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Abstract

In this paper we show that complex (scale-free) network topologies naturally emerge from hyperbolic metric spaces. The
hyperbolic geometry can be used to facilitate maximally efficient greedy forwarding on these topologies where packets can find
their destinations with 100% probability following almost optimal, i.e., shortest paths, without the need for global topology
knowledge. We demonstrate that this remarkable efficiency is robust under dynamic network conditions. Our findings suggest that
forwarding information through complex networks, e.g., like the Internet, may be possible without the current overhead of routing
protocols, and may also find practical applications in overlay networks for tasks such as application-level routing, information
sharing, and data distribution.

I. INTRODUCTION

Routing information is the most basic and, perhaps, the most complicated function that networks perform. Conventional
wisdom states that to find paths to destinations through the complex network maze, nodes must communicate and exchange
information about the status of their connections to other nodes. This communication overhead is considered one of the most
serious scaling limitations of our primary communication technologies today, including the Internet [20] and emerging wireless
and sensor networks [22]. Even though other networks, such as P2P overlay networks, may not suffer from such overhead, they
still rely on various techniques to find intended communication targets. These techniques include flooding-based mechanisms,
random walks, etc., whose efficiency may be unpredictable and overhead costs unbounded [[19].

Many networks in nature however, can somehow “route traffic” efficiently, i.e., their nodes can efficiently find intended
communication targets even though they do not possess any global view of the system. Milgram’s 1969 experiment [25]
showed a classic demonstration of this effect. Milgram asked some random individuals—sources—to send a letter to a specific
person—the destination, described by name, occupation, age, and city of residence. The sources were asked to pass the letter
to friends chosen to maximize the probability of the letter reaching its destination. The results were surprising: many of the
letters reached their destination by making only a small number of hops, even though nodes had no global knowledge of the
human acquaintance network topology, except their local connections and some characteristics (e.g., occupation, age, city of
dwelling) of their connections.

Much later, Jon Kleinberg offered the first popular explanation of this surprising effect [[14]. In his model, each node, in
addition to being part of the graph representing the global network topology, resides in a coordinate space—a grid embedded
in the Euclidean plane. The coordinates of a node in the plane, its address, abstracts information about the destination in
Milgram’s experiments. Each node knows: 1) its coordinates; 2) the coordinates of its neighbors; and 3) the coordinates of the
destination written on the packet. Given these three pieces of information, the node can route greedily by selecting its direct
neighbor closest to the destination in the plane.

Clearly, the described greedy forwarding strategy can be efficient only if the network topology is in some way congruent
with the underlying space. But the Kleinberg model does not (try to) reproduce the basic topological properties of social
networks through which messages were traveling in Milgram’s experiments. For instance, the model produces only k-regular
graphs while social networks, the Internet, and many other complex networks [23]] are known to be scale-free, meaning that:
i) the distribution P(k) of node degrees k in a network follows power laws P(k) ~ k7 with exponent v often lying between
2 and 3; and ii) the network has strong clustering, i.e., a large number of triangular subgraphs [9].

Our work follows Kleinberg’s formalism. We assume that nodes in complex networks exist in some spaces that underlie
the observed network topologies. We call these spaces hidden metric spaces. The observed network topology is coupled to
the hidden space geometry in the following way: a link between two nodes in the topology exists with a certain probability
that depends on the distance between the two nodes in the hidden geometry. One possible and plausible explanation for the
Kleinberg model’s inability to naturally produce scale-free topologies is that the spaces hidden beneath such topologies are not
Euclidean planes.

A primary contribution of this paper is the demonstration that a simple embedding of dynamically evolving networks in
a hyperbolic hidden metric space naturally leads to the emergence of scale-free topologies. One attractive property of such



topologies is that greedy forwarding based simply on node coordinates in the metric space results in 100% reachability with
near optimal path lengths even under dynamic network conditions, with link failures and node arrivals and departures. Our
work raises the possibility of achieving near-optimal forwarding in complex networks, e.g. like the Internet, without the need
for continuously running potentially expensive and brittle routing protocols to discover global topology knowledge. Our results
may also find several practical applications in overlay networks for tasks such as application-level routing, information sharing,
and data distribution.

The rest of the paper is organized as follows. In Section [[Il we discuss related work. In Section [III| we reveal the connection
between scale-free network topologies and hyperbolic geometries, and present a simple model that builds scale-free networks
using such geometries. The whole topology of our networks in this section is constructed at once. We further demonstrate
the remarkable efficiency of greedy forwarding strategies and their robustness in dynamic scenarios with link failures. As in
many practical applications nodes may arrive to the system gradually, in Section we extend our first model and present a
second model of scale-free networks that grow in hyperbolic spaces. We demonstrate that greedy forwarding strategies are still
extremely efficient, even under highly dynamic network conditions where nodes randomly arrive and depart the system. We
discuss practical applications of our findings in Section [V] and conclude with directions for future research in Section [VI]

II. RELATED WORK

The most relevant earlier work is the groundbreaking result by Robert Kleinberg, who shows in [16] how any given graph
can be embedded in the hyperbolic plane such that greedy forwarding can achieve 100% reachability. However, to construct
the embedding one needs to know the graph topology in advance. R. Kleinberg’s work has been recently complemented by the
work in [7]], where the authors propose a simple technique for online embedding of any given graph in the hyperbolic plane.
The graph can also be dynamic, in the sense that once the initial graph is embedded, its topology can change, and greedy
forwarding strategies can still be efficient.

While [16] and [7] show how any given graph can be embedded in a hyperbolic space so that greedy forwarding is efficient,
here we approach the problem from the opposite angle. We fix the hyperbolic space and construct graphs in it in the simplest
possible manner. We show that the resulting graphs are not any graphs, but are scale-free graphs. We further show that such
graphs are naturally congruent with the underlying hyperbolic geometry, i.e., we do not enforce them by hand to be congruent,
and because of this congruency, greedy forwarding strategies are maximally efficient. In terms of practical applications, while
the studies in [16] and [7]] are more suitable for situations where the initial network topology is already known/formed, our
work here is more applicable to cases where networks are formed dynamically, where we do not know their exact topology
in advance, such as in overlay network applications, [[19], [21], and to cases where such global topology awareness may be
prohibitive in terms of associated routing overhead costs. See Section [V] for a discussion of potential applications.

As mentioned earlier, the first popularization of greedy routing as a mechanism that might be responsible for efficient
forwarding “in the dark”, i.e., without the knowledge of network topology, is due to Jon Kleinberg [14]. A vast amount
of literature followed this seminal work, as reviewed in [[15]. Other works, dealing with hyperbolic geometry in the network
context, include [17]], [1]], [L3]. No earlier work has considered the connection between complex networks and hidden hyperbolic
geometries, which can be used to efficiently guide the forwarding process on them.

