N
N

N

HAL

open science

Geometry of information propagation in massively dense
ad hoc networks

Philippe Jacquet

» To cite this version:

Philippe Jacquet. Geometry of information propagation in massively dense ad hoc networks. [Research

Report] RR-4992, INRIA. 2003. inria-00071586

HAL Id: inria-00071586
https://inria.hal.science/inria-00071586
Submitted on 23 May 2006

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://inria.hal.science/inria-00071586
https://hal.archives-ouvertes.fr

ISRN INRIA/RR--4992--FR+ENG

ISSN 0249-6399

ZIINRIA

INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE

Geometry of information propagation in massively
dense ad hoc networks

Philippe Jacquet

N° 4992

THEME 1

apport
derecherche







Zd I N RIA

ROCQUENCOURT

Geometry of information propagation in massively dense
ad hoc networks

Philippe Jacquet *

Théme 1 — Réseaux et systémes
Projet Hipercom

Rapport de recherche n® 4992 — — 10 pages

Abstract: Using the fact that effective wireless range decraise in inverse function of local
traffic density, we show that a variable traffic density impacts the curvature of paths in a
dense wireless ad hoc network the same way a variable optical density bends light paths.
We set up the general laws that paths must satisfy in presence of traffic flow density. We
quantify the effect and we give some example of configurations treated analytically.
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Géomeétrie de la propagation de 'information dans les
réseaux mobiles ad hoc massivement denses

Résumé : Nous utilisons le fait que la portée effective dans les réseaux sans fil décroit
en raison inverse de la densité locale du trafic, nous montrons que toute variation spatiale
de la densité de trafic joue sur la courbure des trajets de propagation des paquets dans des
réseaux mobiles ad hoc denses, un peu comme un indice optique variable courbe les fais-
ceaux lumineux. Nous quantifions ’effet et nous traitons analytiquement quelques exemples
simples.

Mots-clés : Mobile ad hoc, propagation de paquets, routes optimales, courbures de trajets.
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1 Introduction

In their reference paper on the capacity of mobile ad hoc networks, Gupta and Kumar [3]
showed that the radius of correct reception decays in inverse of square root of radio emitter
density. This estimate was originally derived from information theory considerations and
is not related to any particular network implemetation. In [1] we rederived this results in
a particular network implementation where time is slotted and transmitter are dispatched
randomly and uniformly on a planar map. Let A be the density of transmitter per unit area
and per slot, A is expressed in bit per square meter per slot. It turns out that the radius of
the correct reception of a packet within a certain probability is equal to % where quantity
B depends on the given probability, the attenuation coefficient of wave propagation and the
signal-over-noise ratio required for correct reception (see [1] for more details). This comes
from the fact that the disk of correct reception within a given probability contains a finite
number of transmitters, thus has an area proportional to %

If we consider a network dispatched a map of dimension D then the estimate of the radius
will be )‘1% In the sequel we will look at 2D maps generalizing occasionnaly the results
on any dimensional maps. When the density A increases in a map kept constant then, the
minimum number of hops connecting two points A, B tends to be equivalent to d(A4, B)%
where d(A, B) denotes the euclidian distance between mobile A and mobile B. Meanwhile,
the increase of the number of relays naturally increases the traffic density. If v is the actual
traffic density generation per unit area, i.e. the traffic locally generated on mobile nodes,
not the traffic relayed by the mobile nodes, then the average density traffic will satisfy the
identity: A = I/J% where d is the average euclidian distance between two end points in a
connection.

This previous identity assumes that the pattern of path between points covers the map
in an uniform manner so that the traffic density, generated and relayed, is constant on the
whole map. In this case the path that connect two points with the minimum number of hops
is very close to the straight line. But the question arises about the shape of the optimal
path when the traffic density is not uniform. This paper will address the case where the
traffic pattern is not uniform and when the traffic density is high enough that it makes the
efficient radio ranges infinitely small (in the scale of the map). We will address the problem
on its macroscopic aspect where connection paths only affect traffic density at infinitely
small scale. In other words we deal here with asymptotic case.

no mobility, so far, etc. Problem with optimal path affecting density, and vice versa.

