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Abstract

The topology of the Internet and its geographic properties received significant attention during the last years, not only
because they have a deep impact on the performance experienced by users, but also because of legal, political, and
economic reasons. In this paper, the global Internet is studied in terms of path locality, where a path is defined as local
if it does not cross the borders of the region where the source and destination hosts are located. The phenomenon is
studied from the points of view of two metrics, one based on the size of the address space of the autonomous systems
where the endpoints are located and the other one on the amount of served population. Results show that the regions
of the world are characterized by significant differences in terms of path locality. The main elements contributing to
the path locality, and non-locality, of the regions and countries, are identified and discussed. Finally, we present the
most significant dependency relationships between countries caused by non-local paths.
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1. Introduction

The geographic properties of the Internet have been
the subject of numerous studies during the last years
not only for technical reasons, but also because of eco-
nomic, societal, and geopolitical ones [1, 2, 3, 4]. The
connection between the economic world and the geo-
graphic properties of the Internet goes beyond routing
costs. The ongoing clustering of production facilities, as
well as the increasing urban agglomeration, play a role
in the policies behind the design of Internet infrastruc-
ture: anthropic activities, and their associated economic
value, are the forces driving the Internet evolution [5].
At a large scale, the uneven economic development of
countries is reflected by the heterogeneous technical ad-
vancements of the global Internet infrastructure [6]. All
these factors play a role in defining the geographic prop-
erties of Internet paths, including the set of traversed
countries. The position of Internet eXchange Points
(IXPs), server farms, and Points of Presence (PoPs) is
influenced by the anthropic and economic geography of
a region.
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In some circumstances, geopolitical factors may be
more important than the economic ones in defining the
geographic properties of the Internet. Network infras-
tructure is increasingly considered by governments as
a possible target of hostile countries, pushing towards
the definition of borders also in cyberspace. Authoritar-
ian governments try to limit the freedom of expression
made possible by the Internet by exerting control within
their sphere of influence [7]. Even in the absence of
friction, some national regulations may establish a con-
nection between the Internet and geography. A notable
case is represented by the regulations about data pro-
tection and privacy for all the individual citizens of the
EU, which also regulates the transfer of personal data
outside the Union [8].

From a technological perspective, observing which is
the physical path that is taken by packets allows a bet-
ter understanding of the geographic efficiency of routes,
where, in this specific case, efficient means character-
ized by a reduced amount of circuitousness [9, 10]. Cir-
cuitousness can be defined as the amount of deviation
from the shortest path on the surface of the earth. More
formally, given a path p = {r1, r2, ..., rk} at the IP level,
its circuitousness c(p) can be defined as

c(p) =

∑k−1
i=1 d(ri, ri+1)

d(r1, rk)
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Figure 1: The path in the USA is characterized by a relatively reduced
amount of circuitousness, the path in Africa is more circuitous; the
dashed line represents the ideal – and shortest – path between source
and destination.

where d(ri, r j) is the geographic distance between ri and
r j, and k is the number of elements in the path. In the
real world, c(p) is typically greater than 1: source and
destination are generally not directly connected and the
presence of intermediate routers makes the path longer
than the ideal – and shortest – one. Figure 1 shows two
paths: the one in the USA is slightly circuitous, whereas
the one in Africa is much more circuitous.

Circuitousness may significantly contribute to the
end-to-end delay. There is an always growing num-
ber of applications that are extremely sensitive to la-
tency, for instance streamed video games, VoIP, or
remote-controlled systems [11, 12]. For any applica-
tion, the propagation delay may represent a significant
fraction of the overall communication latency, espe-
cially when the route spans over a geographically ex-
tended region. Routing is generally characterized by
reduced circuitousness within the boundaries of a sin-
gle Autonomous System (AS). In particular, Nur et al.
found that the ingress-to-egress subpaths have lower cir-
cuitousness than the end-to-end paths [13]. This in-
dicates that the infrastructure and the routing schemes
adopted by the single ASes are generally efficient. How-
ever, this does not apply necessarily when considering
routing on a global scale: in inter-AS routing, ASes may
prefer locally optimized routes instead of globally opti-
mized ones, or they may just lack awareness regarding
this aspect.

In this paper, we study the locality of Internet paths.
A path is local if it does not cross the boundaries of
the area where the source and destination hosts are lo-
cated. From the background and scenarios discussed
above, it should be clear that a high level of path lo-
cality for an area can be: i) evidence of reduced tech-
nological dependence from external parties, ii) a possi-
ble element for evaluating, on a large scale, compliance

to regulations, iii) an indicator of topologically efficient
communication networks, as non-local paths are implic-
itly circuitous. We evaluated the path locality of both
continent-scale areas and country-scale ones. The path
locality of all the considered areas has been determined
using a large dataset of Internet measurements. In par-
ticular, measurements were collected by means of RIPE
Atlas, the most extensive public measurement platform
actually available. The presented study focuses on the
technical side of path locality: we define two path lo-
cality metrics, we identify the main issues in collecting
the necessary data, we present and discuss the results
obtained on a global scale and for the different regions
of the world at the infrastructure level. Some economic
and geopolitical considerations are also provided, albeit
they are not the main analysis criteria. Results show that
the regions of the world are characterized by different
levels of path locality: the paths of Europe, North Amer-
ica, and Oceania are almost always local; on the con-
trary, Africa, Asia, the Middle East, and South America
show some dependence on external communication in-
frastructure.

2. Related work and contribution

In the following, we summarize the most significant
work related to the geographic extension of the Internet
infrastructure, IP geolocation, and path locality.

2.1. Internet and geography
Methods for the discovery of the Internet topology

and its global-level performance received significant at-
tention during the last decade [14, 15, 16, 17, 18]. Be-
sides its topological structure, also the geographic di-
mension of the Internet has been the subject of investi-
gation [19]. The position of routers can be used, in fact,
to characterize the relationship between population and
network infrastructure density, the distribution of link
lengths, and the extent of ASes [9].

The geographic properties of Internet routing were
analyzed in several studies, which highlighted the pres-
ence of circuitous paths [20, 21].

Another work, about the relationship between round-
trip time (RTT) and geography, highlighted that the cir-
cuitousness of Internet paths depends on the subconti-
nental regions where the source and destination hosts
are located [22].

From a different perspective, the properties of the In-
ternet were put in relationship with the European cities
hosting its infrastructural elements [23]. In particular,
the role of the cities in the European Internet was evalu-
ated according to different metrics of centrality, ranging
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from simple ones, like degree centrality and weighted
degree centrality, to more complex ones, such as be-
tweenness and eigenvector centrality [24].

2.2. IP geolocation

Whenever the geographic aspect of the Internet is
relevant, one of the first steps is to estimate the posi-
tion of networking infrastructure. An IP address can be
mapped to a location according to different techniques.
Our study, as detailed in Section 4.2, is based on an ac-
tive geolocation method, provided by RIPE IPmap [25].
In active geolocation, the position is estimated by prob-
ing the target IP address from a set of hosts with known
location (generally called landmarks), and converting
the collected latency values into distances. Then, the
constraints expressed by distances and the positions of
landmarks are combined to estimate the location of the
target. In some cases, traceroutes are used to include
topological information in the estimation process [26].
These techniques have been extensively used in the
past, and systems based on these principles of opera-
tion include constraint-based geolocation [27] and Spot-
ter [28]. It is also possible to estimate the position of a
host according to techniques that do not rely on active
measurements. A first example is geolocation through
reverse DNS, where the recurring structure of names
adopted by operators may reveal the location of infras-
tructure elements. Some router names, for instance,
contain city codes and similar abbreviations. In some
cases, the rules needed for parsing the names are man-
ually generated, while in other cases the most probable
locations are found by interpreting reverse DNS names
through machine learning methods. Notable examples
include undns [29], DRoP [30], and RDNS [31]. An-
other example is the use of crowdsourced data: users
voluntarily provide the location of the IP addresses they
manage to a central repository, so that locations can be
subsequently retrieved by all interested users [32].