Finally, there has been a great deal of research trying to explain the scale-free structure of complex networks [4], among
which preferential attachment [2]] appears to be the most popular. However, no existing effort has considered hyperbolic hidden
metric spaces as a possible explanation.

III. SCALE-FREE NETWORKS AND HYPERBOLIC SPACES

We start this section by first giving a high-level intuition for the connection between scale-free network topologies and
hyperbolic geometries. We then proceed by presenting a simple model where scale-free topologies naturally emerge from such
geometries, and demonstrate the remarkable efficiency of greedy forwarding strategies that use these geometries.

A. Intuition

The main metric property of hyperbolic geometry that we use in this paper is the exponential expansion of space. For
example, in the hyperbolic plane, which is the two-dimensional hyperbolic space of negative curvature —1, the length of a
circle and the area of a disc of radius R are 27 sinh R and 27(cosh R — 1), both growing as ~ e? with R. The hyperbolic
plane is thus metrically equivalent to an e-ary tree, i.e., a tree with the average branching factor equal to e. Indeed, in a b-ary
tree, the analogies of the circle length or disc area are the number of nodes at distance exactly R or not more than R hops
from the root. These numbers are (b + 1)b%~! and ((b + 1)b"* — 2)/(b — 1), both growing as ~ b’. Informally, hyperbolic
spaces can therefore be thought of as “continuous versions” of trees. Other properties of hyperbolic geometry can be found in
various (text)books, e.g., [3l.

'In this paper, symbols ‘~’ and ‘~’ mean, respectively, proportional to and approximately equal.



To see why this exponential expansion of hidden space is intrinsic to scale-free networks, observe that their topology
represents the structure of connections or interactions among distinguishable, heterogeneous elements abstracted as nodes. The
heterogeneity implies that nodes can be somehow classified, however broadly, into a taxonomy, i.e., nodes can be split into large
groups consisting of smaller subgroups, which in turn consist of even smaller subsubgroups, etc. The relationships between such
groups and subgroups, called communities [[10], can be approximated by tree-like structures, in which the distance between two
nodes estimates how similar they are [26], [6]. The smaller their distance, the more similar the two nodes are, and the more
likely they are connected. Importantly, the node classification hierarchy need not be strictly a tree. Approximate “tree-ness,”
which can be formally expressed solely in terms of the metric structure of a space [12], makes the space hyperbolic. E]

B. Models of scale-free networks in hyperbolic spaces

We now put our intuitive considerations to qualitative grounds. We want to see what network topologies emerge in the
simplest possible settings involving hidden hyperbolic metric spaces. Specifically, we use the following strategy to formulate
a network model. We specify: 1) the hyperbolic space; 2) the distribution of nodes in it, i.e., the node density; and 3) the
connection probability as a function of the hyperbolic distance between nodes, i.e., we connect a pair of nodes located at
hyperbolic distance  with some probability p(x).

The simplest hyperbolic space is the two-dimensional hyperbolic plane of constant negative curvature —1 we discussed
earlier. The simplest way to place N nodes on the hyperbolic plane is to distribute them uniformly over a disc of radius R. The
hyperbolically uniform node density implies that we assign the angular coordinates 6 € [0, 27] to nodes with the uniform density
f(6) = 1/(27), while the density for the radial coordinate r € [0, R] is exponential f(r) = sinh7/(cosh R—1) ~ e" % ~ e,
as the circle length at distance r from the disc center is 27 sinh 7 (vs. f(r) ~ r in the Euclidean plane, where the circle length
is 27r). We can also generalize the model by distributing nodes non-uniformly on the disc using:

asinh ar a(r—R)

fr) = coshaR—1 "
with a = 1 corresponding to the hyperbolically uniform node density.

The simplest connection probability we could think of is the step function p(d) = ©(R —d), meaning that we connect a pair
of nodes with polar coordinates (r, ) and (r’,6’) by a link only if the hyperbolic distance between them is d < R, where d is
given by the hyperbolic law of cosines: cosh d = cosh r cosh 7’/ —sinh r sinh 7/ cos Af, with A = min (|0 — 0’|, 27 — |0 — §'|).
The following theorem states that the node degree distribution in the resulting network is a power law.

Theorem 1: The described model produces graphs with power law node degree distribution:

~ e, (1)

2a0+1 if a>

- ) 2
2 if a < @

P(k) ~ k™7, withy = {

N[ D=

Proof:

First note that the volume form in polar coordinates (r,f) in the two-dimensional hyperbolic plane of constant negative
curvature —1 is dvol = sinhr dr df. (This gives the length of a circumference of radius r: v(r) = 27 sinh r. And, the surface
of the disc B(r) of radius 7: |B(r)| = IB(T) dvol = [, sinhz dx fozﬂ df = 2n(coshr —1).)

We first compute the average degree k(r) of nodes located at distance r from our hyperbolic disc center. Let’s consider the
general case, where the connection probability is the step function p(d) = ©(x — d), meaning that we connect a pair of nodes
with polar coordinates (r,6) and (r/,8’) by a link only if the hyperbolic distance between them is d < y where x is some
constant. First, let & = 1. Since nodes in this case are distributed uniformly in the disc, the average degree of a node at radius
T is:

k(r) = 65(r),
where ¢ is the node density, i.e. § = m, and S(r) is the area of the intersection of discs of radii R and y whose
centers are located at distance r from each other. Let us call these discs the R- and x-disc respectively.

To compute S(r), we move the origin from the center of the R-disc to the center of the x-disc. If » < R— x, then the x-disc
is fully contained in the R-disc and thus S(r) = 27(cosh x — 1). If R — x < r < R, then using the notations in Figure |1} we

get:
R—r T X 0.
S(r)y = 2 / Sinh:z:da?/ d0+/ Sinhxda:/ de
0 0 R—r 0

/X coshr coshz — cosh R dac} 7 3)

sinh x arccos - -
Rer sinhrsinh z

= 2 {ﬂ'(cosh(R —r)—1)+

2We call the space hidden to emphasize that the distance between two nodes in it is a measure of how similar they are; it is not their shortest path distance
in the observable network graph.



Fig. 1. Disc intersection.

where x € [0, R], while 6, € [0, 7] is the solution of the following equation:

cosh R = cosh r cosh x — sinh r sinh x cos 6.

The integral [ sinh z arccos W dzx can be easily computed (e.g., using substitution ¢ = coshz). The only

subtlety is that the resulting expression has a singularity at the lower integration bound R — r. However, its right limit exists
and equals to 7(cosh(R —r) — %cosh R). After tedious simplifications, the final answer reads:

coshrcosh x — cosh R

k(r)y=2¢ {(cosh R—2)m+2 (cosh X arccos Sinh 7 sinh x

h y — cosh h
+ cosh Rarctan cosh x — cosh  coshr 4)
\/(coshr — cosh(R — x))(cosh(R + x) — coshr)
" 8(coshr — cosh R cosh x)4/(coshr — cosh(R — x))(cosh(R + x) — coshr)
— arctan :
16(cosh r — cosh R cosh x) cosh r — 8 cosh? r 4 4(cosh? R 4 cosh? R cosh? x + cosh? ) — 1

It is easy to see that only the second and third terms (the ones in the big round braces) can strongly depend on r and cause
an exponential decrease of k(7). The first term is a large constant and the absolute value of the last term is bounded by /2,
so that we can safely neglect it.

