before 
the 0.6-quantile. Finally, local efficiency, Fig. 4H, is steady around Eloc ≈ 0.22 for closeness, but grows fast for 
both betweenness and random growth from around Eloc ≈ 0.05.

To summarize, the different growth strategies optimize different quality metrics and come with different 
tradeoffs: (1) Use betweenness growth for fast coverage, intermediate connectedness and directness, and low 
local efficiency. (2) Use closeness growth for optimal connectedness and local efficiency but slow coverage. (3) 
Use random growth for fastest coverage but low directness, connectedness, and efficiency.

Network consolidation and non-monotonic gains in quality. The dips observed in directness, see 
yellow arrow in Fig. 4C for random growth, are akin to a phase transition in a percolation process from a discon-
nected set of components to a sudden emergence of a giant connected component, as known for e.g. random 
Erdős–Rényi  networks36. Similar transitions have been observed in generalized network  growth48,49, including 
in various random spatial  networks42 and sidewalk  networks39, and similar flavors of bicycle network  growth29. 
Figure 5A and B illustrates this consolidation process for individual cities: Links are added one by one, growing 
the largest connected component until a critical threshold at the curve’s minimum (at qB = 0.1 for Boston), at 
which the largest connected component consolidates the majority of the network and starts forming cycles that 
in turn increase directness. Because connectedness increases around the critical threshold, the evolution of con-
nected components is inverse to the evolution of directness, Fig. 4G. While the global efficiency averaged over all 

Seed points covered

BA DC

FE HG

Figure 4.  Different growth strategies optimize different network quality metrics. The three thick curves show 
the changes of network metrics with growth following three strategies (betweenness, closeness, or random) 
averaged over all 62 cities for grid seeds. By construction all curves arrive at the same endpoint, but they develop 
distinctly before that. For rail seeds and individual cities see Supplementary Figs. 5–10. Red curves show the car 
network’s simultaneous decrease of quality metrics if a five times decrease of speed limits is assumed for cars 
along all affected streets. Grey dotted lines show metrics for the minimum spanning tree (MST) that connects 
all seeds with minimal investment. Growth of (A) length, (B) coverage, (C) directness, (D) global efficiency, 
(E) length of LCC, (F) seed points covered, (G) connected components, (H) local efficiency. The yellow arrow 
highlights the substantial dip in directness until the critical threshold which is more pronounced for random 
growth than for betweenness growth.
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cities shows an initial increase followed by saturation, see Fig. 4D, we find mixed trends at the level of individual 
cities: Mumbai and Montreal track the average trend, Tokyo has a flat global efficiency, while Boston and Paris 
show a dip before the critical threshold is reached with rapid gains thereafter (Fig. 5C).

This network consolidation has important implications for policy and planning. The point at which the tran-
sition happens represents substantial investments into building the network. Stopping investments and growth 
before this point leads to a net loss in investment as measured by infrastructure quality. Indeed, pushing past 
this threshold leads to substantive gains.

The effect of bicycle network growth on the street network. While it is beneficial for a city to grow 
its bicycle network, it is important to ask how this growth affects the network of streets used by cars. The mag-
nitude of this effect depends not only on the network topology, but also on the concrete bicycle infrastructure 
being implemented: shared spaces, unprotected cycle lanes, protected cycle tracks, bicycle streets, their width, 
and so on. To consider these factors, leading bicycle planning manuals consider a plethora of local  variables14,50, 
for example road category, speed limit, volume of the motorized traffic, or car parking facilities. Therefore, to 
be conservative in our estimations, here we consider the strongest possible effect of new bicycle infrastructure 
on streets apart from complete replacement: We assume that all infrastructure would be built, for example, as a 
child-friendly “fietsstraat” or living street, i.e. as a shared traffic space where cyclists and pedestrians have prior-
ity and cars are tolerated to pass through in walking  speed14. This assumption roughly translates to a reduction 
of speed limits for cars along the affected road sections by a factor of 5, for example from 50 km/h to 10 km/h or 
from 30 km/h to 6 km/h . In our technical calculations we implemented a computational equivalent to this speed 
reduction—an increase of the affected road section lengths by a factor of  514. So, for example, for calculating 
directness along an affected road section, a street segment of length 100m would then count as being 500m long.

qB = 0.025 qB = 0.1 qB = 0.2A

B

C

Figure 5.  Network consolidation: Bicycle network growth has a dip of decreasing directness. (A) Three early 
stages of betweenness growth in Boston. (B) Directness sharply decreases initially due to tree-like growth 
(compare qB = 0.025 and qB = 0.1 for Boston). Once directness has reached a minimum ( qB = 0.1 ), it starts 
growing slowly due to the appearance of cycles ( qB = 0.2 ). The process is similar for the other cities (shown 
here for Montreal, Mumbai, Paris, Tokyo) and also holds for random growth, see Supplementary Figs. 5, 7, 8, 10. 
(C) We find mixed results for global efficiency: Mumbai and Montreal display a single jump, Tokyo is flat, while 
Boston and Paris shown an initial dip before increasing. Maps created with: https:// github. com/ mszell/ biken 
wgrow th (v.1.0.0).

https://github.com/mszell/bikenwgrowth
https://github.com/mszell/bikenwgrowth
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Given this strong constraint, we find the metric that is most affected is directness. It decreases approximately 
linearly with the bicycle network’s growth, from D ≈ 0.8 to D ≈ 0.6 , as the network is grown using the between-
ness strategy (red curve in Fig. 4C). In other words, in the absence of any bicycle infrastructure, car-routes 
deviate by around 25% from the Euclidean distance between any origin-destination, whereas once the full 
bicycle infrastructure is established, this increases to around 66%. At around the 0.4 betweenness quantile, the 
directness of the bicycle network exceeds that of the car network. The global efficiency decreases from around 
Eglob ≈ 0.75 to Eglob ≈ 0.6 , (red curve in Fig. 4D), while the local efficiency decreases negligibly from Eloc ≈ 0.11 
to Eloc ≈ 0.10 (red curve in Fig. 4H). Growing the bicycle network has no effect on the length and coverage of the 
automobile network, given that cars can still access all points on the street network, albeit in a longer time than 
they would without the bicycle infrastructure. We find almost identical behavior for the closeness and random 
growth strategies (Supplementary Fig.4).