Besides categorizing the methods in active and non-
active ones, there are other relevant properties which
can be considered, among them: the resolution of the
provided location estimate (country, city), if the method
works better with targets belonging to the infrastructure
or to end users’ networks (several commercial databases
are optimized for localizing the end users).

2.3. Topology and locality

Africa has been the focus of several studies aimed
at understanding how the topology of the Internet af-
fects the somehow disappointing performance experi-
enced by the users in the region [33]. An analysis of

the Internet delay in Africa revealed that the continent
is characterized by significant differences [34]. A few
African countries have inter-country delay values that
are comparable with the ones observed in Europe and
North America, whereas in other countries the delay is
one order of magnitude higher. In addition, some clus-
ters of relatively well-connected countries can be identi-
fied. The main reason behind the not excellent situation
of the African Internet latency was found in an excessive
adoption of transit providers located in other continents,
mostly in Europe and North America (i.e., a significant
fraction of paths goes outside the African region even
though the source and destination hosts are in Africa).

The African Internet was studied also in terms of
path locality, finding that a significant fraction of routes
passes through European and North American IXPs
leading to unnecessary high latency [35]. To this pur-
pose, the observed RTT was compared to the minimum
theoretical RTT, and significant inflation, in particular
for West Africa, was found. This study, hence, is prob-
ably the closest one with respect to the one presented in
this paper. However, in [35], locality of paths was not
the main focus of the study, which was, instead, mostly
dedicated to the analysis of the topological changes that
occurred during a four-year interval. Non-local paths
were found also in the Middle East, again negatively as-
sociated with some other metrics such as the RTT, and
the number of hops [36].

Connectivity clusters were identified also in the Latin
American and Caribbean (LAC) region [37], using mea-
surements collected by means of the Speedchecker plat-
form. However, in this case, the geographic position
of intermediate nodes was not evaluated, thus provid-
ing limited information from the point of view of path
locality. A study about latency in China conducted by
Zhuang et al. proved that a significant fraction of de-
lay can be attributed to the excessive circuitousness of
paths [38]. In particular, consistently with [13], the
intra-domain paths are characterized by a reduced level
of circuitousness when compared to inter-domain paths.
Results suggest that a sub-optimal selection of IXPs is
the reason leading to many highly circuitous paths. Ac-
cording to Zhuang et al. this is mostly due to histori-
cal reasons, as the oldest IXPs are still used despite the
presence of newly deployed, and better placed, ones.

IXP Country Jedi is the first tool that was specifi-
cally designed to study the locality of paths [39], with
a later variant also including the amount of user pop-
ulation [40]. The tool, which relies on information
collected by RIPE Atlas, provides a matrix-based view
where the level of path locality for AS pairs in a country
is visually represented.
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Path locality is also related to the geographic aspects
of Internet-based transmission of copyrighted material,
in case crossing of borders is not allowed [41].

Compared to existing literature, our study provides
contributions along the following directions:

• Path locality is studied from the points of view
of two different metrics, one based on the address
space and the other one on the served population
(Section 3). By assessing the locality of paths ac-
cording to these two different criteria, some char-
acteristics of the phenomenon are better captured.
Sections 5, 6, and 7 report and discuss cases where
differences between the two criteria have been ob-
served.

• All the regions of the world are included in the
study. This is important not only because some
continents have been scarcely covered in the past,
but also because the availability of results for all
the regions makes possible a comparison between
them. The main findings in terms of path locality
are combined with other important metrics such as
the RTT, and the length of IP and AS paths (Sec-
tions 5). Our study relies on an extensive and rich
dataset described in Section 4.

• A detailed analysis is provided for all the consid-
ered regions, identifying the most relevant coun-
tries, and discussing the presence of IXPs and in-
ternational carriers (Section 6). Some results about
IPv6 are also presented (Section 7).

• Non-local paths are used to define a dependency
graph between countries (Section 8).

3. Path locality

Let us call G the geographic area under study, where
G can be a continent, a country, or an area defined ac-
cording to other criteria. Let s and d be two hosts lo-
cated in G, and let (s, d) = {s, r1, r2, ..., rn, d} be the path
from s to d at the IP level, where ri is the ith router along
the path. A path is defined as local only if all routers ri,
with i ∈ 1..n, are located in G. Conversely, a path is non-
local if at least one of the routers is not located in G1.
More formally, the following function can be defined:

1In practice, the data collection and processing is prone to errors
which need to be handled. In Section 4 we describe how a path is to
be considered local, according to the available dataset, together with
other data related issues.

l(s, d) =

1 if∀i, ri ≺ G
0 if∃i : ri ⊀ G

(1)

with i ∈ 1..n, and where the ≺ and ⊀ symbols are used
to indicate inclusion, and not inclusion, within the phys-
ical boundaries of the considered area. Then, the path
locality LG of an area G can be defined as the fraction
of paths that remain confined within the area:

LG =

∑
s≺G,d ≺G,s,d

l(s, d)

N(N − 1)
(2)

where N is the total number of IP addresses belonging
to the area G. The total number of source-destination
pairs is N(N − 1), since a source host does not measure
the path towards itself.

Computing the locality as specified in Equation 2 is
unnecessarily costly, as the number of hosts can be ex-
tremely large, especially for geographic areas like coun-
tries or continents. Thus to reduce the number of mea-
surements, another definition can be provided by con-
sidering that the path between the source and destination
hosts depends on the two subnetworks the two hosts be-
long to. We thus assume that all the paths from a source
network to a destination network share the same local-
ity properties, i.e. they are all local, or all non-local.
Thus, let us define s and d the source and destination
networks, with s≺G and d≺G, s a single random host
with s ∈ s, and d a single random host with d ∈ d. Path
locality can now be defined as

L′G =

∑
s,d

l(s, d) · |s| · |d| +
∑
s=d
|s| · (|d| − 1)∑

s,d
|s| · |d| +

∑
s=d
|s| · (|d| − 1)

(3)

To better explain Equation 3 let us consider each com-
ponent on its own. The numerator shows two summa-
tions: the first considers the case of hosts belonging to
different subnetworks. The second, the case of hosts
belonging to the same subnetwork. For the first summa-
tion, as aforementioned, we assume all the paths from
a source network to a destination network to share the
same locality properties, thus we can just measure the
locality of a single path, i.e. l(s, d), and multiply it for
the total number of paths between the subnetworks s and
d, to obtain the number of local paths between different
networks. For the second summation, we reasonably
assume that the paths between hosts of the same net-
work are local, thus we implicitly consider l(s, d) = 1.
We just need to calculate, for each subnetwork, the total
number of paths between its hosts, which is |s| · (|d| −1),
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as a host can not issue a measurement towards itself.
The denominator instead just computes the total number
of paths in the case that s and d are different networks
(first summation), and within the same network (second
summation). Equation 3 would produce approximately
the same2 result of Equation 2 but with much smaller
costs, as the number M of subnetworks in G is generally
much smaller than the number of hosts N. The number
of paths to be probed would be reduced from N(N − 1)
to M(M − 1).

3.1. Computing path locality in the real world
Unfortunately, even the less expensive definition of

path locality, given by Equation 3, is far from being
computable in the real world. Computing L′ requires the
collection of M(M−1) paths, from every subnetwork in
G to every other subnetwork in G. Although the total
number of paths is probably manageable, no currently
available measurement infrastructure is able to provide
a vantage point in every subnetwork of large geographic
areas, like countries or continents. In particular, multi-
ple issues need to be faced: i) the number of the avail-
able vantage points in G is usually much smaller than
the number of the subnetworks; ii) not all the measure-
ments are successful, thus even if a source-destination
pair is available in a measurement infrastructure, it can
still not provide a path locality measure; iii) the col-
lected data is subject to errors which are specific to the
particular source of data, thus it has to be processed to
ensure that the inaccuracies are minimized.