One can now easily estimate the asymptotic form of k(r) in Eq. . Indeed, neglecting the first and last terms in the
expression, we are interested only in the scaling of:

¢ coshrcosh x —cosh R
= arccos
sinh 7 sinh x ’

cosh x — cosh Rcoshr
\/(coshr — cosh(R — x))(cosh(R + x) — coshr)’

as functions of r for R — x < r < R. Note that such region of values of r exists only if R is relatively large and x is not
too small, but comparable to R, x § R.

We first consider the more complicated second term 7. In the denominator, we can neglect cosh(R — x) compared to coshr,
and coshr compared to cosh(R + x):

arctan

n

cosh x — cosh Rcoshr
V/cosh(R + x) coshr -

Since x < R, we next neglect the first term, which is infinitesimally small compared to the second term when r is large:

7 &~ 1) = arctan (—a\/ cosh r) .

7 ~ arctan

where a = cosh R/+/cosh(R + x). But:

asinhr

2 arctan (a\/ cosh r) Veoshr (1 +a?coshr) "7

(In7); = 0,



which means that for large 7:
n=e,

independently of a and, consequently, of R and x.
The first term & is simpler. Since both r and x are large, it is:

gzgzarccos(l— a4 ),

sinh r

where a = cosh R/ sinh . But:

(lng);:f acoshr : 7%7
arccos (1 — bl;ﬁ) sinh®ry/1 — (1 — sinahr) e
which means that for large r: )
Ere 2,

independently of a and, consequently, of R and .

Summing it all up, we thus observe that in the case with the uniform node density, the average node degree k(r) ~ e=#"
with §=1/2.

If the node density is not uniform, then exact computations become rather complicated because we cannot easily move the
origin to the center of the y-disc. It appears to be easier to keep the origin at the center of the R-disc, but we have to retreat
to approximate expressions.

Denote the node density by f(y), where y is the distance from the center of the R-disc (to distinguish it from the distance
from the center of the x-disc, see Fig. [I). Keeping the origin at the center of the R-disc somewhat complicates the disc
intersection picture. We assume that y > R/2, which means that it is never the case that the y-disc: 1) is fully contained in
the R-disc and, at the same time, 2) does not contain its center. The remaining three cases are:

1) 0 <r <R — x: the y-disc: 1) is fully contained in the R-disc and 2) contains its center:

ki(r) = N{/OX_Tf(y) dy+71T/XX+Tf(y)9y dy}; (5)

-

2) R — x <r < x: the x-disc: 1) is not fully contained in the R-disc but 2) still contains its center:

X—Tr R
ka(r) —N{/O f(y) dy+%/7 f(y)f)ydy}; (6)

3) x < r < R: the x-disc: 1) is not fully contained in the R-disc and 2) does not contain its center (the case shown in

Fig. [I):

_ N B
)= > [ 1wt dy a)
T Jrey
All the three cases can be compactly written in one expression:
B max(0,x—7) 1 min(R,x+7r)
b =n1 [ Sy [T sy ®
0 X—T

where
cosh r coshy — cosh x

6, = arccos - -
v sinh 7 sinh y

For large r, y, and x, we have the following approximation for 6,:

_¥
2
)

6, ~ arccos (1 — 2a2e*y) ~ 2ae

cosh y x=r
a= - ~e 2z .
sinhr

We are now ready to compute the approximate scaling of k(r) for the exponential node density:

where

f(y) ~ ae" v,



Substituting

2 x—r
/f(y)‘gydy ~ o OéleT—OfRe(oz—%)y7

l

2
into Egs.(3H7), we get:

ki(r) ~ N {ea<><R’“> 2@ —e'z o (eW*%)(X*T) - e(aim”)}, 9)
7'[' — =

2

_ 2 - ,

ko(r) ~ N {ea(x—R—T) . f T —aR (e(a—%)R — e(@—z)(x—T))} , (10)
2

_ 2 x—r 1 1

Ba(r) ~ N-—— & eiTren (e<a—§>R - e(a—éﬂr—x)) . (11)

2

We thus see that k(r) is always an exponential function of r and the values of the exponents do not depend on R or Y.
Specifically, extracting the leading terms (i.e., the terms with the largest exponent), we get:
o if a > 1/2, then:
k1(7“) ~ e(ozfl)r7
_1i,
Q(T) ~ e 2,

ks(r) ~ ela=r.

o if a <1/2, then:

Since in our case x < R, the length R — x of the first and last intervals (corresponding to ki (r) and k3(r)) of values of r
is small, and k5 (r) dominates the overall behavior of k(r). We finally obtain that:

- e~ if o > %,
]C(T) ~ —ar 1
e if a < 5-

_ Therefore, when x = R, then the regimes k1 (r) and k3(r) in Eqgs. (911) vanish and the overall scaling of k(r) is given by
ka(r) in Eq. . Therefore, k(r) simplifies to:

l_c(r)zN{2 aleéw(l? a1>ew}. (12)

71'0[—5 7TOé—§

We see that in this case, k(r) does not depend on R, which is not surprising, of course. We verify that the above expression
perfectly matches simulations:
o Simulation
|

0 5 r 10 15

The limit @ — 1/2 is well-defined:

k(r) —— N (1 + 1) €737
a—1/2 ™

Therefore, k(r) decreases exponentially, i.e. k(r) ~ e ™", with = 1 if @ > } and 8 = aif @ < 1. Hence, 7(k) ~ —% In k.
Given f(r) as in Equation (I), it is easy to see that P(k) ~ f(7(k)) |’ (k)| ~ k77 with v = § + 1. Thus, v = 2o+ 1 if
a>tandy=2ifa<i ]
We thus see that by changing «, which according to our tree analogy regulates the average branching factor of the hidden
tree-like hierarchy, we can construct power-law graphs with any exponent v > 2, as observed in a majority of known complex

networks, including the Internet [9]].

@|R



Given f(r) from Equation (1) and k(r) from Equation 1i the average node degree k = fOR k(r)f(r)dr, is:
{2&26*%1{ +[((r = 2)0® = (x — 1)a? + 2T) R — 207 e*aR}
1 2
m(a=3)

where the limit @ — 1 is k — N2 (14 ££) e~ 3% Therefore, given a target k, a target exponent -y, which is related to « via
Equation (2), and the number of nodes N, the right value for the hyperbolic disc radius R is (numerically) computed by the
above formula. From the formula, we can also see that the relationship between R and IV is approximately logarithmic, i.e.,
R~InN.