One of the effects of modifying the street infrastructure is the redistribution of load on the street intersections, 
measured by the betweenness centrality. It has been shown that while the global distribution of the betweenness 
centrality remains unchanged due to change in density of streets, the spatial distribution and clustering of the 
high betweenness nodes tend to change, thus redistributing areas of higher  traffic51. Two measures to quantify 
this effect are the spatial clustering and the anisotropy of the high betweenness nodes (see “Materials and meth-
ods”). We find a slight increase (around 5%) in spatial clustering and anisotropy for nodes in the 90th percentile 
of betweenness values but the effect is marginal (Supplementary Fig. 4).

Comparing synthetic with existing network metrics. Although the growth processes described here 
are somewhat artificial, given the lack of accounting for practical limitations of bicycle network design—street 
width, incline, or political feasibility for instance—it is nevertheless prudent to compare the synthetic network 
with existing bicycle networks to gauge their general correspondence. To have a fair comparison in terms of 
length (which is a proxy for cost), we first select all cities that have a protected bicycle network with shorter 
length Lreal than the fully grown synthetic network Lsyn (42 out of 62 cities), and for each of them we fix the 
growth quantile where the synthetic length is equal to the real length, Lsyn = Lreal . Given this set of bicycle net-
work pairs—real versus synthetic at same length—we then measure the ratio Msyn/Mreal between the synthetic 
quality metric Msyn and the quality metric of the existing infrastructure Mreal . The results for the metrics of 
coverage, local efficiency, global efficiency, and length of LCC are reported in Fig. 6A.

We find that synthetic networks have on average 5 times larger LCCs, 3 times the global efficiency, and 
higher local efficiency. Existing networks only tend to have better coverage because they are more scattered, as 
illustrated in Fig. 6B for Milan which has 230 disconnected components. Milan’s scattered network provides an 

Synthetic MilanReal Milan

LCCB

A

Figure 6.  Synthetic bicycle networks perform several times better than existing ones. (A) We plot the 
distributions (over cities) of the ratios Msyn/Mreal between network metrics of synthetic and existing 
topologies fixed at same length ( Lsyn = Lreal ), for betweenness growth and grid seeds (for all other growths see 
Supplementary Fig. 2). Synthetic networks have on average 5 times larger LCCs, 3 times the global efficiency, 
and higher local efficiency. Existing networks only tend to have better coverage because they are more scattered. 
(B) Illustration of high coverage (light blue area) due to extreme scattering and low length of LCC (dark 
blue sub-network) for Milan’s existing bicycle network, versus its synthetic version at same length ( 185 km at 
qB = 0.425 ). The LCC for synthetic Milan is the whole network. Maps created with: https:// github. com/ mszell/ 
biken wgrow th (v.1.0.0).

https://github.com/mszell/bikenwgrowth
https://github.com/mszell/bikenwgrowth
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important lesson: Mere measures of total length or coverage are misleading when it comes to an efficient and 
safe infrastructure if the network is not well connected. Instead, if city planners were to develop and implement 
bicycle networks holistically, considering a city-wide rather than piece-wise local approach, much higher quality 
infrastructure could be derived to the benefit of the residents. Many examples such as Dutch cities, Seville, or 
Paris have already proven that this is indeed a realistic  approach24,25,52.

For completeness we also compare our results to the closeness and random growth approaches, Supplemen-
tary Fig. 2. For closeness we find almost the same result as for betweenness, only with notably worse coverage 
which is to be expected given how closeness grows the covered area as slowly as possible. For the random growth 
approach we find the same coverage as existing infrastructure, and around 2 times the global efficiency and length 
of LCC. At first blush, this implies that even a naive random growth strategy can perform better than existing 
ones. However, this could be due to a number of reasons: For instance, in the random growth process described 
here, segments are added over at least 1.7 km in each step, whereas in real cities, segments are added in a more 
scattered fashion and in varying lengths. Further, cities can have non-negligible off-street bicycle tracks, for 
example through parks, a feature not considered in our analysis.

Comparing synthetic with existing network overlaps. To gain a better understanding into how the 
synthetically grown parts compare to existing infrastructure, and thus the extent to which the growth models 
approximate reality, we measure the percent overlap of synthetic infrastructure with existing bicycle infrastruc-
ture. Figure 7A and B report for rail station seeds the average overlaps for protected cycle tracks and for bikeable 
infrastructure respectively, where bikeable infrastructure is defined as the union of protected tracks and streets 
with speed limits ≤ 30 km/h (see “Materials and methods”). Results are qualitatively similar for grid seeds, see 
Supplementary Figs. 8–10.