To cope with the first issue, i.e. the lack of vantage
points, we choose to focus on ASes rather than on sub-
networks. An AS is defined as a group of subnetworks
controlled by a single and defined administration au-
thority. The number of ASes in a geographic area G is
much smaller than the number of subnetworks, and this
can help reduce the quantity of measurements needed.
Thus, we group measurements by pairs of ASes. To
obtain a reasonably wide coverage in terms of ASes
and geographic spread, we choose to rely on RIPE At-
las [42], which is characterized by a significant presence
in all the regions of the world [43]. The coverage of the
collected dataset, in terms of address space, networks,

2Some mechanisms could lead to different IP-level paths for
(s1, d1) and (s2, d2), even when s1 and s2 belong to the same sub-
network s, and d1 and d2 belong to the same subnetwork d. Examples
of such mechanisms include traffic engineering policies and load bal-
ancing. However, such mechanisms are adopted in current networks
mostly because of technological and performance-driven reasons, so
they are introduced for necessities that are orthogonal with respect to
pure routing. We thus believe that almost always l(s1, d1) = l(s2, d2),
thus leading to L = L′ with very good approximation.

and ASes, is provided in Section 4. Possible limita-
tions are instead discussed in Section 9. To cope with
the second issue, we choose to focus only on source-
destination pairs that produce successful measurements,
discarding all the other pairs. The definition of success-
ful measurements is provided in Section 4, which de-
scribes all the issues related to the dataset used in this
work. Section 4 also describes the data handling pro-
cess that solves the third issue.

We thus define

LS D
G =

∑
s≺G,d ≺G,s∈S,d∈D

l(s, d)

NS D
G

(4)

as the path locality in G for the pair of ASes S and D,
where NS D

G is the number of successful measurements
between source-destination pairs that produce at least a
result and that are located in G, with s ∈ S and d ∈
D3. In other words LS D

G is the fraction of successful
measurements between S and D that remain local to the
region G. Then, to approximate the path locality of the
entire region G, we assume that each pair of ASes in
G is somehow representative of the path locality of G,
according to their dimension. The bigger the ASes, the
more representative of the locality of the whole region
the pair is. We thus assign a weight to each pair of ASes,
based on their dimension. More formally we define the
weight of a pair of ASes (S, D) as

wS D
G =

|S| · |D|∑
(A,B)∈SG

|A| · |B|
(5)

where SG is the set of all the pairs of ASes for which
there are successful measurements between source-
destination pairs geolocated in G. Finally, we can define
our approximated path locality metric for the area G as

L̂G =
∑

(S,D)∈SG

LS D
G · wS D

G (6)

The path locality, as computed with the equations de-
fined above, is a number between 0 and 1. The more
the locality is near to 1, the more the paths of the given
geographic area are local.

As a measure of the dimension of an AS, we con-
sider: i) the dimension of the announced address space,
i.e. the total number of IP addresses that are announced
by that AS via the BGP routing protocol; ii) the num-
ber of consumers that an AS serves. We thus define
two locality metrics: L̂A

G, which is based on the address

3It must be noted that S and D can be the same AS.
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space of ASes; L̂C
G, which is based on the number of end

users. The equation to compute L̂A
G and L̂C

G and is the
same (Equation 6), the only changes are related to the
dimensions of the ASes used in Equation 5 when com-
puting the weights. The first metric includes all types
of Internet access, including both the ASes which serve
end users and other kinds of ASes such as academic, in-
ternational ISPs, etc. In the second one, the ASes that
have the highest weight are the ones that serve the high-
est number of end users. In this second case, in general,
consumer ISPs have higher weight than Content Deliv-
ery Networks (CDNs) and transit providers.

The goodness of this approximation of the real path
locality of a region depends on the number of the ASes
of that region covered by a measurement infrastruc-
ture. To be sure to obtain a reasonable approximation,
as mentioned above, in this study we use RIPE Atlas,
which is the largest public Internet measurements in-
frastructure available, from both an AS coverage and a
geographic coverage point of view [43].

4. Dataset

The dataset is composed of a large number of ICMP
traceroutes, collected in seven regions: Africa, Asia,
Europe, Middle East, North America, Oceania, and
South America. Traceroute is a network diagnostic tool
commonly used to discover the IP level path between
a source host and a destination host. ICMP traceroute
sends multiple ICMP packets towards the destination,
with increasing Time To Live (TTL) values. This is
done to solicit ICMP time exceeded responses from in-
termediate routers along the path to identify them. The
output of traceroute is an ordered sequence of IP ad-
dresses belonging to the traversed routers; i.e., the path
from the source to the destination. Each step in this se-
quence is called hop. Traceroute is thus useful to ob-
serve routing decisions by studying how the injected
packets move from a source to a destination.

4.1. Data collection

Measurements were collected using RIPE Atlas, a
community-based Internet measurement platform com-
posed of devices distributed worldwide, which can be
instructed in performing network measurements. Cur-
rently, RIPE Atlas is composed of more than 11 000 de-
vices, called probes, spread all over the world which
gather more than 10 000 measurement results per sec-
ond [44]. The deployment of probes is denser in Europe
and North America, but the large number of devices en-
ables, in any case, an unprecedented coverage of all the

regions. In our dataset, RIPE Atlas probes are both used
as sources and targets of traceroutes. In particular, our
dataset is the union of:

1. All measurements performed by RIPE Atlas in the
two weeks 15–28 May 2019, including both mea-
surements performed autonomously by the plat-
form and measurements defined by the users.

2. A full mesh of measurements among the probes,
that we performed approximately during the same
time frame to further increase the total number of
measurements. In the regions where probes are
particularly abundant, their number was limited to
500 in our full-mesh measurements. Probes were
selected to be uniformly spread across all the coun-
tries of such regions, and with the highest possi-
ble degree of AS diversity, with the same approach
we adopted in [45]. For the regions with less than
500 probes, all the probes were selected. For each
pair of probes, in each region, we issued a tracer-
oute every hour in both directions, for an entire
day. Different pairs were scheduled with a gap of
20 seconds between each other, in order to reduce
ICMP rate limiting on shared nodes [46].

In total, we collected more than 300 million traceroutes.
However, as mentioned in Section 3, in our analysis we
consider only the successful measurements, which we
define as the traceroutes that are able to reach their des-
tination. In addition, we select only one traceroute for
each source-target pair. In particular, to be conservative,
we consider just the traceroute reaching the destination
with the lowest RTT, as it has a higher chance of being
shorter, and therefore a higher chance of being local.
In addition, the traceroute with the lowest RTT should
be the least affected by queuing and processing delays,
therefore the most reliable for comparing delays of local
paths versus non-local ones. The final amount of tracer-
outes for the regions is: 36 487 for Africa, 151 018 for
Asia, 886 068 for Europe, 41 585 for the Middle East,
312 742 for North America, 43 826 for Oceania, and
27 196 for South America. To better characterize our
dataset, we computed the coverage at the IPv4 and IPv6
level, which is presented in Table 1. The table shows,
for each version of the IP protocol, the number of tracer-
outes, the number of unique addresses that are sources
or destinations in our dataset, and the number of net-
works (/24 for IPv4 and /48 for IPv6) and ASes covered
by these addresses (instead, the AS coverage of all the
hops in our dataset is provided further). For IPv4, the
coverage is good in all the regions. For IPv6, the num-
ber of measurements and the coverage is sufficient to

6



Table 1: Dataset characterization; the IP coverage is calculated based on the addresses of the sources and targets involved in measurements.

IPv4 Coverage IPv6 Coverage
Region Traceroutes Addresses /24 Networks ASes Traceroutes Addresses /48 Networks ASes

Africa 35 697 497 459 181 790 58 54 45
Asia 142 489 3 789 3 248 1 126 8 259 600 498 238
Europe 825 918 12 966 11 248 2 279 60 150 4 340 3 899 998
Middle East 41 192 737 671 210 393 52 46 38
North America 282 510 3 154 2 778 601 30 232 896 803 230
Oceania 41 501 548 503 134 2 325 161 132 60
South America 25 537 715 658 234 1 659 91 86 46

derive some conclusions, except for a couple of regions
(Africa and the Middle East), which show a low number
of measurements and of covered networks/ASes.