Notice that while Theorem |1| states that the degree distribution is a power law, it does not give its expression. This is given
in the following Theorem.

Theorem 2: The described model produces graphs with the power law node degree distribution

'k -
P(k) = 20g20 LB = 2008)

where ¢ = k(2 — 1)/(2a) and T is the incomplete gamma function.
Proof: To find the expression of the degree distribution P(k) we use the hidden variable approach described in [3]]. In
particular, from Equation (11) in [3]], we can write:

kx~N

)

13)

R
P(k) = / g(K|r)f (r)dr.

where g(k|r) is the probability that a node with radial coordinate r is connected to other k nodes. For sparse (scale-free)
networks g(k|r) has the Poisson distribution, see Equation (23) in [3]:

e”}(’")l}(r)k

gllr) =
where k(r) the average node degree at distance r from the disc center, as defined and computed earlier. Therefore:
R~k L (y )k
P(k) ~ / %aea“*)dr. (14)
O .

We treat the more interesting case o > % where we can create networks with various exponents v > 2. (The limiting case
v — 2 is well defined.) In this case, from Equation (I2) we can write:

2 k
k(r) = N— a e ra~—2In 72(T)
N =

1
Ta— g

a—

||

Now, let’s use the substitution ¢ = k(r) in Equation . Notice that:

dt 1- 1

Thus, we have:

2 1
P(k) = —2a(N— a 167%R)2ay/tk720‘7167tdt,

7Ta_§

where the limits of the above integration are going to be defined shortly. Now, using k(r) from above, the average degree k
is approximated by:
_ B 2 q : . 2 a 1 -
k=~ / N-— e R dr & aNZ —e 2
0 s

e
1 1

Hence: 9 1 1
~ o (12X Liog b k—2a—1_—t
PR ~ —20 (k2 / =201 =t gy

Now, when 7 = 0, t = k(0) = N2 -2+ When r = R, t = k(R) = N2 91737 = k29=L Let ¢ = k2L, Performing the

@ a—3 2«

integration with the NV large limit (tecfmically letting N — 00), we get:

(k —2a,8)

1 [ r
Pk) ~ 20¢20 = / 2oty = page 2 (15)
i !

k!
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shown for clarity. Solid lines in the first plot are the theoretical prediction given by Equation (I3). The last two plots show the same statistics for simulated
networks with v = 2.1 vs. AS topologies from RouteViews BGP tables [24] and DIMES traceroute data [§].
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Fig. 3. Performance of greedy forwarding (GF).

Our networks also possess strong clustering. Strong clustering, or large numbers of triangles in generated networks, is a
simple consequence of the triangle inequality in the metric space. Indeed, if node a is close to node b in the plane, and b is
close to a third node ¢, then a is also close to ¢ because of the triangle inequality. Since all three nodes are close to each
other, links between all of them forming triangle abc exist.

In Figures a) and b) we show, in log-log scale, the degree distribution P(k) and average clustering as a function of
the node degree ¢(k) [27], for modeled networks with N = 10000 and k& = 6.5. We observe agreement between simulation
results and the analytical prediction for the degree distribution in Equation (I3). In Figures [2fc) and 2(d) we compare the same
statistics between the above modeled networks with v = 2.1 and the AS Internet topologies from RouteViews BGP tables
[24] and DIMES traceroute data [8]]. The degree distribution in our networks is remarkably close to the empirical AS degree
distribution. Further, interestingly enough, the shape of the clustering curve &(k) for our networks is similar to the Internet’s.
In [18] we also show how clustering can be matched exactly.

C. Greedy forwarding

We now evaluate the performance of greedy forwarding (GF) strategies on our modeled networks. A node’s address is its
hyperbolic coordinates, and each node knows only its own address, the addresses of its neighbors, and the destination address
written in the packet. GF forwards a packet at each hop to the neighbor closest to the destination in the hyperbolic space. We
present simulation results for two simple forms of GF, original (OGF) and modified (MGF). The OGF algorithm drops the
packet if the current hop is a local minimum, meaning that it does not have any neighbor closer to the destination than itself.
The MGF algorithm excludes the current hop from any distance comparisons, and finds the neighbor closest to the destination.
The packet is dropped only if this neighbor is the same as the packet’s previous hop. We report the following metrics: (i) the
percentage of successful paths, ps, which is the proportion of paths that reach their destinations; and (ii) the average and
maximum stretch of successful paths, denoted by 5 and max(s) respectively. The stretch is defined as the ratio between the
hop-lengths of greedy paths and the corresponding shortest paths in the graph.

We initially focus on static networks, where the network topology does not change, and then emulate network topology
dynamics by randomly removing one or more links from the topology. As before, we fix the target number of nodes in the
network to N = 10000 and its average degree to k = 6.5, which roughly matches the Internet’s AS topology. For each generated
network, we extract the Giant Connected Component (GCC), and perform GF between 10000 random source-destination pairs.

Static networks. Figures [3[a) and [3[b) show the results for static networks of different degree exponent . We see that the
success ratio p increases and the stretch decreases as we decrease y to 2. For example, for v = 2.1, i.e., equal to  observed
in the AS Internet, OGF and MGF yield p; = 0.99920 and ps, = 0.99986, with the OGF’s maximum stretch of 1, meaning that
all greedy paths are shortest paths. In summary, GF is exceptionally efficient in static networks, especially for the small +’s
observed in the vast majority of complex networks [9]. The two GF algorithms yield high success ratios close to 1 and optimal
(or almost optimal) path lengths, i.e., stretch close to 1. The reason for this remarkable GF performance is the congruency
between the network topology and the underlying hyperbolic geometry, as visually demonstrated in Figure [4]



Fig. 4. Visualization of a modeled network embedded in the hyperbolic plane, and greedy forwarding in it. The figure shows two hyperbolically straight
lines, i.e., geodesics, the dashed curves, vs. the greedy paths, the solid curves, between the same source-destination nodes (the source is the top circled node
and the destinations are marked by a cross). The geodesics and greedy paths follow the same pattern, i.e., they are approximately congruent.

Link failures. We next study the GF performance in dynamic scenarios with link failures. We consider the following two
link-failure scenarios. In Scenario 1 we remove a percentage p.., ranging from 0% to 30%, of all links in the network, recompute
the GCC, and compute the new success ratio p7*. In Scenario 2, we provide a finer-grain view focusing on paths that used
a removed link. We remove one link from the network, recompute and GCC, and find the percentage p, of successful paths,
only among those previously successful paths that traversed the removed link and belong to the GCC. We repeat the procedure
for 1000 random links, and report the average value for p.. Figures c) and d) present the results. We see that for small
v’s, the success ratio p““ remains remarkably high, for all meaningful values of p,. For example, MGF on networks with
~v=2.1and p, < 0.1, yields p?¢* > 0.99. Note that the simultaneous failure of 10% of the links in networks like the Internet
is a rare catastrophe, but even in this case GF is still efficient. The percentage p!, of MGF paths that used a removed link and
that found a by-pass after its removal is also remarkably high, close to 100% for small +’s. In both scenarios and for all -,
the average stretch remains remarkably low, below 1.1.