2 Massively dense networks

We consider massively dense networks on a 2D map. We denote by A(z, y) the traffic density
at point of coordinate (x,y) on the map. We suppose that function A(z,y) is continuous in
(z,), or at least Lebesgue integrable. When A(z, y) are uniformly large then the radio ranges
tend to be “microscopic” and routes can be considered as continuous lines between nodes.
Packets travelling on a route C passing over point of coordinate (z,y) will experience hops of
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4 P. Jacquet

length \/% when passing in the proximity of point (z,y). Let n(z,y) = %, the number

of hops that a packet must experience on route C is close to the integral: [, n(x(s),y(s))ds
where s is a curvilign absciss on route C.

In the sequel we are looking for route with the shortest hop number and we conjecture
that it is optimal in terms of traffic balancing and local performance in terms of delay and
throughput. Of course this comes with the assumption that any new connections provides
only infinitesimal increment of the traffic density. Searching the path that minimize the hop
number between two points A and B is therefore equivalent for looking for the path light
between A and B in a medium with non-uniform optical index A(z,y). It is known that the
optimal path satisfies on each of its point z(s) = (z(s),y(s)):

d dz(s),
D (o) 22 = Wn(a() 0

where V is symbol of gradient vector. Therefore finding the optimal path is just an appli-
cation of geometric optics.

However we face a major problem in the fact that the distribution of path is actually
impacting traffic density. This lead to an egg-and-chicken problem which may not that easy
to solve. We call ®(z,y) the flow density of information transiting in the vicinity of point
(z,y). Quantity ®(x,y) is expressed in bit per meter, since it express the flow of packet
crossing a virtual unit of segment of length of 1 meter centered on point (z,y). This flow
impact the traffic density by the fact that each packet must be relayed each 8/1/A(z,y) in
the vicinity of point (x,y). Therefore locally:

Aavy) = 8, Y25 @)
In other words A(z,y) = (%)2 and
na,y) = 25V 3)

When considering map of dimension D we have A = @% and n = (é%)ﬁ Notice that
the equations are singular when D = 1.

As an example we can assume a planar map massively and uniformly filled with mobile
nodes and gateway nodes. We denote by ug the spatial density of gateways. We assume
that the mobile nodes are much more dense than the gateways. We denote by v the traffic
density generated in any point. v is expressed in bits per square meters per slot. The flow
density ® is constant in the map and is equal to vd. We suppose that mobile nodes sends

and receives flows from their closest gateway. Therefore d = fooo exp(—mpugr?)dr = 2\/1@:

(4)

v

2\/pG

¢ =

INRIA
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3 Examples
As a general framework we rewrite equation (1) that we rewrite in

d  dz Vn?
n@(”a) =5 (5)

This equation has a straightforward analogy with dynamics. It turns out that if a particle

moves at speed n(z) on every point (z), then traveling on an optimal path implies that
vn?(z)
3

the particle is submitted to an acceleration , or, in other words, it is submitted to a

potential @

3.1 The central gateway

We suppose that the map is a disk of radius R where nodes on the border maintain permanent
and identical flows to a gateway located in the center of the disk. Our aim is to describe
the shortest path between two points A and B which are inside the disk.

Nodes on the outer circle transmit datas toward the central gateway (or equivalently
receive data from the central gateway). By symmetry considerations, the shortest path
between the gateway and any node on the circle just follows the radius drawn from the disk
center to this node. Thus we have the identity:

R
P(z) =0— 6

(@) =ty (6)
where £ is the linear density of traffic generated on the circle, expressed in bit per meter per
slot. We notice that there is a singularity when z = 0. We can cope with this singularity by
removing from the map a disk of smaller radius r < R, and imagining that the inner circle
contains gateways uniformly distributed. Nodes access their closest gateway and their path
follow the radius.