For protected infrastructure, Fig. 7A, we find that growth by betweenness (solid line) starts with around 6% 
overlap on average, then decreases fast reaching 3.5%. We find a similar behavior for random growth (dotted line) 
but with a smaller effect. We find no clear effect for growth by closeness (dashed line). These observations suggest 
that cities take into account flow (betweenness) when building their cycling infrastructure, and that rail stations 
play some role—otherwise there would be no effect in the random growth. The betweenness overlap effect is 
especially strong in Copenhagen, Fig. 7A inset, which has a well-developed, cohesive on-street bicycle network. 
Figure 7B shows the synthetic growth stage at the second step, qB = 0.05 . Remarkably, at this step over 80% of 
the links suggested by the synthetic network model do already exist in reality. Even at qB = 0.20 there is almost 
70% overlap, Fig. 7C. These values are far higher than expected by chance: Given the length of Copenhagen’s 
on-street cycle tracks we would expect only at most 24% overlap in a random link placement.

Existing, not grown
Grown and existing
Grown, not existing

qB = 0.05

qB = 0.20

BA

C

D

Figure 7.  First stages of synthetic growth recreate existing networks. Shown are results for rail station seeds 
averaged over all cities. Same legend as Fig. 4. (A) Growth by betweenness starts with high, then decreasing 
overlap with existing protected bicycle infrastructure. Inset: The effect is especially strong in cities with well 
developed on-street bicycle networks such as Copenhagen. Here the growth algorithm starts with over 80% 
overlap. (B) Map of this high overlap in Copenhagen at the quantiles qB = 0.05 and (C) qB = 0.20 . (D) The 
overlap with bikeable infrastructure has a notable effect only for growth by closeness due to traffic-calmed city 
centers: With increasing distance from the city center, overlap falls. Maps created with: https:// github. com/ 
mszell/ biken wgrow th (v.1.0.0).

https://github.com/mszell/bikenwgrowth
https://github.com/mszell/bikenwgrowth
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The overlap for bikeable infrastructure looks different, Fig. 7D. Here, there is no clear effect for betweenness 
and random growth, but a very clear effect for closeness, which starts with high values (above 20% on average), 
falling slowly to 16%. This observation is consistent with cities preferentially installing low speed limit areas in 
their city centers.

Discussion
We grew synthetic bicycle networks in 62 cities following three different growth strategies all aiming to gener-
ate a cohesive network, i.e. a network that is well connected and covers a large fraction of the city area. Study-
ing the resulting networks we found a consistent critical threshold affecting directness in all cities and global 
efficiency in some of them, for the two most realistic strategies of growth by betweenness and random growth. 
This sudden network consolidation therefore has a fundamental policy implication: To grow bicycle networks 
successfully, cities must invest into them persistently, to surpass short-term deficiencies until a critical mass of 
bicycle infrastructure has been built up. Further, from a topological perspective, cities should avoid traditional 
“random growth-like” strategies that follow local, stepwise refinement. Such strategies substantially shift the criti-
cal threshold, thereby hold up the development of a functional cycling infrastructure which could fuel adversarial 
objections to bicycle network expansions along the lines of “We already built many bike tracks but nobody is 
using them, so why build more?” As we have shown, it is not a network’s length that matters but how you grow it.

Our main result focuses on directness because it is the most important metric for bicycle network planning 
apart from connectivity: It is the key metric to quantify network  quality14, and it is the best predictor or quantifi-
able policy aspect for adoption of  cycling53,54. To ensure that our results are robust to other possible definitions of 
directness, we compared our main result, see Fig. 4C, using four different definitions, see “Materials and methods” 
and Supplementary Fig. 3. Numerical values vary only insignificantly, all results are qualitatively identical for 
each definition, thereby establishing robustness.

By comparing metrics and overlaps of synthetic with existing networks, we gained an insight into the realism 
of our models. Our observations suggest that growth processes of existing protected bicycle networks contain a 
strong random ingredient and a detectable consideration for flow (betweenness) and rail stations. The random 
ingredient can be explained by the traditionally slow-paced urban planning processes arising from political 
 inertia11,26. Unfortunately, the random strategy is also the slowest in terms of network consolidation: It needs at 
least three times the investments than the betweenness strategy to reach the critical threshold. The rail effect can 
be explained by transit-oriented development efforts, where bicycle facilities are planned close to transit  lines30,55. 
The remarkably high overlap with Copenhagen’s well developed network suggests that our models could also be 
adapted to identify “missing links” in existing bicycle  networks56,57.

Although the emergence of a giant component in network growth could have been anticipated with network 
science expertise, our results are not trivial: (1) This crucial insight is missing in the bicycle network planning 
manuals that practitioners  use14, (2) the different pros and cons of growth strategies have not been studied nor 
quantified before, (3) the policy dimension shows that reports on lengths and functionalities of under-developed 
bicycle networks must be scrutinized in an evidence-based way and take into account network structure. Only 
by being global and minimalistic, deliberately ignoring second order effects, does our approach uncover fun-
damental topological limitations of bicycle network growth independent of place. At the same time our results 
must be treated as statistical solutions. By no means do they suggest concrete recommendations for new bicycle 
facilities, as a vast array of local idiosyncrasies (second order effects) would need to be accounted  for14,50, includ-
ing: road category, speed limit, volume of motorized traffic, or aspects of  comfort58. Despite the importance of 
these aspects, a transport network’s geometry is its most fundamental  limitation59 which is the reason we explored 
it first. Although our approach here is not yet aiming to provide concrete urban design solutions, it could be 
useful for planning purposes for easily generating an initial vision of a cohesive bicycle network—to be refined 
 subsequently56. By publishing all our code as open source we facilitate such future refinements. Our minimal 
requirements on data are a deliberate limitation we impose for our framework to be applicable to data-scarce 
environments and thus to a large part of the  planet41: no lane widths, inclines, traffic flows, etc. are needed to 
optimize network topology.