In summary, GF is not only efficient in static networks, but its efficiency can be also very robust in the presence of network
topology dynamics. Thanks to high path diversity, there are many shortest paths, disjoint over some links or nodes, between
the same source and destination, which all closely follow their geodesics. Link removals affect some shortest paths, but others
remain, and greedy forwarding can use the underlying hyperbolic “guidance system” to find them.

More sophisticated greedy forwarding strategies. Notice that although the success ratios in scale-free networks with small
~’s are extremely close to 1, they are not exactly 1. Further, the performance of our simple GF strategies deteriorates very
slowly in the presence of topology dynamics. These observations suggest that more sophisticated, yet still simple GF strategies,
may be able to achieve 100% success ratio preserving the extremely small stretch even under more extreme dynamic network
conditions than the ones we studied above. We will explore such a strategy in the next section, in scenarios where nodes
randomly arrive and depart the network.

IV. NETWORKS GROWING IN HYPERBOLIC SPACES

The model we presented in the previous section generates a whole network at once. However, in many applications, the
network topology is formed by nodes gradually arriving over time. In this section, we extend our previous model and present
a model of scale-free networks that grow in hyperbolic spaces. We then demonstrate the remarkable efficiency of greedy
forwarding in highly dynamic conditions, where nodes randomly arrive and depart the system.

A. Growing model

We assume that the network initially consists of 0 nodes. We number each arriving node by its order of arrival. We do not
consider node departures for now. A new node 7 > 1 that arrives to the system needs to know: (i) the current number of nodes
in the network, including itself, N (i) = 4; (ii) a system pre-specified parameter « for the node radial density, which as before,
will determine the exponent of the degree distribution ~; and (iii) a system pre-specified constant ¢, which will determine the
average node degree as will be explained below. Then, to connect to the network, the node performs the following operations
inspired by the model in Section [T}

i. select an angular coordinate ¢ uniformly distributed in [0, 27];



ii. compute the current hyperbolic disk radius R(i) according to R(i) = 2 In <, ie., i = ce®f();

iii. select a radial coordinate r € [0, R(¢)], according to the probability density function f(r|R(i)) = % ~
ae(r—R().

iv. connect to every node 1 < j < ¢, already in the network, for which the hyperbolic distance to it, denoted by d;;, satisfies
di; < R(i). [T

Notice that to build the network in a fully decentralized manner, each arriving node needs to be able to discover the current
number of nodes in it, and the nodes to connect to, i.e. its neighbors. We will present a technique for this later. Before doing
so, we first need to analyze the statistical characteristics of the resulting network topologies and show that they are indeed
scale-free.

As before, strong clustering is easily justified by the triangle inequality in the hidden space. However, we need to show
that if we look at the network at any time instance, where the number of nodes in it is some (sufficiently large) value, say t,
the node degree distribution follows a power law. The analysis becomes fairly more complicated than the one in Section
as the hyperbolic disc radius is no longer constant, but grows as the number of nodes in the network grows. To proceed, we
first need to compute the probability density function of the radial coordinate r of a randomly selected node when the number
of nodes in the network is some value ¢, denoted by f(r,t), as well as the average node degree at distance r from the disc
center, denoted by k(r,t). Having the expressions for f(r,t), k(r,t), we can then easily identify how these quantities scale as
a function of r, and use arguments similar to those in the proof of Theorem |I| to show that the degree distribution is a power
law. The intermediate calculations for the derivation of f(r,t) and k(r,t) are given in the Appendix. Below, we present the
final expressions and show that the degree distribution is indeed power law.

Let R(t) be the hyperbolic disc radius when the number of nodes in the network is ¢. According to the model, R(t) = 1 In L.
The approximate, simplified expression for the node radial density f(r,t) is:

f(r,t) = a®(R(t) — r)e O, (16)

It is easy to see from the above formula that f(r,¢) scales according to the following lemma.
Lemma 1: For r not close to R(t) and t sufficiently large, f(r,t) ~ e®". E]
Proof: For r not close to R(t), we can write:

2 " r af® t)—r
f(rl) = a R(t)(l_m)(l—%) — (R(t)—7)

= a?R(t)e *BW (= 7D o o@D s 0T

where the last approximation holds for sufficiently large . [ ]
For a > %, the average node degree as a function of r and ¢, E(r, t), is:
_ 1 — e~ (R(t)—T)
E(r,t) =t {P(r) + W (G(r) — P(r))} , (17)
where:
G(r) = (1 - 207 +(1— 2Oé)m*) e " + L‘Qe—%r’ (18)
Ma—1P " wa-3) @17
P(r) = 7r(042i %)ei%r - 2(ozl— %)6*2“1n%e*°"”7 (19

and the limit  — % is well defined and easily computed from above. It is easy to see that k(r,t) scales as follows.

Lemma 2: For a > % and ¢ sufficiently large, k(r,t) ~ emar,

3We can generalize the model by setting R(i) = § ln% for some constant § # é However, this generalization is out of the scope of the paper.

4If we wish to maintain a connected graph at any time instance, a node that picks coordinates for which d;; > R(i) V3, can randomly re-select new ones,
until d;; < R(3) for at least one j.

STt is easy to draw f(r,t) and see that it increases exponentially with , but as r approaches R(t) there is a turning point, where it starts decreasing,
reaching zero at » = R(t). This however, turns out not to affect our construction of power-law graphs.



Proof: For a > 5 L the scaling behavior of Equatlon can be determined by looking at the leading terms, i.e., the terms
multiplied by e~ 37, Therefore we look at the sum:

(ﬂf%e‘ﬂ i e
2a 1 1 1
) <W<a—>> BT <w<a = D2) (R~ r)elr

< & ) 5”‘( : )6( / ~GowmD) & emaT
| —— e ~e N e 2,
w(a—1) wa—12)  R()

1

where the last approximation holds for sufficiently large ¢. The same scaling behavior holds as o — 3. [ ]
We are now ready to turn our attention to the node degree distribution, which is given by the following theorem.
Theorem 3: The described growing model with o > % produces graphs with approximately a power law node degree
distribution P(k,t) ~ k=7, with v = 2 + 1.
Proof: The proof is s1m11ar to that of Theorem |1 I For ¢ sufficiently large, by Lemma |2 ~ e~ 2", Hence, 7(k,t) ~
—2Ink. By Lemmal[l] f(r,t) ~ e®", approximately. Therefore, P(k,t) ~ f(7(k,t),t)|7 (k, t)\ ~ k Y, withy=2a+1. ®
We thus see again that we can create power law graphs with any exponent y > 2.