4.2. Data enrichment

The raw traceroute results were enriched as follows.
Geolocation. The geographic locations of the probes
used as sources (and sometimes as destinations) of
traceroutes are provided directly by RIPE Atlas. How-
ever, to estimate the path locality we have to know also
where the intermediate hops of a traceroute are located,
in particular we need a way to geolocate IP addresses
belonging to the infrastructure of the Internet. In previ-
ous works, commercial or crowdsourced (i.e., manually
produced) datasets have been used. However, commer-
cial datasets are not tailored for infrastructure geoloca-
tion and have been proven not accurate [47, 48, 49, 50],
while the literature about the accuracy and coverage of
crowdsourced datasets is not particularly abundant.

On the other hand, active geolocation has been
proven to be effective in such a task [45]. RIPE
IPmap [25] is a geolocation platform, which provides
various geolocation methodologies. One of the method-
ologies is based on active geolocation, where the posi-
tion is calculated by means of latency measurements.
RIPE IPmap active geolocation has been reported to
be 100% accurate at the continent level, and 99.58%
at the country level [51]. Additionally, a more re-
cent study [49] estimated its accuracy 80.3% at city
level (higher accuracy compared to some commercial
datasets). The study reports a median error distance of
29.03 km (more than enough accurate for our country-
level analysis), and coverage of 78.5%.

For each traceroute in our dataset, we geolocated
each hop at the country level. As mentioned above, the
geolocation of the probes (even when behind NAT) is
directly provided by the RIPE Atlas platform, together
with the public IP address they use to access the Inter-

net. Other private IP addresses along the path are in-
stead discarded, together with non-responding routers,
as they are impossible to geolocate. On average, 67.9%
of the hops of a path have been geolocated. Since geolo-
cation data is incomplete and may be affected by inac-
curacies, we applied the following constraints to make
the dataset and the analysis more robust:

1. In fiber, signals travel at approximately 2/3 c
where c is the speed of light [52]. We verified that,
for every geolocated router, its distance from the
source is compatible with such maximum speed.
If the condition does not hold, the position of the
node is considered to be incorrect and the node is
then reverted to the “unlocalized” status.

2. To adopt a conservative approach we assume that
a single router located in a different area is not
enough to flag a path as non-local. To mark a path
as non-local, one of the following two conditions
must hold: i) at least two routers are located out-
side the area, ii) a router is located outside the area
and it is preceded or followed by a router that can-
not be located. We prefer to be conservative and
consider a path as local unless possibly more than
one router is located outside the considered area.

Peering LANs. If the IP address of a hop belongs to a
peering LAN of an IXP, we annotate the hop with the
corresponding IXP identifier and location provided by
PeeringDB [53].
Autonomous Systems. We also annotated all the
sources, targets, and intermediate hops with the corre-
sponding AS number originating the prefix in which
the IP at issue is contained. For RIPE Atlas probes,
the AS is directly provided by the platform. For all
the other hops, this step can be performed using BGP
data (e.g., [54]). However, links between two ASes
might make the IP-to-AS mapping unreliable, as ev-
ery address could belong to any of the two ASes. To
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Table 2: Total number of paths, local paths, and path locality for each
world region.

Region Paths Local paths (%) L̂A L̂C

Africa 35 697 20 755 (58.1%) 0.638 0.327
Asia 142 489 92 018 (64.6%) 0.811 0.772
Europe 825 918 819 891 (99.3%) 0.990 0.982
Middle East 41 192 20 381 (49.8%) 0.417 0.420
North America 282 510 276 204 (97.8%) 0.962 0.988
Oceania 41 501 39 909 (96.2%) 0.999 0.996
South America 25 537 16 275 (63.7%) 0.809 0.601

mitigate this problem, we adopted the methodology de-
scribed in [55]. Overall, the dataset is composed of
4 171 unique ASes hosting a source of measurements,
and 2 934 unique ASes hosting a target. When includ-
ing also the intermediate nodes, the full dataset com-
prises 6 521 unique ASes. To compute the weights in
Equation 5, we used two datasets. For the L̂A

G metric, for
each source or destination AS in our measurements, we
collected the announced prefixes, as seen by RIS [54],
and we used them to compute the total number of IPs
announced. For the L̂C

G metric, we used the APNIC’s
Customers per AS Measurements (ASpop) dataset [56],
which provides the estimated number of end users per
AS.

5. Global results

We present the main results at the region level. Ta-
ble 2 shows the number of paths collected for each re-
gion, the number (and percentage) of paths that remain
local to the region, and the path locality values, for IPv4.

We first consider the path locality computed with the
address spaces, L̂A. From a first analysis, we can di-
vide the world into three groups of regions according
to their path locality values: a group of very well con-
nected areas composed of Europe, North America, and
Oceania, which shows values of path locality around
0.96–1; a group with intermediate path locality values,
around 0.8, composed by Asia and South America; and
a group of less connected areas composed by Africa and
the Middle East, with path locality that ranges from ap-
proximately 0.4 in the Middle East to 0.64 in Africa.

The path locality values, overall, seem to follow the
economic and technological characteristics of the three
groups of regions. Europe, North America, and Ocea-
nia are, on average, high-income regions characterized
by a high level in the Information and Communica-
tions Technology (ICT) domain, according to the ICT
Development Index (IDI) published by ITU [57]. IDI

is a composite benchmarking index based on a num-
ber of sub-indicators concerning access, use, and skills
in ICT. For these regions, the value of L̂A is approxi-
mately equal to the raw percentage of local paths. Asia
and South America include large areas characterized by
rapid economic and technological growth, but also some
areas with lower levels of Gross National Income (GNI)
and IDI. This could explain why these two regions are
not entirely self-containing from a path locality point
of view. Africa and the Middle East include a number
of low- and middle-income countries, and they are also
characterized by generally lower IDI values. The low
percentage of path locality in these regions could thus
be explained by the reduced general performance in the
ICT domain. In addition, in Africa and the Middle East,
several countries are characterized by a non-idyllic sit-
uation from the point of view of conflicts and political
stability, as summarized by their Global Conflict Risk
Index [58]. For the latter four regions, except the Mid-
dle East, the values of L̂A are higher than the percentage
of local paths. This means that the AS pairs that show
the highest weights are connected by local paths. On
the contrary, the Middle East shows an opposite situa-
tion, with a L̂A value smaller than the percentage of local
paths.

We now consider the path locality computed with the
number of end users per AS, L̂C . We can observe that
the group composed of Europe, North America, and
Oceania obtains the same results. This means that, in
these regions, the Internet paths are always local, even
the ones that connect the end users. Also Asia and the
Middle East show almost unchanged path locality for
end users connectivity. Africa and South America in-
stead show a significant drop in path locality when the
focus is on the paths that connect end users. Africa is
characterized by an extremely low value of L̂C of 0.327,
which means that a large fraction of paths that connect
end users flow outside the region. In general, we ob-
serve that for regions characterized by lower GNI and
IDI, L̂C is less or equal to L̂A. This means that the ASes
with a high weight in L̂C (i.e., the ASes that serve end
users) seem to struggle more in keeping their traffic lo-
cal, than other ASes such CDNs, transit providers, etc,
which have a high weight in L̂A.