The studied alternative approach of starting from rail station seeds instead from grid seeds seems reasonable, 
however care has to be taken to not amplify existing biases that are well-documented in the transport planning 
 profession21,60,61: For example, planning bicycle infrastructure only along metro stations that were built following 
elitist or racist biases would reinforce them, neglecting under-served regions and their inhabitants even further. 
The strength of our seed point approach lies in its arbitrariness that can bypass such issues: Grid seeds imple-
ment equal coverage and could be a starting point, to be refined carefully with e.g. population density, traffic 
demand models, or flow  data32,56,62. The biggest limitation of our approach is the sole focus on retrofitting street 
networks for safe cycling. This approach has some issues because it only considers on-street but no off-street 
bicycle infrastructure. We discuss the technical details of this limitation, mostly relevant for concrete bicycle 
network planning in low urban density, in Supplementary Note 1, concluding that future research on bicycle 
network growth should consider off-street solutions wherever possible.

Finally we discuss the effect of growing bicycle networks on limiting street networks for car traffic. Our flow 
analysis detects no substantial change of choke points. To be fair, this analysis is static and does not account for 
possibly nonlinear dynamic congestion effects which could be studied in arbitrary detail and precision. How-
ever, the state of the art in sustainable travel planning and systems design is clear that such short-term dynamics 
predictions are overtrumped by long-term behavioral  effects63–67: Induced demand posits that the development 
of a functional cycling infrastructure will generally drive a modal shift towards cycling— for latest evidence see, 
e.g. Refs.23,24—while the reclamation of ineffectively used automobile space will naturally lead to disappearing 
traffic. Therefore, the OECD recommends to replace the outdated “predict and provide” planning paradigm with 
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the vision-led “decide and provide”  principle64,65. Our research follows this principle by prioritizing planning for 
access and the latent demand for  cycling68,69 through a cohesive network, rather than optimizing hard to forecast 
flow dynamics that are trumped by stronger equilibrium effects in the long term.

Concerning the change from directness D ≈ 0.8 to D ≈ 0.6 , it is unclear whether to interpret it as substantial 
or inconsequential. Following considerations of long-term systems design as above, we deem it more important 
to discuss whether a small or a large change is desired. There are arguments for both sides: From the perspec-
tive of car-dependent transport planning the change should be small to not disrupt the existing system too 
 abruptly10,66,70. From the perspective of sustainability, human-centric urban planning, and climate research, the 
change should be large to boost efficient bicycle transport, livable cities, and to fight climate change effectively. 
Indeed, the CROW manual states that directness should be higher for cyclists than for  cars14. On top of that it 
could be argued that our eurocentric Copenhagen-style model of building a relatively sparse sub-network for 
cyclists is not going far enough, or that it could be out of place in other socio-cultural or land-use  contexts71–73. 
For example, it could be inverted into a Barcelona-style model where dense patches of living streets – Super-
blocks – are built within a sparse sub-network of automobile  arterials66,74. In any case, resistance to such ideas 
needs to be  anticipated5,70, requiring vigorous policy making and a well-informed civil society following leading 
examples such as the  Netherlands11,52. Sustainability science provides overwhelming evidence for the societal 
benefits of following such persistent implementations, facilitating the transition to cities with sustainable trans-
port systems to counteract climate change effectively, and providing extraordinary benefits to public health and 
urban  livability2,9,18,19,67,75.

Summarizing limitations and future work, we call for network development models that combine both the 
long-term goal of a cohesive, accessibility-focused network as we do here, and the use of empirical, place-
specific or street-level data for  refinements56, while being critical of flow-optimizing engineering  approaches66. 
On a policy level, more research is needed into understanding socio-technical processes to overcome political 
 inertia10,72,73. Finally, let us answer the questions posed in the beginning. Are bicycle networks of existing cities 
optimal?—Our example of Milan has shown that in general, they are not, or that they are built in a too discon-
nected way. However, when it comes to well developed cities like Copenhagen, we find—despite many still 
outstanding  gaps57—higher than expected overlap in the first growth stages, showing signs of an optimization 
process. Can optimal growth policies be replicated in other cities?—Yes, the technical solutions exist, and the scale 
of investment is mostly a matter of political will as we can see from the Netherlands, Sevilla, or  Paris24,25,52. And 
are there fundamental topological limitations for developing a bicycle network? Yes, there is a critical threshold 
to overcome until a functional bicycle network emerges. Because of this threshold and its dependence on the 
growth strategy, our practical recommendations are to concentrate investments as early as possible, and to grow 
for the whole city instead of piece-wise.