The average node degree k(t) = R(®)

N[—=

N
ey
=

—

O E(r,t) f(r, ) dr, is:

k(t) ~ 2ac (e(“_%)R(t)Cl — aR(t)?’Cy — R(t)C3 — 04) , (20)
where Cl = W, C = % 03 = ﬁ, 04 = 7"(%*5) (m + 1) and the limit o — % is again

well defined and easﬂy computed From Equatron (20) we can thus see that the constant ¢ of our model can be used to set
the average node degree to a target value for when the number of nodes in the network becomes ¢. Notice that for fixed c
and o — the exponential term in Equation li vanishes and k(t) grows very slowly with ¢, as a function of Int, since
R(t) =1 1n <. This is desirable, as in many practical cases, we Would like the average node degree not to depend (at least
51gn1ﬁcantly) on the system size. Interestingly, by Theorem l a=3 ylelds degree exponent v = 2, which as we have seen
in Section |III] also maximizes the efficiency of greedy forwarding.

In Figure E} we demonstrate the accuracy of our predictions. The figure corresponds to a growing network with parameters
a = 0.75, i.e. target v = 2.5, and ¢ = 0.0014, i.e. target k(t) = 6.5 when t = 10000. Figure la) shows, in semi-log scale,
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Fig. 5. (a) k(r,t) at t = 10000, and (b) degree ccdf at various ¢.

that Equation closely matches simulations. Figure [5(b) shows, in log-log scale, the behavior of the degree ccdf as the
network grows, i.e., at various t. The ccdf approximately follows a power law with slope, i.e., exponent, virtually independent
of ¢, as our theoretical arguments suggest. E] The exponent y is approximately 2.5. We further observe that the ccdf is slightly
shifting to the right, indicating that the average node degree in the network grows slowly. At ¢ = 10000 the average degree is
6.5768, which is very close to our target one. Similar results hold for other parameter values.

B. Decentralized implementation

As mentioned earlier, to build a network in a decentralized manner, each arriving node needs to be able to discover the
current number of nodes in it, and its neighbors. Below, we give an example of an efficient greedy algorithm for doing so, at
least approximately. Note that this is by no means the only algorithm. Other techniques and optimizations are possible and it
is in our future plans to identify the best such technique(s).

Discovering the current number of nodes in the network and their coordinates: Each arriving node contacts a random
node currently in the network, which acts as a bootstrap node. If it cannot contact a node, then the system is empty. The
bootstrap node then sends an exploration packet to the network. In a nutshell, the lifetime of the exploration packet is as

Note that if P(k) is power law with exponent 7, then P(k > k') is power law with exponent v — 1.



follows. Each hop that receives the packet first registers in it the coordinates and ids of its neighbors and of itself, and then
forwards it to its highest degree neighbor that has not seen the packet before. The process terminates when all neighbors of a
node have seen the packet. Below, we describe the process in detail.

The exploration packet starts from the bootstrap node and keeps a list of the node ids it has visited, denoted by Ly . It also
keeps a list of node ids along with their corresponding coordinates, denoted by L. Each node that receives the packet records
its own id into Ly, and its id and coordinates into L¢. Further, it also records the id and the corresponding coordinates of each
of its neighbors into L. The node then selects from its neighbors that are not included in Ly, the one with the maximum
degree, and forwards the packet to it. The process terminates when all neighbors of a node are listed in Ly, in which case
the exploration packet is sent back to the bootstrap node. The list L is then given to the arriving node.

This process, called “search utilizing high degree nodes”, is very efficient in power law graphs. In particular, for degree
exponents 2 < 7y < 3, the exploration packet can discover a very large percentage of the nodes in the graph and their coordinates
(recorded in L¢), by traversing only a small number of hops h ~ N =3 (recored in Ly/), see Chapter 13 in [4]. Having
an estimate of the number of nodes, the arriving node can compute the current hyperbolic disc radius, and in turn, its own
coordinates. Further, knowing the hyperbolic disc radius, the coordinates of the nodes, and their ids, it can compute to which
nodes to connect to.

Note that extensions of the above basic technique are also possible. For example, one can impose upper bounds on the size
of the Lo list. Once these bounds are reached, the current Lo list is returned to the bootstrap node and then cleared in the
exploration packet. This extension adds control on the maximum size the exploration packet can have.

C. Greedy forwarding

We now evaluate via simulation the performance of greedy forwarding in highly dynamic conditions, where nodes randomly
arrive and depart the system. Our setup is as follows.

Without loss of generality, time is slotted. During each time slot, a new node arrives w.p. p = 0.1, and each node currently in
the network departs w.p. ¢ = 0.00001. Initially the network consists of 0 nodes. An arriving node joins the network according
to our growing model. It also discovers the current number of nodes in it and their coordinates according to the procedure
described earlier. In our experiments below, the exploration packet discovers, approximately, on average 95% of nodes in the
network, by traversing only 1.5% of the nodes. If all neighbors of a node depart, the node re-initiates the join process to
reconnect to the network. To ensure that the network remains connected, we assume that the first ¢4, = 200 nodes that arrive
never depart. According to our growing model, these will be, on average, high degree nodes. High degree nodes are required
to maintain connectivity in scale-free graphs [4]. Also, see discussion in Section

The average number of nodes in the network grows and stabilizes at the steady state value t_steady = B + tstare = 10200. []
Notice that “‘“d fy ~ 2%. Since the network grows on average until it reaches steady state we can use our earlier growing

model analysis to make approximate/rough predictions. [ﬂWe set the system parameters to o = 0.5 and ¢ = 0.01. According to
our earlier analysis, using as target number of nodes the average number of nodes in steady state ¢s¢cqqy, these will correspond
approximately to an average node degree E(fstaady) = 6.5 and degree exponent ¥ = 2. Recall from Section m that v = 2
maximizes the efficiency of greedy forwarding. Also, as explained, for v = 2 the average degree depends logarithmically on
the network size. Therefore, even rough estimates of the tsteady value would be sufficient.

Figure Eka) shows the average node degree k(t) as a function of the current number of nodes ¢ in the network, until and
when we reach steady state. The average degree grows initially and then stays above, but close to, our target value of 6.5.
Figure [6b) shows how the degree ccdf behaves. The degree exponent is v ~ 2 and does not change as the network grows, as
expected.

As mentioned in Section (III}), more sophisticated yet still simple GF strategies may be able to achieve better performance
than our simple OGF and MGF strategies, even under more dynamic network conditions. One such strategy that we now
explore is the Gravity-Pressure Greedy Forwarding algorithm (GPGF), suggested in [7]] and described below.