If we take the analogy with dynamics, the optimal path between two points is the tra-
jectory of a moving body at speed |z| = n(z) = B‘;—Ile and acceleration z = 1Vn?(z) =
—(ﬂzf;zp)?z. Since the aceleration is central, i.e. is colinear with the vector z, Kepler’s
law of area conservation applies: The area of the triangle made by vector z and vector z
is constant on the body trajectory. Since this area is equal to 2% where 6 is the angle
between radius vector and speed vector. It turns out from Kepler’s law that 6 is constant
and we can state the theorem:

Theorem 1 The optimal path between two points A and B in the central gateway config-
uration is the portion of logarithmic spiral centered on the gateway that connect the two
points.

Corollary 1 When the two points are at same distance to the gateway, then the optimal
path is the portion of circle centered on the gateway connecting the two points.

RR n° 4992



6 P. Jacquet

The consequence of this is that the optimal path is never the straight line and when
the point are opposite with respect to the central gateway, then the optimal path starts
orthogonally to the linear segment connecting the points.

Figure 1: Optimal path between points A and B in the central gateway configuration.

3.2 The border gateways

We take the same disk map as in the previous example. Now we assume that the gateways are
densely and uniformly distributed on the border of the outer circle and all nodes generates
uniform traffic toward their closest gateway, i.e the gateway which is on the radius of the
circle that contains the node. Due to symmetry consideration, the shortest path to the
gateway is the radius segment. Thus easy algebra gives

kd

B(z) = () (7)

INRIA
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Figure 2: Optimal path between two opposite points A and B in the central gateway con-
figuration.

where £ is the linear density of information arriving on the outer circle. Taking the analogy
with the body in motion, an optimal path is the trajectory of the body in motion such that
|z| = v|z| and Z = v?z with v = RLEZ"

The solution of the differential equation on time variable t is the form z = etu + e tv
where u and v are arbitrary vectors. The identity |z| = +y|z| implies that the vectors u and v
must be orthogonal. Consequently an optimal path must be a branch of hyperbol. However
a branch of hiperbol can only connect nodes A and B that form an angle smaller than 7
with the disk center. When the angle is larger then the shortest path is simply made of the

union of the two segments connecting the center with the nodes A and B.

Theorem 2 In the border gateway configuration on a disk of center O, the optimal path
between two nodes A and B is the following:

(i) When the angle in O of the triangle (A, B,O) is less than T, then the optimal path is
the branch of hiperbol that connect the two points A and B;
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(ii) When the angle in O of the triangle (A, B,O) is larger than or equal to T, then the
optimal path is the union of the segments (A,0) and (O, B).

Figure 3: Optimal path between two points A and B with angle with center smaller than

3, in the outer gateways configuration.

4 Information flow tensor

The previous examples were tractable because the path to the gateways were determined a
priori by symmetry considerations and are not disturbed by the variation of parameter n(z).
In fact the problem is that the information path and the traffic density mutually affect each
other. We have to describe the information flow in more details. Let consider a point (z,y),
let u; be the sequence of information flow vectors passing in the vicinity of this point, each
vector is expressed in bit per meter. We define the tensor of information flow vector T the

INRIA
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Figure 4: Optimal path between two points A and B with angle with center equal to 7, in
the outer gateways configuration.

following:
1
T(z,y) = Z —|“'|Ui ®u; 8)
. (]
2

The definition is equivalent to the tensor stress-energy in physics. We have ® = tr(T) =
> ; |ui]. The divergence of T can be interpreted as local generation of information flow:
V - T = v where v is the sum of all information vectors generated in the vivinity of point
(z,y). An information vector v is when information is generated in volume |v| on point

(z,y) and is transmitted toward a path with initial vector R
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Figure 5: Optimal path between two points A and B with angle with center greater than

7, in the outer gateways configuration.
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