Materials and methods
Network data and growth. Infrastructure networks. We downloaded existing street and bicycle net-
works for 62 cities from OpenStreetMap (OSM) on 2021-02-26 using  OSMnx43. For each city, three networks 
were downloaded: Street network, protected bicycle network, bikeable network. Each node is an intersection, 
each link is a connection between two intersections. A protected bicycle network is the union of all OSM data 
structures that encode protected bicycle infrastructure, both on-street and off-street. Following the cycling safety 
literature, we consider only protected bicycle networks in our main analysis because safe cycling in general 
conditions is only ensured through physical separation from vehicular  traffic6,14,35,50,52 We also consider for ad-
ditional analysis the “bikeable” network, which is the union of a protected bicycle network and all streets with 
speed limits ≤ 30 km/h or ≤ 20m/h (including living streets). In special conditions such street segments can 
be considered safe for cycling, but not in  general14,35; safety is a complex topic requiring a deep discussion of a 
multitude of  variables19, therefore we consider it outside the scope of this work. OSM data has been generally 
found to be of high quality and  completeness41,76, but multicity studies using bicycle infrastructure data such 
as ours could potentially suffer from some labeling inconsistencies, especially for less common types of bicycle 
 infrastructure77.
Seed points. Rail station seeds consist of all railway and metro stations. A few of the considered cities do not 
have rail stations. For creating grid seeds, we created grid points at a distance of 1707m , ensuring a tolerable 
average distance of 167m (2 mins walking) over the whole city to the triangulated network in the worst case, 
see Supplementary Note 2. We then rotated this grid to align it with the city’s most common street  bearing78, 
and snapped the grid points to the closest street network intersections within a 500m tolerance. The rotation is 
mostly important for US cities that have a grid-like street network, e.g. Manhattan, for creating straight routes.

Greedy triangulation. The greedy triangulation orders all pairs of nodes by route distance and connects 
them stepwise as the crow flies. A link is added only if it does not cross an existing link. This triangulation is a 
O(N logN) computable proxy for the NP-hard minimum weight  triangulation45 with an approximation ratio of 
�(

√
N)

79. The greedy triangulation is fast and solvable for any set of nodes. Computing a quadrangular grid, as 
suggested by the CROW  manual14, or a quadrangulation, is in general not possible for arbitrary sets of nodes and 
also computationally less  feasible80.

Growth strategy: betweenness centrality. This is a path-based measure that computes the fraction of paths pass-
ing through a given node i81,
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where σst is the number of shortest paths going from nodes s to t and σst(i) is the number of these paths that go 
through i.

Growth strategy: closeness centrality. Measures the total length of the shortest paths from a node i to all other 
nodes in the  network82,

Network metrics. Cohesion. The CROW  manual14 describes qualitatively what it means for a network to 
be cohesive: a “combination of grid size and interconnection”. It states that this is the most elementary require-
ment for a bicycle network but without a rigorous definition. We interpret this concept as having both high con-
nectedness (few disconnected components) and coverage, see below. A cohesive network should also be resilient, 
see below, which excludes pathological cases like the minimum spanning tree.

Coverage. We measure spatial coverage of the network as the union of the ε-neighborhoods of all network ele-
ments, i.e. a buffer of εm around all links and nodes. Here we set ε = 500m together with the grid seed distance, 
as this implies a theoretical coverage of 100% of the city area for a grid triangulation and an average distance to 
the network of 167m , see Supplementary Note 2. In general, a cohesive bicycle network should cover the major-
ity of the city area.

Seed point coverage. This metric refers to the number of seed points that have been covered by network ele-
ments (by the coverage defined above).

Components. The number of disconnected components is the number of maximal connected subgraphs, i.e. all 
pairs of nodes within one component are reachable with a path but there is no path between nodes from differ-
ent components.

Directness. The directness between two nodes i and j is generally defined as the ratio dE(i,j)dG(i,j)
 between euclidean 

distance dE(i, j) and shortest path distance dG(i, j) . The average of this ratio over all pairs of nodes is then the 
directness of the whole network:

Node pairs i and j are considered from within the same components because directness is a meaningless 
concept for nodes from different components. Other possible definitions for directness could be:

• The previous definition but only applied to the LCC: D =
〈

dE(i,j)
dG(i,j)

〉

i �=j∈LCC

• The ratio of total euclidian distances and shortest path distances: D =
∑

i �=j dE(i,j)
∑

i �=j dG(i,j)

• The previous definition but only applied to the LCC: D =
∑

i �=j∈LCC dE(i,j)
∑

i �=j∈LCC dG(i,j)

We calculated directness according to all these different definitions as a robustness check, see Supplementary 
Figure 3. Numerical values vary only insignificantly, all results are qualitatively identical for each definition.

Local and global efficiency. A network’s global efficiency is defined  as47:

A network’s local efficiency is defined as the average of global efficiencies Eglob(i) over each node i and its 
neighbors,

Local efficiency measures local fault tolerance and therefore operationalizes the concept of resilience on a 
local level.

(1)CB(i) =
1

N

∑

s �=t

σst(i)

σst

(2)CC(i) =
N − 1
∑

i �=j

d(i, j)

(3)D =
〈

dE(i, j)

dG(i, j)

〉

i �=j

(4)Eglob =

∑

i �=j

1
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∑
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1
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N

N
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i=1
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Spatial clustering and anisotropy. We first specify a threshold θ and identify the Nθ nodes with high between-
ness above the θ-th percentile. Then, we compute their spread about their center of mass

where xi specifies their coordinates, normalizing for comparison across networks of different sizes via

where

is the average distance of all nodes in the network to the center of mass of the high betweenness cluster.
Transition between the topological and spatial regimes is quantified by the increasingly isotropic layout of the 

high betweenness nodes with increasing edge-density. The anisotropy factor is defined by the ratio

where �1 ≤ �2 are the positive eigenvalues of the covariance matrix of the spatial position of the nodes with 
betweenness above the threshold θ51.

For the largest 15 cities we calculated these values only at the 0, 0.5, and 1 quantiles of the growth strategies 
due to computational feasibility. Therefore, Supplementary Fig. 4 reports average values over the 47 smallest cities.

Data availability
All code used in the research is open-sourced, available at: https:// github. com/ mszell/ biken wgrow th. All data 
used and generated in the research are publicly available at  Zenodo83: https:// zenodo. org/ record/ 50830 49. Inter-
actively growing networks, plots and video visualizations for all 62 cities can be explored and downloaded at the 
accompanying visualization platform: https:// growb ike. net.