Gravity-Presure Greedy Forwarding (GPGF). Each packet carries a bit to indicate whether the packet is in Gravity or Pressure
forwarding mode. The packet starts in Gravity mode, where the forwarding procedure is exactly the same as in our OGF
algorithm. However, if the packet reaches a local minimum, it is not dropped as in OGF. Instead, it first records the distance
of the local minimum to the destination, which we call current local-minimum distance, and then enters Pressure mode. In
Pressure mode, the packet maintains a list of the nodes in the network it has visited since it entered this mode, and the number
of visits to each node. A node that receives the packet first determines all neighbors that the packet has visited the least number
of times, and selects among those the one with the minimum distance to the destination to forward the packet to. This process

7Of course, in steady state we still have node arrivals and departures but the network does not grow on average. Formally, if #(s) is the average number
of nodes in some time slot s excluding the first ¢s¢are nodes, and £(s + 1) the corresponding number in slot s + 1, then (s + 1) = #(s)(1 — q) + p. The
steady state value of £(s) is given as lims— 0o £(8) = lims— oo t(s + 1) = p . Adding tstqrt to this last quantity yields Zsteqdy-

8 An exact analysis would need to account for the specific node arrival and departure processes, and it is out of the main focus of this paper.
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Fig. 6. Dynamic networks.

continues until the packet either reaches the destination or a node whose distance to the destination is smaller than the current
local-minimum distance. In the latter case, the packet switches back to and continues in the Gravity mode.

The success ratio of GPGF is guaranteed to be always ps=1, irrespectively of the geometry of the underlying space. A
formal proof is given in [7]. We also verify this as a function of the current number of nodes ¢ in the network, in Figure [6{c).
What is not guaranteed by the algorithm is the stretch, which can be enormous, as in the worst case a packet may need to visit
all nodes in the network to find its destination! However, in Figure @d) we can see that its performance in terms of stretch
is also exceptional in our networks. In particular, we see that the average stretch 5 remains extremely close to 1, while the
maximum stretch max(s) never exceeds 2. As before, this remarkable efficiency is due to the congruency between scale-free
network topology and underlying hyperbolic geometry, which persists even under highly dynamic conditions.

V. DISCUSSION

In addition to the their theoretical importance, our findings can find significant applications in overlay network constructions,
e.g., [19], [21]. For example, the idea of using an underlying geometry to guide the forwarding process is similar in spirit to
Distributed Hash Table (DHT) overlay architectures [19]. In these overlay networks, messages searching for data content are
usually greedily forwarded, based on some distance metric, to the node in the network that is responsible for the data, usually
the node that is closer to the data in terms of the distance metric. The main objective is to have low average node degree, and
a low search, expressed as the average number of hops until the search packet finds the responsible node [19]. Both of these
metrics should grow slowly with the number of nodes in the network V. However, the best search efficiency of O(Inln N) with
O(1) average node degree, can be achieved only when the network is scale-free; it is only in scale-free networks that shortest
paths grow as ~ Inln NV, independently of the average node degree [4]. Therefore, given that greedy paths are approximately
shortest in our networks, as well as the extreme robustness of greedy forwarding in dynamic conditions, which does not require
any updates to be exchanged into the network, our findings can be used in such contexts or in similar ones, such as in overlay
routing [21], to improve routing/search efficiency.

However, note that by no means are we proposing a solution in this paper that it is better than all existing overlay architectures
in all aspects. For example, there are cases where it is desirable that all nodes in a network have similar degrees, which is
not the case in scale-free networks where the degree distribution follows a power law. As another example, while it is well
known that scale-free networks are robust to random node failures/departures, they are vulnerable to failures of the highest
degree nodes, which can result in network disconnection [4]. To address this, one may want, for example, to allow for a
hybrid architecture with resilient super-nodes (the high degree nodes) [11]], or use techniques similar to those in [28] to ensure
recovery when such nodes fail. However, as we have demonstrated in the previous section, it is enough to ensure that only
the first few nodes that arrive into the system, which consisted in our experiments of 2% of the total steady state number of
nodes, do not fail.

Finally, notice that in addition to applications in overlay networks, our findings also suggest that forwarding information
through existing scale-free networks, like the Internet, may be possible without requiring global topology knowledge and routing
updates. As one of the most serious scaling limitations with the existing Internet architecture is the communication overhead
of deployed routing protocols [20]], our findings are also of special interest in this context, as they may lay the groundwork
for potentially moving to an Internet where efficient forwarding can take place without this overhead.

VI. CONCLUSION

This paper shows that scale-free network topologies naturally emerge from, and are congruent with, hyperbolic geometries.
This congruency can be used to efficiently guide the forwarding process to find destinations with 100% success probability,
following almost optimal (i.e. shortest) paths, even under dynamic network conditions. Our findings complement the impor-
tant work in [14], and can have several practical applications in overlay network construction for improving routing/search
performance.



There are several interesting directions for future work. One is to explore other techniques for decentralized implementation.
Another is the design of greedy forwarding strategies that could also be used for improving other network performance metrics,
e.g., strategies that could avoid congestion areas, perform load-balancing, and so on.

Finally, this paper also suggests that forwarding information through existing scale-free networks, like the Internet, may be
possible without the current overhead of routing protocols. To answer this question, one of the most interesting, yet challenging,
future work direction is the following inverse problem: Can we embed any given scale-free graph, e.g., the real Internet topology,
into a hyperbolic space, and greedily forward through this embedding with similar efficiency? How can each node in this graph
compute its coordinates in the space having no global knowledge of the graph topology, so that the resulting embedding is
congruent with the space?

APPENDIX — GROWING MODEL ANALYSIS

Here we look at a growing network at some time instance where the number of nodes in it is some value ¢, and derive
the approximate expressions for the node radial density f(r,¢) and the average node degree from the hyperbolic disc center
k(r,t). As before, let’s number each node by its order of arrival. Recall that there are no node departures and that each node
i > 1 that arrives to the system computes a hyperbolic disc radius R(i) = éln % The radial coordinate r € [0, R(7)] of node
i is distributed according to the density f(r|R(i)) ~ ae®("—F),

We start with f(r,t). Let {R(1)...R(t)} be the sequence of the hyperbolic disc radii that nodes {1...t} compute on their
arrival, and let R be the random variable representing the computed disc radius of a randomly selected node from {1...z}. It
is easy to see that for i € {1...t}, P(R < R(i)) = ¢ = 22272,5; = e(RO)—-E(®)),

We treat R as a continuous random variable. As we see in Section [[V] this does not affect the accuracy of the predictions.
Therefore, if we denote by F(R,t) = e*(f~F(!) the distribution function of the computed disc radius R, then the probability

density function of R, denoted by f(R,t), is:

f(R,t) = aeB-R®)

and it is obtained by differentiating F'(R,t) w.r.t. R. Since, given the value of R a node computes its radial coordinate r
according to:
f(r|R) ~ ae®r=1),

and r < R < R(t), we can write:
R(#)
f) = [ SRR IR ~ 0 (ReE) — r)esr ), @

which is Equation (16).