5.1. Path locality towards content targets

Content providers are a crucial part of the Internet,
as they serve a considerable amount of the data end
users are interested in: videos, images, social network-
ing, etc. Bringing content as close as possible to end
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Table 3: Total number of paths, local paths, and path locality for each
world region, towards content targets (i.e., Google, YouTube, Netflix,
Akamai, Amazon, Fastly, Cloudflare, Microsoft, Facebook, Twitter,
LinkedIn)

Region Paths Local paths (%) L̂A L̂C

Asia 6 814 5 306 (77.9%) 0.926 0.995
Europe 26 211 25 526 (97.4%) 0.988 0.998
North America 12 790 11 834 (92.5%) 0.937 0.972
Oceania 477 473 (99.2%) 1 1
South America 421 383 (91.0%) 0.905 0.817

users is one of the challenges of the modern Internet.
In this section, we analyze the locality of paths that are
related to content providers. For each region, we re-
stricted the paths to the ones that reach only the ad-
dresses of content providers. In particular, from the
traceroutes with source and destination in a given re-
gion, we choose the ones with the destination belonging
to a content provider’s network. The content providers
we considered are Google, YouTube, Netflix, Akamai,
Amazon, Fastly, Cloudflare, Microsoft, Facebook, Twit-
ter, and LinkedIn. Results are shown in Table 3. We ex-
cluded Africa and the Middle East from the results, as
the number of paths for these regions was too small to
derive conclusions: 52 and 10, respectively. As can be
observed, the number of paths towards content varies
substantially among regions. The percentage of local
paths is extremely high, as well as the path locality val-
ues which are always close to 1. The only exception is
Asia, which shows just 77.9% of local paths, but main-
tains high values for L̂A and L̂C . This means that the
ASes with the highest weights, according to both met-
rics, manage to maintain local paths toward content. In
conclusion, the content infrastructure seems to be well
connected, even in regions that do not show extremely
high values of path locality.

5.2. Impact on other metrics

Here, we analyze the path locality of all the regions
together with other important metrics related to the geo-
graphic side of the Internet. The considered metrics are
the length of both IP and AS paths, the RTT, and the
path length in kilometers. To compute the length of a
path in kilometers, we positioned each hop of a path in
the centroid of the country where it was geolocated, dis-
carding the non-geolocated ones. Then, we calculated
the distance between the centroids of each pair of con-
secutive hops, and summed all the distances. While this
is not to be considered an accurate measure of the actual
geographic length of a path, we believe that it can give

a hint about the circuitousness of local and non-local
paths. Table 4 shows the average values of the afore-
mentioned metrics for local paths and non-local ones.
As expected, the length of paths at the IP and AS level
is always larger for non-local paths compared to local
ones. The same applies to the RTT, but in this case, the
difference between local and non-local paths is much
larger. On average, for non-local paths, the IP path
length and the AS path length increase 31% and 25%,
respectively, where the RTT increases ∼210%. This is
due to the geographic extension of the segments used to
exit from a region and then to come back, as highlighted
by the increase of the geographic path length, which
is on average ∼350%. Such segments thus introduce
a significant amount of additional delay, but they do not
add much to the IP and AS path length as they gener-
ally belong to just a few ASes. Obviously, the above
considerations apply to the aggregated values and it is
possible that a non-local path can be better than a local
one. However, the benefits of keeping the traffic local,
in terms of latency, are generally quite significant.

6. Regions and countries

In this section, we describe the geographic and topo-
logical properties of local and non-local paths, for all the
seven world regions. Table 5 shows the three countries
traversed by the highest number of local paths, along
with the values of path locality expressed by L̂A and
L̂C . The path locality values for the three countries are
computed by considering a modified l(s, d) function in
Equation 1. In particular, l(s, d) is 1 if a path is local to
the region and traverses a specific country, 0 otherwise.
For non-local paths we use two path non-locality met-
rics N̂LA and N̂LC , which are defined just as L̂A and L̂C ,
but using a function nl(s, d). The latter function is sim-
ilar to l(s, d), but with a value equal to 1 when a path
is non-local and passes through the considered coun-
try, 0 otherwise. The top five countries, traversed by
the highest number of non-local paths, are also shown
in Table 5. Countries are identified using ISO 3166-1
alpha-2 codes. Note that the values shown in Table 5
are obtained using all the paths having source and des-
tination in the same region, but not necessarily in the
same country. Thus, the values of Table 5 are not to
be considered as representative of intra-country locality.
Instead, in Section 8, we show results obtained using
only intra-country measurements, to highlight depen-
dencies among countries. Table 6 shows information
about the topological properties: the number of local
and non-local paths that flow through an IXP, through a
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Table 4: Properties of local and non-local paths.

Region IP path length (hops) AS path length (hops) RTT (ms) Path length (km)
Local Non-local Local Non-local Local Non-local Local Non-local

Africa 13.8 18.9 4.7 5.5 70.1 257.6 5 752 22 538
Asia 13.5 17.7 5.0 6.1 106.9 267.4 10 168 27 700
Europe 11.9 14.4 4.8 5.5 31.8 71.3 3 228 15 459
Middle East 14.7 20.7 3.7 5.7 87.8 171.2 1 670 11 281
North America 14.1 14.5 4.6 4.8 56.4 95.6 4 168 18 634
Oceania 13.4 20.0 4.5 6.3 42.0 285.0 5 275 28 997
South America 14.3 19.3 4.7 5.9 71.7 216.8 4 323 16 897

Tier-1 AS, and through providers that are neither IXPs
nor Tier-1 ASes. Some paths can traverse both an IXP
and a Tier-1 AS, thus the sum of the three percentages
can be slightly higher than 100%.

6.1. Africa

In Africa, the L̂A and L̂C values are quite different
(Table 5a). In particular, the L̂C values do not reflect
the raw number of paths, especially for South Africa.
This means that the ASes that serve end users struggle
to keep their paths local. Almost 74% of local paths tra-
verse an IXP, and the presence of international Internet
carriers is marginal, approximately 9% (Table 6). The
top five countries that are outside of the region are all
European. This could be explained by the relative prox-
imity of these countries to Africa and by the presence of
submarine cables [59]. Also for non-local paths, the val-
ues of N̂LA and N̂LC often do not reflect the raw number
of paths. For example, Italy has a higher value than Por-
tugal and Spain, with significantly fewer paths. France
shows the highest path non-locality values, with a rel-
atively low number of paths traversing it. This means
that there are source and destination ASes, with large
address spaces and that serve many end users, which
use paths that traverse France. The presence of IXPs is
lower, with 23% of non-local paths traversing an IXP, in
general international ones. Only a few non-local paths
traverse a local IXP, and this suggests how these are able
to maintain traffic confined inside Africa. In non-local
paths, the presence of Tier-1 ASes is prevalent, with
64% traversing one of them. Many local ISPs are tra-
versed as well by non-local paths. This could indicate
that some areas of Africa are still lacking infrastructures
or peering agreements that would allow keeping more
traffic local.

6.2. Asia

Japan shows the highest path locality values for both
metrics, even having the smallest number of traversing
paths in the top three countries (Table 5b). This means
that the source-destination AS pairs that produce paths
traversing Japan have a higher weight in terms of ad-
dress space and served consumers. Compared to Africa,
the presence of local IXPs is less relevant, but still sig-
nificant, with approximately 34% of local paths travers-
ing at least one IXP (Table 6). The presence of Tier-1
ASes is significant, with 25% of local paths traversing
them, as also the presence of other providers (41%). The
Asian non-local paths flow mainly through Europe and
North America. The most relevant country, per weight,
is the USA. For non-local paths there is a strong pres-
ence of IXPs, traversed by 38% of the paths, and of Tier-
1 ASes, traversed by 47% of the paths. The remaining
17% of non-local paths do not traverse any of the two.
The IXPs traversed by non-local paths are mainly lo-
cated in Europe. The paths that traverse the USA are
instead characterized by a negligible presence of IXPs.

6.3. Europe

European paths are almost always local (Table 5c).
From a topological perspective, 44% of the local paths
traverse an IXP (Table 6). All European countries
have local IXPs traversed by a non-negligible portion
of paths, but three major IXPs are traversed by a signifi-
cant number of paths. Also the presence of Tier-1 ASes
in local paths is significant, with 36% of paths passing
through them. This indicates that these ASes have a per-
vasive presence in Europe for the routing of local traf-
fic. Other providers serve a significant portion of the
local paths (23%) without the use of IXPs and Tier-1
providers. In European local paths, we can also observe
a large number of paths traversing the Géant network,
which is the European network of academic networks.
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Table 5: Path locality of regions.