Received: 8 December 2021; Accepted: 12 April 2022

References
 1. Banister, D. Unsustainable Transport: City Transport in the New Century (Routledge, 2005).
 2. Nieuwenhuijsen, M. J. & Khreis, H. Car free cities: Pathway to healthy urban living. Environ. Int. 94, 251–262 (2016).
 3. Alessandretti, L., Aslak, U. & Lehmann, S. The scales of human mobility. Nature 587, 402–407 (2020).
 4. Gössling, S., Choi, A., Dekker, K. & Metzler, D. The social cost of automobility, cycling and walking in the European Union. Ecol. 

Econ. 158, 65–74 (2019).
 5. Gössling, S. Why cities need to take road space from cars-and how this could be done. J. Urban Des. 1, 1–6 (2020).
 6. Szell, M. Crowdsourced quantification and visualization of urban mobility space inequality. Urban Plan. 3, 1–20 (2018).
 7. Creutzig, F. et al. Transport: A roadblock to climate change mitigation?. Science 350, 911–912 (2015).
 8. Milovanoff, A., Posen, I. D. & MacLean, H. L. Electrification of light-duty vehicle fleet alone will not meet mitigation targets. Nat. 

Clim. Change 10, 1102–1107 (2020).
 9. Brand, C. et al. The climate change mitigation effects of daily active travel in cities. Transp. Res. D 93, 102764 (2021).
 10. Mattioli, G., Roberts, C., Steinberger, J. K. & Brown, A. The political economy of car dependence: A systems of provision approach. 

Energy Res. Soc. Sci. 66, 101486 (2020).
 11. Feddes, F., de Lange, M. & te Brömmelstroet, M. The Politics of Cycling Infrastructure: Spaces and (In) Equality 133 (Policy Press, 

2020).
 12. Carstensen, T. A., Olafsson, A. S., Bech, N. M., Poulsen, T. S. & Zhao, C. The spatio-temporal development of Copenhagen’s bicycle 

infrastructure 1912–2013. Geogr. Tidsskr. Danish J. Geogr. 115, 142–156 (2015).
 13. Natera Orozco, L. G., Battiston, F., Iñiguez, G. & Szell, M. Data-driven strategies for optimal bicycle network growth. R. Soc. Open 

Sci. 7, 201130 (2020).
 14. CROW, Design manual for bicycle traffic (2016).
 15. Ripple, W. et al. World scientists’ warning of a climate emergency. BioScience 70(1), 8–12 (2019).
 16. I. P. on Climate Change (IPCC). Climate change 2021: The physical science basis (2021).
 17. Lamb, W. F. et al. A review of trends and drivers of greenhouse gas emissions by sector from 1990 to 2018. Environ. Res. Lett. 17(4), 

049502 (2021).
 18. Caiazzo, F., Ashok, A., Waitz, I. A., Yim, S. H. & Barrett, S. R. Air pollution and early deaths in the United States. Part I: Quantifying 

the impact of major sectors in 2005. Atmos. Environ. 79, 198–208 (2013).
 19. Klanjčić, M., Gauvin, L., Tizzoni, M. & Szell, M. Identifying urban features for vulnerable road user safety in Europe. EPJ Data 

Sci. (2022).
 20. Jeong, H., Ryu, J.-S. & Ra, K. Characteristics of potentially toxic elements and multi-isotope signatures (cu, zn, pb) in non-exhaust 

traffic emission sources. Environ. Pollut. 292, 118339 (2022).
 21. Pereira, R. H., Schwanen, T. & Banister, D. Distributive justice and equity in transportation. Transp. Rev. 37, 170–191 (2017).
 22. Lovelace, R., Morgan, M., Talbot, J. & Lucas-Smith, M. Methods to Prioritise Pop-up Active Transport Infrastructure (Springer, 

2020).
 23. Kraus, S. & Koch, N. Provisional COVID-19 infrastructure induces large, rapid increases in cycling. Proc. Natl. Acad. Sci. 118, 

1–10 (2021).

xcm =
1

Nθ

Nθ
∑

i=1

xi

(6)Cθ =
1

Nθ �X�

Nθ
∑

i=1

�xi − xcm�,

�X� =
1

N

N
∑

i=1

�xi − xcm�

(7)Aθ =
�1

�2

https://github.com/mszell/bikenwgrowth
https://zenodo.org/record/5083049
https://growbike.net


13

Vol.:(0123456789)

Scientific Reports |         (2022) 12:6765  | https://doi.org/10.1038/s41598-022-10783-y

www.nature.com/scientificreports/

 24. Marqués, R., Hernández-Herrador, V., Calvo-Salazar, M. & García-Cebrián, J. A. How infrastructure can promote cycling in cities: 
Lessons from seville. Res. Transp. Econ. 53, 31–44 (2015).