We now proceed with k(r,t). We can break k(r,t) into two parts. The first is k;yi¢(7,t), which is the initial average degree
of a node with radial coordinate r, i.e., the average number of nodes, already in the network, that the node connects to when
it arrives. And, the second is /_fnew(T‘, t), which is the average number of new connections to the node at r, coming from new
nodes that have arrived to the system after it. Clearly:

E(r,t) = kinit(1,1) + knew (7, 1). (22)

We first compute k¢ (7, t). Suppose that the node at 7 computed a disc radius equal to R when it arrived. According to
our model, the node then connected to all other nodes in the network, for which the hyperbolic distance to it was d < R. The
average number of these nodes, denoted by ki (r|R), can be computed in exactly the same way as k(r) in the model of
Section In particular, it is the average number of nodes that lie in the intersection area of the two discs of the same radius
R, one in which all current nodes reside, and the other centered at distance r from the center of the first disc. The node radial
density at the time that the above node arrived is given by setting R(t) = R in the f(r,t) formula as the current disc radius
where all nodes reside was R < R(t). Let’s denote this density by f(r, R) so that we do not confuse it with f(r,t). In other
words:

f(r,R) = a*(R —r)e*" 1),

Using Equation (8) with y = R and N = ce®¥, we have:
R—r R
1. aR ! / 1 ! /
kinit(r|R) == ce fOr',R)dr' + — f(r' R)Odr' 5, (23)
0 T JR—r
where 0, ~ 2e2 (B~ e=27 After performing the integration, we can deduce that:

Kinit(r|R) =~ ceaRG(r), (24)



where:
20[2 n (1 2a ) ) —ar+ 2042 —%T

_ ———ar]e ———e 27,
ra—32 T =) SO
i.e., G(r) in Equation || whose limit « — 3 is G(r) = (1+ 5 + %)e‘ér. Note the Equation is approximate and is
accurate for o > 1. ) )

Removing the condition on R from k;,;:(r|R), by accounting for all possible R with r < R < R(t), gives kinit(r,t). To
do so, we need the conditional probability density of R given that a node’s radial coordinate is r, denoted by f(R,t|r). Given
f(r|R), f(R,t) and f(r,t) as above, we can write

f(R7 t|T) =

G@):(l—

f(r|R)f(R,t)
flrty

Therefore:

- R(t) 1 — e~ (R(t)—7)
kjini ,t) = k‘m,‘ R R, tir)YdR ~t———G . 25
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We now proceed with l?:new(r, t). Let N,y be the number of new nodes that arrived to the system after a node with radial
coordinate 7. Clearly, the computed hyperbolic disc radius R’ of a new such node satisfies » < R’ < R(t). According to our
model, the new node connects to the node at r only if the hyperbolic distance to it is d < R’. We next compute the probability
of this event.

To do so, we first need to compute the probability P;(r|r’, R’), which is the probability that there is a link to a node with
radial coordinate r, coming from a node with radial coordinate 7' whose computed disc radius is R’. Recall that the hyperbolic
distance d between two nodes with coordinates (r,6) and (r/,6’) is given as:

d = arccosh (cosh r cosh ' — sinh r sinh 7’ cos Af) ,

where A6 the angle between the two nodes. To simplify the analysis we look for approximate expressions for d. Unfortunately,
there is no single one. Assuming that R’ >> 1, there are at least three important approximations:

r—l—r’+2lnsin% if v, > 1; A0 > 0,
d =~ ‘T—T/|+i€2T/(A9)2 if r>7r">1A0<1,
\r—r'|+%(A0)2 ifr'>r>LA0<lorr<R;r">1orr> ;1" <R.

One can check (e.g., using command Manipulate in Mathematica v.6) that all these approximations nicely glue to each
other at different values of A6, with the gluing point position depending on specific values of r,7’. Since the node density
is exponential, there are very few nodes at r < R’ and ' < R/, therefore we can neglect the approximations for r < R’
or v’ < R'. For r,7" > 1, the gluing point is always at Af < 1. Therefore we can completely neglect the second and third
approximations, and use only the first one, which for sufficiently large r, 7’ and A6, further simplifies to:

d%T—FT‘/—FQlH%.

Since there is a link between the two nodes only if d < R’, we have:
Py(rlr’,R') = P(d < R') ~ P(Af < 23 (B ="'~y

Further, since the angular coordinates of nodes are uniformly distributed in [0, 27], Af is uniformly distributed in [0, 7].
Therefore, we can write:

1 ifr" <R —r—2InZ
DI > 2
ner )~ 4l o

To find the probability that a new node with a computed disc radius R’ connects to the node at r, we only need to
remove the condition on 7’ from Equation Let’s denote this probability by P,(r|R’). Since r’ is distributed according to
(") ~ ae*" =F)  we have:

. (26)
otherwise.

R/7T72 11’1% ’ / R/ 2 1 / ’ ’ /
Pi(r|R') ~ / e =R gl 4 / Zea(R=r'=n) qea(r' =R gyt
0 R'—r—2InZ T
2c _1 1 _ T _ ’
_ —e 5T _ —e 20¢ln26 ar _ o aR
m(a—3) 2(a—3)
2 _ 1. 1 _ T _
~ e~ 3T _ e 2aIn T T 4 P(T), (27)



which is Equation Ii The last approximation is accurate for o > % as we are ignoring the term e R’ We thus see that

the probability that a new node connects to a node with radial coordinate r is approximately independent of the exact value of

the new node’s computed disc radius R’ and depends only the radial coordinate r of the (old) node. Further, the limit ov — %

2
is P(T)—> %(14—111%—1—%7“)@_%7“_ )

Now, given that the node at r was the i" node arrival, Nyey = t — i. If kpew (r,t]?) denotes the average number of new
connections to node 7, we can write:

Enew (7, t]i) &= (t — i) P(r) = (t — ce®RO)P(r).

To find I_cnew(r, t), we need to remove the condition on the index i. In other words, we need to account again for all R with
r < R < R(t). The conditional density of R, f(R,t|r), was computed earlier. Therefore:

_ R(1) — e~ (R(t)=)
Epew(r, t) & / (t — ce®®)P(r) f(R,t|r)dR =t (1 — W) P(r). (28)

Adding ki (r, t) from Equation (25) and ke, (7, t) from Equation (28)), we get:

. 1 e—a(R(H)-7)

E(r,t) =t {P(r) + W (G(r) — P(r))} , (29)

which is Equation and the lim,,_, 1 k(r,t) can be easily computed.

Note that Theorem [3| states that we can create power law graphs with v = 2o 4+ 1 > 2, as our analysis above holds for
o> % For o < % our analysis above does not accurately hold. However, we have experimentally verified that we can again
generate power law graphs where the exponent is v = 2.
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