(a) Africa

Local paths
Passing by # paths L̂A L̂C

All 20 755 0.638 0.327
ZA 17 933 0.407 0.121
KE 4 757 0.052 0.099
TZ 3 084 0.002 0.002

Non local paths
Passing by # paths N̂LA N̂LC

All 14 942 0.362 0.673
GB 10 259 0.165 0.219
FR 5 227 0.222 0.382
PT 3 580 0.024 0.057
ES 2 801 0.056 0.160
IT 1 807 0.116 0.251

(b) Asia

Local paths
Passing by # paths L̂A L̂C

All 92 018 0.811 0.772
SG 36 445 0.096 0.034
RU 23 225 0.018 0.032
JP 22 275 0.352 0.150

Non local paths
Passing by # paths N̂LA N̂LC

All 50 471 0.189 0.228
DE 30 674 0.049 0.037
US 13 827 0.112 0.108
GB 10 047 0.026 0.020
IT 7 764 0.005 0.004
NL 7 707 0.011 0.011

(c) Europe

Local paths
Passing by # paths L̂A L̂C

All 819 891 0.990 0.982
DE 462 900 0.447 0.332
GB 199 453 0.358 0.505
NL 178 934 0.191 0.097

Non local paths
Passing by # paths N̂LA N̂LC

All 6 027 0.010 0.018
RU 2 900 0.004 0.014
US 2 002 0.004 0.001
TR 958 0.002 0.002
JP 350 <0.001 <0.001
HK 87 <0.001 <0.001

(d) Middle East

Local paths
Passing by # paths L̂A L̂C

All 20 381 0.417 0.420
IR 13 314 0.050 0.019
TR 2 104 0.047 0.066
AE 1 758 0.107 0.133

Non local paths
Passing by # paths N̂LA N̂LC

All 20 811 0.583 0.580
DE 14 350 0.340 0.310
GB 4 313 0.136 0.066
IT 3 625 0.088 0.141
RU 2 940 0.028 0.005
FR 2 900 0.109 0.133

(e) North America

Local paths
Passing by # paths L̂A L̂C

All 276 204 0.962 0.988
US 248 322 0.904 0.921
CA 99 405 0.128 0.137
MX 9 968 0.013 0.115

Non local paths
Passing by # paths N̂LA N̂LC

All 6 306 0.038 0.012
DE 1 467 0.002 0.009
GB 1 300 0.024 0.001
CO 938 0.005 �0.001
JP 711 <0.001 �0.001
AT 553 <0.001 0.001

(f) Oceania

Local paths
Passing by # paths L̂A L̂C

All 39 909 0.999 0.996
AU 34 130 0.977 0.953
NZ 20 310 0.054 0.212
FJ 484 �0.001 0.001

Non local paths
Passing by # paths N̂LA N̂LC

All 1 592 0.001 0.004
US 1 075 <0.001 0.003
JP 375 <0.001 0.001
HK 357 �0.001 <0.001
SG 297 �0.001 <0.001
MY 13 ≪0.001 ≪0.001

(g) South America

Local paths
Passing by # paths L̂A L̂C

All 16 275 0.809 0.601
BR 7 357 0.628 0.286
AR 5 575 0.096 0.061
UY 2 876 0.050 0.025

Non local paths
Passing by # paths N̂LA N̂LC

All 9 262 0.191 0.399
US 9 238 0.157 0.386
BQ 424 0.002 0
GB 68 0.021 0.001
DE 43 0.052 0.043
FR 40 0.008 0.032

This indicates that in Europe the RIPE Atlas platform
is also able to cover several academic networks, and to
capture the locality of their traffic. Non-local paths ac-
count for less than 1% of the total paths. Approximately
34% of these paths traverse an IXP, mainly European
ones, while 51% traverse a Tier-1 AS.

6.4. The Middle East

The Middle East is the region with the smallest value
of path locality (Table 5d), for both L̂A and L̂C metrics,
with values of 0.417 and 0.420, respectively. Most of
the local paths traverse one of Iran, Turkey, or United
Arab Emirates (UAE). The paths that traverse the UAE
account for the highest amount of locality for both met-
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Table 6: Number of paths passing via IXPs, Tier-1 ASes, and other
facilities (not IXP nor Tier-1 ASes). It must be noticed that a percent-
age of paths for each region can traverse both an IXP and a Tier-1
AS, thus the sum of the three percentages can be slightly higher than
100%.

Local paths
Region Total Via IXPs (%) Via T1 (%) Via Other (%)

Africa 20 755 15 280 (73.6%) 1 952 (9.4%) 4 241 (20.4%)
Asia 92 018 31 645 (34.4%) 23 228 (25.2%) 37 989 (41.3%)
Europe 819 891 356 462 (43.5%) 289 066 (35.6%) 189 880 (23.2%)
Middle East 20 381 1 093 (5.4%) 3 400 (16.7%) 15 916 (78.1%)
North America 276 204 56 632 (20.5%) 133 854 (48.5%) 90 657 (32.8%)
Oceania 39 909 21 080 (52.8%) 1 006 (2.5%) 18 056 (45.2%)
South America 16 275 4 400 (27.0%) 7 849 (48.2%) 4 134 (25.4%)

Non-local paths
Region Total Via IXPs (%) Via T1 (%) Via Other (%)

Africa 14 942 3 468 (23.2%) 9 544 (63.9%) 2 571 (17.2%)
Asia 50 471 19 391 (38.4%) 23 485 (46.5%) 8 338 (16.5%)
Europe 6 027 2 063 (34.2%) 3 069 (50.9%) 1 054 (17.5%)
Middle East 20 811 4 665 (22.4%) 13 135 (63.1%) 3 168 (15.2%)
North America 6 306 721 (11.4%) 4 482 (71.1%) 948 (15.0%)
Oceania 1 592 298 (18.7%) 951 (59.7%) 422 (26.5%)
South America 9 262 513 (5.5%) 8 166 (88.2%) 603 (6.5%)

rics, even if they are less in number than the ones of
the other two countries as the source-destination pairs
that produce these paths are heavier in terms of address
space, and number of consumers. The presence of IXPs
in local paths is minimal, with approximately 5% of the
local paths traversing an IXP (Table 6). The presence
of Tier-1 ASes in local paths is higher if compared to
IXPs; however, it accounts for only 17%. The remain-
ing 78% of the local paths are instead traversing other,
mostly local, operators. The non-local paths of the Mid-
dle East flow mainly through Europe and Russia. In par-
ticular, the top five countries involved in non-local paths
include Germany and United Kingdom, which seem to
be Internet hubs for nearby regions, including the Mid-
dle East. The presence of IXPs is higher than in local
paths, with approximately 22% of non-local paths flow-
ing through IXPs. The vast majority of them traverse
a European IXP, again showing the attractive force of
Europe towards the Middle East, and indicating that the
Middle East region is currently lacking sufficient local
facilities to keep the traffic local. The presence of Tier-1
ASes in non-local paths is high, with 63% of non-local
paths traversing a Tier-1 AS. It is also worth noting that
some paths from academic networks in Israel are routed
via the United Kingdom and the Géant network. In con-
clusion, the Middle East shows a great dependency on
Europe for its non-local paths that mainly flow through
European countries.

6.5. North America

Table 5e shows that North America is one of the re-
gions with the highest values of path locality, with 0.962

and 0.988 for L̂A and L̂C , respectively. As expected,
USA is the most traversed country, and this makes it a
sort of hub for North America. The local paths cross-
ing an IXP are 21% of the total (Table 6), which is
half the value of Europe, making IXPs more marginal
for obtaining path locality in North America. The pres-
ence of Tier-1 ASes in local paths is the highest among
the seven regions, with 49% of local paths traversing a
Tier-1 network. A relevant presence of other providers
is observed (33% of local paths). The non-local paths
account for just 2% of the total, with a N̂LA value of
0.038 and a N̂LC value of 0.012. IXPs and Tier-1 are
traversed by 11% and 71% of the paths, respectively.
The traversed IXPs by non-local paths are almost al-
ways local.