 25. City of Paris, Un nouveau plan vélo pour une ville 100 % cyclable (2021).
 26. Zhao, C., Carstensen, T. A., Nielsen, T. A. S. & Olafsson, A. S. Bicycle-friendly infrastructure planning in Beijing and Copenhagen-

between adapting design solutions and learning local planning cultures. J. Transp. Geogr. 68, 149–159 (2018).
 27. Boisjoly, G., Lachapelle, U. & El-Geneidy, A. Bicycle network performance: Assessing the directness of bicycle facilities through 

connectivity measures, a Montreal, Canada case study. Int. J. Sustain. Transp. 14, 620–634 (2020).
 28. Lowry, M. & Loh, T. H. Quantifying bicycle network connectivity. Prevent. Med. 95, S134–S140 (2017).
 29. Olmos, L. E. et al. A data science framework for planning the growth of bicycle infrastructures. Transp. Res. C 115, 102640 (2020).
 30. Palominos, N. & Smith, D. A. Identifying and characterising active travel corridors for London in response to COVID-19 using 

shortest path and streetspace analysis (2020).
 31. Medeiros, R. M., Bojic, I. & Jammot-Paillet, Q. Spatiotemporal variation in bicycle road crashes and traffic volume in berlin: 

Implications for future research, planning, and network design. Future Transp. 1, 686–706 (2021).
 32. Mahfouz, H., Arcaute, E. & Lovelace, R. A road segment prioritization approach for cycling infrastructure. arXiv: 2105. 03712 

(2021).
 33. Batty, M. The New Science of Cities (MIT Press, 2013).
 34. Resch, B. & Szell, M. Human-centric data science for urban studies. ISPRS Int. J. Geo-Inf. 8, 584 (2019).
 35. Teschke, K. et al. Route infrastructure and the risk of injuries to bicyclists: A case-crossover study. Am. J. Public Health 102, 

2336–2343 (2012).
 36. Erdős, P. & Rényi, A. On random graphs. Publ. Math. 6, 290–297 (1959).
 37. Zeng, G. et al. Switch between critical percolation modes in city traffic dynamics. Proc. Natl. Acad. Sci. 116, 23 (2019).
 38. Gross, B., Vakhin, D., Buldyrev, S. & Havlin, S. Two transitions in spatial modular networks. N. J. Phys. 22, 053002 (2020).
 39. Rhoads, D., Solé-Ribalta, A., González, M. C. & Borge-Holthoefer, J. Planning for sustainable open streets in pandemic cities. 

arXiv: 2009. 12548 (2020).
 40. van Nes, R. Design of multimodal transport networks, Ph.D. thesis, Civil Engineering. Delft Technical University, Delft (2002).
 41. Barrington-Leigh, C. & Millard-Ball, A. The world’s user-generated road map is more than 80% complete. PLoS ONE 12, e0180698 

(2017).
 42. Barthélemy, M. Spatial networks. Phys. Rep. 499, 1–101 (2011).
 43. Boeing, G. OSMnx: New methods for acquiring, constructing, analyzing, and visualizing complex street networks. Comput. Environ. 

Urban Syst. 65, 126–139 (2017).
 44. Zhang, X., Miller-Hooks, E. & Denny, K. Assessing the role of network topology in transportation network resilience. J. Transp. 

Geogr. 46, 35–45 (2015).
 45. Mulzer, W. & Rote, G. Minimum-weight triangulation is np-hard. J. ACM (JACM) 55, 1–29 (2008).
 46. Cardillo, A., Scellato, S., Latora, V. & Porta, S. Structural properties of planar graphs of urban street patterns. Phys. Rev. E 73, 1–7 

(2006).
 47. Latora, V. & Marchiori, M. Efficient behavior of small-world networks. Phys. Rev. Lett. 87, 198701 (2001).
 48. Achlioptas, D., D’Souza, R. M. & Spencer, J. Explosive percolation in random networks. Science 323, 1453–1455 (2009).
 49. Bollobás, B. & Thomason, A. G. Threshold functions. Combinatorica 7, 35–38 (1987).
 50. NACTO. Urban Bikeway Design Guide (Island Press, 2014).
 51. Kirkley, A., Barbosa, H., Barthelemy, M. & Ghoshal, G. From the betweenness centrality in street networks to structural invariants 

in random planar graphs. Nat. Commun. 9, 2501 (2018).
 52. Schepers, P., Twisk, D., Fishman, E., Fyhri, A. & Jensen, A. The Dutch road to a high level of cycling safety. Saf. Sci. 92, 264–273 

(2017).
 53. Rietveld, P. & Daniel, V. Determinants of bicycle use: Do municipal policies matter?. Transp. Res. A 38, 531–550 (2004).
 54. Schoner, J. E. & Levinson, D. M. The missing link: Bicycle infrastructure networks and ridership in 74 us cities. Transportation 41, 

1187–1204 (2014).
 55. Ibraeva, A., de Almeida Correia, G. H., Silva, C. & Antunes, A. P. Transit-oriented development: A review of research achievements 

and challenges. Transp. Res. A 132, 110–130 (2020).
 56. Folco, P., Gauvin, L., Tizzoni, M. & Szell, M. Data-driven bicycle network planning for demand and safety. arXiv: 2203. 14619 (2022).
 57. Vybornova, A., Cunha, T., Gühnemann, A. & Szell, M. Automated detection of missing links in bicycle networks. Geogr. Anal. 1, 

1–29 (2022).
 58. Quercia, D., Schifanella, R. & Aiello, L. M. Proceedings of the 25th ACM Conference on Hypertext and Social Media, 116–125 (2014).
 59. Walker, J. To predict with confidence, plan for freedom. J. Public Transp. 21, 12 (2018).
 60. Bullard, R. D., Johnson, G. S. & Torres, A. O. Highway Robbery: Transportation Racism & New Routes to Equity (South End Press, 

2004).
 61. Hoffmann, M. L. Bike Lanes are White Lanes: Bicycle Advocacy and Urban Planning (University of Nebraska Press, 2016).
 62. Jafino, B. A. An equity-based transport network criticality analysis. Transp. Res. A 144, 204–221 (2021).
 63. Nelson, A. C. & Allen, D. If you build them, commuters will use them: Association between bicycle facilities and bicycle commut-

ing. Transp. Res. Rec. 1578, 79–83 (1997).
 64. Lyons, G. & Davidson, C. Guidance for transport planning and policymaking in the face of an uncertain future. Transp. Res. A 88, 

104–116 (2016).
 65. ITF. Travel transitions: How transport planners and policy makers can respond to shifting mobility trends, Tech. rep. (OECD 

Publishing, 2021).
 66. Transport strategies for net-zero systems by design, Tech. rep. (OECD Publishing, 2021).
 67. European Commission. Reclaiming city streets for people. Chaos or quality of life? Tech. rep. (Directorate-General for the Environ-

ment, 2004).
 68. Lovelace, R. et al. The propensity to cycle tool: An open source online system for sustainable transport planning. J. Transp. Land 

Use 10, 505–528 (2017).
 69. Marshall, B., De Lucia, S. & Day, H. Transport technology tracker wave 7 (Tech. rep, UK Department for Transport, 2021).
 70. Lamb, W. F. et al. Discourses of climate delay. Glob. Sustain. 3, 1–10 (2020).
 71. Cervero, R., Sarmiento, O. L., Jacoby, E., Gomez, L. F. & Neiman, A. Influences of built environments on walking and cycling: 

Lessons from Bogotá. Int. J. Sustain. Transport. 3, 203–226 (2009).
 72. Hughes, T. P. et al., The evolution of large technological systems. The social construction of technological systems: New directions in 

the sociology and history of technology pp. 45–76 (2012).
 73. Bijker, W. E. Of Bicycles, Bakelites, and Bulbs: Toward a Theory of Sociotechnical Change (MIT Press, 997).
 74. Nieuwenhuijsen, M. J. Urban and transport planning pathways to carbon neutral, liveable and healthy cities; a review of the current 

evidence. Environ. Int. 1, 105661 (2020).
 75. PrietoCuriel, R., GonzálezRamírez, H., QuiñonesDomínguez, M. & OrjuelaMendoza, J. P. A paradox of traffic and extra cars in a 

city as a collective behaviour. R. Soc. Open Sci. 8(6), 201808 (2021).
 76. Haklay, M. How good is volunteered geographical information? A comparative study of OpenStreetMap and ordnance survey 

datasets. Environ. Plan. B 37, 682–703 (2010).

http://arxiv.org/abs/2105.03712
http://arxiv.org/abs/2009.12548
http://arxiv.org/abs/2203.14619


14

Vol:.(1234567890)

Scientific Reports |         (2022) 12:6765  | https://doi.org/10.1038/s41598-022-10783-y

www.nature.com/scientificreports/

 77. Ferster, C., Fischer, J., Manaugh, K., Nelson, T. & Winters, M. Using OpenStreetMap to inventory bicycle infrastructure: A com-
parison with open data from cities. Int. J. Sustain. Transp. 1, 1–10 (2019).

 78. Boeing, G. Urban spatial order: Street network orientation, configuration, and entropy. Appl. Netw. Sci. 4, 1–19 (2019).
 79. Levcopoulos, C. & Krznaric, D. Quasi-greedy triangulations approximating the minimum weight triangulation. J. Algorithms 27, 

303–338 (1998).
 80. Toussaint, G. Workshop on Algorithms and Data Structures 218–227 (Springer, 1995).
 81. Freeman, L. C. A set of measures of centrality based on betweenness. Sociometry 40, 35 (1977).
 82. Freeman, L. C. Centrality in social networks conceptual clarification. Soc. Netw. 1, 215–239 (1978).
 83. Szell, M. Urban Bicycle Networks, Existing and Synthetically Grown (Zenodo, 2021).

Acknowledgements
We thank Cecilia Laura Kolding Andersen and Morten Lynghede for developing and implementing the visualiza-
tion platform. We are grateful to Anders Hartmann, Anastassia Vybornova, and Laura Alessandretti for helpful 
discussions. We thank the ITU High-Performance Computing cluster for computing resources and support. 
We gratefully acknowledge the open data that this article is based on, from https:// www. opens treet map. org, 
copyright OpenStreetMap contributors.

Author contributions
M.S. designed the study with input from R.S. and G.G. M.S. wrote the manuscript with input from all authors. 
M.S. acquired and pre-processed the data with input from S.M. and T.P., and performed the simulations. 
M.S. directed the project, R.S. and G.G. helped supervise the project. M.S. measured the results, aided by S.M. 
T.P. performed the analysis on grid size and network coverage. All authors discussed the results.

Funding
This work was supported by the Danish Ministry of Transport.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 10783-y.

Correspondence and requests for materials should be addressed to M.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://www.openstreetmap.org
https://doi.org/10.1038/s41598-022-10783-y
https://doi.org/10.1038/s41598-022-10783-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Growing urban bicycle networks
	Results
	Growing bicycle networks from scratch. 
	Different growth strategies optimize different quality metrics. 
	Network consolidation and non-monotonic gains in quality. 
	The effect of bicycle network growth on the street network. 
	Comparing synthetic with existing network metrics. 
	Comparing synthetic with existing network overlaps. 

	Discussion
	Materials and methods
	Network data and growth. 
	Infrastructure networks. 
	Seed points. 
	Greedy triangulation. 
	Growth strategy: betweenness centrality. 
	Growth strategy: closeness centrality. 

	Network metrics. 
	Cohesion. 
	Coverage. 
	Seed point coverage. 
	Components. 
	Directness. 
	Local and global efficiency. 
	Spatial clustering and anisotropy. 


	References
	Acknowledgements