6.6. Oceania

As shown in Table 5f, almost all the paths of Ocea-
nia are local, with very high locality values. Almost all
paths traverse either Australia or New Zealand. Table 6
shows that the presence of IXPs in the region is very
high, with approximately 53% of local paths traversing
an IXP. The presence of Tier-1 ASes is negligible, with
just 3% of the local paths traversing one of them. In-
stead, a significant portion of local paths (45%) is routed
without the use of IXPs and Tier-1 providers. The non-
local paths of Oceania account for extremely low values
for both metrics, and for this reason will not be further
discussed.

6.7. South America

In South America, the path locality values are quite
different for the two metrics: L̂A is 0.809, and L̂C is
0.601 (Table 5g). The second reflects the actual pro-
portions of local and non-local paths, while the first is
higher. This means that the weight of the AS pairs that
produce local paths in L̂A is much higher than that of
the AS pairs that produce non-local paths. The percent-
age of local paths that traverse an IXP is 27% (Table 6).
The presence of Tier-1 ASes in local paths is quite high
(48%). As in North America, Tier-1 ASes are used to
route most of the local traffic. The remaining 25% of
the paths are routed without the use of IXPs or Tier-
1 providers. Almost all non-local paths are routed via
the USA, which seems to be a hub for non-local traffic
of South America. The presence of IXPs in non-local
paths is minimal, and almost all of them are in the USA.
The rest of the paths mainly traverse a Tier-1 network.
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Table 7: IPv6 Total number of paths, local paths, and path locality for
each world region.

Region Paths Local paths (%) L̂A L̂C

Asia 8 529 5 439 (63.8%) 0.488 0.886
Europe 60 150 59 810 (99.4%) 1 0.995
North America 30 232 29 941 (99.0%) 0.990 1
Oceania 2 325 2 126 (91.4%) 0.689 0.983
South America 1 659 1 233 (74.3%) 0.998 0.908

7. IPv6 path locality

Table 7 shows the path locality for IPv6 measure-
ments only. To ensure statistical validity, we show re-
sults for the world regions that have at least 1 000 IPv6
paths. We thus excluded Africa and the Middle East
that have just 790 and 393 IPv6 paths, respectively. As
can be seen from Table 7, IPv6 shows some similari-
ties with IPv4, but also some differences. As in IPv4,
Europe and North America show an almost total local-
ity of paths, for both L̂A and L̂C . South America shows
very high values too, differently from what happens for
IPv4. It must be however noted that the percentage of
paths that are local is 74.3%, meaning that for both met-
rics there are some light weight pairs of ASes that still
produce non-local paths. On the contrary, in Oceania
the percentage of local paths is approximately 90%, but
L̂A is quite low. This means that some heavy weight
pairs of ASes show a high amount of non-local paths.
Asia shows a low L̂A, and a higher L̂C , but still it is not
able to reach optimal locality levels. In the following,
we analyze each region in detail.

In Asia, the most traversed countries by local paths
are Singapore and Japan, and almost half of the IPv6 lo-
cal paths traverse an IXP. The most traversed countries
by IPv6 non-local paths are Germany, France, USA,
Sweden, and the Netherlands, with almost 2 200 out of
3 000 (73%) non-local paths crossing an IXP, thus there
is a considerable presence of IXPs in non-local traffic.
European countries appear to be used for routing traf-
fic of local operators in Russia, Kazakhstan, Armenia,
and other west Asian countries, USA is instead used for
routing east Asian traffic.

Europe shows some small differences with respect to
IPv4. The most traversed countries by local paths are
Germany, the Netherlands, and Austria. The portion of
paths passing through an IXP is more than half of the
total, approximately 35 000. We do not analyze the Eu-
ropean IPv6 non-local paths, as their number is so small
to make them irrelevant, from a locality perspective.

The most traversed countries by North American

IPv6 local paths are USA and Canada. Approximately
12 000 local paths traverse an IXP. North American non-
local paths account for just 1%, thus we will not analyze
them.

In Oceania, as in IPv4, almost all local paths are
traversing one of Australia and New Zealand. Approxi-
mately 1 400 out of 2 300 (61%) local paths traverse an
IXP. In general, IPv6 local paths show very similar be-
havior to IPv4 local paths. The IPv6 non-local paths are
just 199, and 128 of them pass through the USA. How-
ever, they account for 0.280 of N̂LA, meaning that some
AS pairs with a very high number of addresses produce
paths that traverse the USA.

As highlighted above, the percentage of South Amer-
ican IPv6 local paths is just 74.3%, but the path locality
values are close to 1 for both L̂A and L̂C . The most tra-
versed countries are Brazil and Argentina. The presence
of IXPs in local paths is not so relevant as in other re-
gions, with just 300 paths out of 1 200 (25%). The IPv6
non-local paths of South America mostly flow through
USA, and a very small percentage of them is routed via
an IXP. The most traversed ASes by non-local paths are
transit providers.

8. Non-locality to infer dependency relationships be-
tween countries

We can consider a country dependent on another
country if at least some of the paths having both source
and destination in the first do not remain local and go
through the second. Dependency relationships can be
expressed as a directed graph (V, E), where each vertex
v ∈ V is a country and each edge e ∈ E is a dependency
relationship. An edge e = (u, v) is present if at least
some paths that go from u to u are routed via v, where
v , u. Additionally, such edge can be labeled with the
related value of N̂L (this analysis can be performed with
both N̂LA and N̂LC metrics, but in the following we con-
sider only N̂LA). To compute such value, we compute
N̂LA for u using nl(s, d). In particular, here nl(s, d) is 1 if
a path starting and ending in u traverses v, 0 otherwise.
The degree degv of a vertex v is the number of edges in-
cident to v. The in-degree deg−v , is the degree calculated
by considering only the incoming edges to v, and in our
metaphor it represents how much such country is a hub
of non-local paths for other countries.

To avoid including too weak relationships and/or ir-
relevant information, we add a vertex in V only if for a
given country there are at least 20 pairs with source and
destination in that country, and we add an edge (u, v) in
E only if there are at least two source-destination pairs
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Figure 2: Dependency graph among countries of different regions, computed on both IPv6 and IPv4 results; only countries with at least 20 source-
destination pairs are considered; only edges with N̂LA ≥ 0.01 are included; the size of a node v is proportional to deg−v .
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that show a dependency of u on v. After, we prune
edges characterized by values of N̂LA < 0.01, as this
implies that the dependency relationship is limited to a
very small portion of the address space. Finally, we re-
moved vertices with deg = 0, as the absence of incom-
ing and outgoing edges means that the country does not
play any role in the set of dependency relationships.

A dependency graph depicting relationships among
countries of different regions is shown in Figure 2. The
color of the vertices encodes the region they belong to,
while the size encodes the value of their deg−. Rela-
tionships between countries in the same region are not
considered: for each edge (u, v), the region of v must be
different from the region of u. The sources and the des-
tinations of paths are always in the same country. The
countries with the largest value of deg− are Germany,
United States, and United Kingdom (ISO 3166-2: GB).
We can also observe two clusters of dependencies, the
one of the Middle East on European countries, and the
one of South America on the United States.

Note that a direct edge (u, v) between two countries
does not necessarily imply that a path originating from
u goes directly to v before coming back to u. It is possi-
ble that other countries between u and v are crossed but
that their dependency (N̂LA) is lower than the adopted
threshold. For instance, this situation might arise when
there is a set of country-level paths such as (u, c1, v, c1,
u) and (u, c2, v, c2, u): in this case, the dependencies
(u, c1) and (u, c2) could have values of N̂LA < 0.01, but
the aggregate N̂LA for (u, v) is greater than 0.01 and the
edge is included in the graph.

Figure 3 depicts the detailed situation in Europe, the
region that is better covered in terms of measurements.
In this figure, an edge (u, v) is included in the graph
when sources and destinations are located in u, where
u is a country in Europe, and the route passes through
v, independently from the region v belongs to. While
at regional level Europe shows really high levels of
path-locality, where only Turkey and Russia appear in
the graph as out-of-region countries (however with low
N̂LA values), inside the region it is possible to observe
several dependencies across countries. The role of Ger-
many as a hub is confirmed also in this view. At the
European level, also the Netherlands and Austria seem
to play a relevant role. No single European country
is characterized by a dependency value from the USA
that is higher than the considered 0.01 threshold. Thus,
while there is a small but not negligible amount of paths
that are routed via the USA when sources and destina-
tions are located in Europe (but not necessarily in the
same country), the same does not apply when consider-

ing locality at the country level. Finally, it has to be no-
ticed that the dependency values of European countries
on other European countries are generally low, with few
exceptions. This means that most European countries
show a high degree of intra-country locality.

9. Discussion

After having analyzed the situation from multiple
points of view, here we provide some general consider-
ations and identify the limitations of the current study.

9.1. Considerations on path locality

The results we presented in the previous sections
show that the world is fragmented in terms of locality
of Internet paths. Some regions, like Europe, North
America, and Oceania, show an almost complete path
locality, while some others like Africa and the Mid-
dle East show higher levels of non-locality. Asia and
South America are somewhere in between. In some
regions IXPs and Tier-1 providers are able to keep lo-
cal the great majority of the paths (Table 6), whereas
in the other regions external facilities are necessary or
preferred. This can be due to a wide range of reasons:
partial lack of infrastructure, commercial agreements,
limited cross-national coordination. From a geographic
point of view, as shown in Table 5 and Figure 2, the
attractive force of Europe and North America towards
the other regions is evident, at both region and country
level, maybe because these are the regions where the In-
ternet initially spread. In addition, in regions character-
ized by relevant non-locality, the results highlight that
L̂C is generally less or equal to L̂A, which means that
paths connecting end users are possibly less optimized.
This is particularly evident in Africa and South Amer-
ica, where L̂C is 0.327 and 0.601, respectively, while L̂A

is 0.638 and 0.809, respectively.
Table 6 shows also that there is not a single recipe

for keeping paths local. Some regions mainly rely on
local IXPs, like Africa and Oceania, other regions, like
North America and South America, rely more on Tier-
1 providers. Asia and Europe rely on IXPs, Tier-1
providers, and other providers in almost equal parts,
while the Middle East uses mainly local providers with
little aid from IXPs and Tier-1 providers. In this sce-
nario, it is extremely difficult to give suggestions on how
to improve the locality of Internet paths, as the ways to
achieve this goal seem numerous and all equally effec-
tive. In addition, the technological issues may be just
one of the multiple factors that come into play, and other
motivations could be equally important. However, these
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Figure 4: Evolution of L̂A
G with increasing numbers of traceroutes.

factors are out of scope for this study, which instead
aims at characterizing the recent Internet path locality
and providing to the research community a methodol-
ogy to better evaluate this phenomenon.

9.2. Limitations

The results we presented are based on ∼ 1.5 million
traceroutes (derived from an initial dataset of 300+ mil-
lion), collected by means of a large number of vantage
points. All the vantage points belong to RIPE Atlas,
thus the obtained results are shifted towards the view
of the Internet that can be obtained from such platform.
However, it is important to note that the set of targets is
not limited to Atlas nodes, as it includes also hosts that
are not part of the measurement infrastructure. In partic-
ular, the targets in User Defined Measurements can be
generic hosts that the users of the platform considered
relevant for their monitoring or data collection purposes.

To better characterize our dataset, in the perspective
of analyzing the path locality at a worldwide level, we
performed the following analysis. For each region, we
selected random subsets of traceroutes of increasing car-

dinality, and computed the resulting path locality values
using such subsets. For each cardinality, we did 50 rep-
etitions. The cardinalities we chose are 1 000, 2 000,
3 000, 5 000, 10 000, 20 000, 30 000, and 50 000 tracer-
outes. For those regions that do not have enough tracer-
outes, we stopped at the maximum possible value. Re-
sults are depicted in Figure 4. The scatterplots show
the L̂A values computed for each repetition and each
cardinality. In addition, the plots show the L̂A value
computed with the entire set of traceroutes of each re-
gion. The results show that for Europe, North America,
and Oceania, the computed L̂A values are quite stable
also with very small subsets of the original set of tracer-
outes. This suggests that the values of path locality are
not influenced by the specific subset of paths consid-
ered. Asia, the Middle East, and South America show
larger variability. In Africa, results are even more dis-
persed, probably because Africa is a vast region, and the
number of sources in the region is relatively limited. In
addition, as shown in Section 6, Africa is fragmented
in terms of locality, and this makes the scatterplot more
variable, as the computed path locality value is more
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dependent on the specific considered subset of paths.
Eventually, all the scatterplots necessarily converge to a
single point, as that is the path locality value expressed
by our dataset. However, the variability in the differ-
ent scatterplots provides an indication of how much the
results are dependent on the collected paths.

When considering results at the country level, we also
adopted a threshold on the minimum number of samples
to reduce the possible impact caused by the ones specif-
ically collected. In this optic, the relationship among
countries and regions depicted in Figure 2 and Figure 3
must be interpreted as non-exhaustive and purely based
on the relationships unveiled by our dataset, with the
current availability of sources. The method we adopted
assumes that a path is local unless it is proven to be non-
local. As a consequence, it is possible that we have been
unable to capture all the dependencies at the country
level just because the limited number of source-target
pairs, in some countries, did not allow us to see some
existing non-local paths.

Rather obviously, analyzing the results produced by
others measurement platforms would be interesting,
in particular to better cover the areas that are under-
represented in our study. China is a notable example.
Unfortunately, the problem of estimating the locality of
paths requires the presence of vantage points in the re-
gion of interest. In fact, it is possible to explore multiple
paths from a single source, by probing multiple targets
in a region, but the source must be in the same region.
It is not possible to estimate the path locality of a re-
gion from the outside. Thus, for the specific case of the
large Asian country, a better view cannot be obtained by
using the measurements originated by other platforms.
Despite the lack of details on some specific parts of the
Internet, we believe the overall picture we provided to
be valuable in understanding the global situation.

Another limitation of our work is introduced by the
incomplete geolocation of the hops of the traceroutes.
As described in Section 4, despite using a considerably
accurate geolocation method and having on average al-
most 70% of the hops of the traceroutes geolocated, the
hops lacking geolocation may impact the accuracy of
our inference of locality of the paths.

Finally, the last limitation is that—despite the consid-
erations reported above—to really investigate the causes
of non-local paths, an analysis of single source-target
pairs would be needed, possibly involving the many In-
ternet operators involved in the process.

10. Conclusion

We provided definitions of locality metrics that go be-
yond the pure fraction of paths that cross the borders of
the considered region or country. In particular, we in-
corporated into the definition a weight that takes into
account either the address spaces of sources and des-
tinations or the amount of served population. Results
show that world regions and countries are characterized
by significant differences in terms of path locality. The
presence of a large fraction of non-local paths has an
impact on the observed end-to-end communication la-
tency, as such routes are particularly circuitous. From
a low-level perspective, this information can be useful
when planning the deployment of new network infras-
tructure. At a higher level, the most significant depen-
dencies between countries caused by non-local paths
have been identified. Some countries—United States,
Germany, and United Kingdom—are particularly sig-
nificant from this point of view.

Note that the constraints introduced in Section 4 tend
to produce conservative results, and that the real amount
of path non-locality can be slightly higher than the one
we presented.
Reproducibility. The measurements used in this study
are publicly available at [44]. The measurements we
created for this work are easily selectable with the tag
“mcwlm”. All the datasets used for the enrichment are
open, details are provided in Section 4.
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