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Mean Degree of Ad Hoc networks in Environments
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Abstract—What could be de mean degree of an ad network
within a limited size environment containing obstacles? Does it
depend on the number of obstacles? On their size? On their
surface? On their position? All together? In this work we
answer these questions and to others. We provide a method for
computing the mean degree of an ad hoc network in a limited
size rectangular area with the presence of obstacles. We show
that, under a restricted set of assumptions, the value of the
mean degree may be computed using a generic formula which
parameters depend on the size of the environment and on various
geometric characteristics of the obstacles.

I. INTRODUCTION

Let us consider a set of wireless-enable communicating
devices, later called stations, nodes or sensors according to the
context. If these stations are able to self-organized themselves
in order to build a communication network without relying
on any infrastructure, they form an ad hoc network. Neither
supervision nor centralized control is necessary for building
the network. In this work we propose to study topological
properties of the underlying communication graph. Such kind
of studies may help understanding the performances of algo-
rithms operating on them.Such studies may produce key results
for calibrating wireless sensor networks in order to obtain, with
high probability, connected networks after deployment or may
provide some information from which the lifetime of these
sensor networks can be estimated.

In this paper we propose a method for computing the
mean degree of such networks, a first step in the direction of
estimating their probability to be connected. The considered
environment of deployment is a square or a rectangular area
containing obstacles. These environments represent simplified
models of urban areas that may be considered as the most
natural environments for such networks. Indeed, nowadays,
because of both economical and environmental preoccupa-
tions, many sensors are present in city centers. Moreover,
a large portion of the population and a growing number
of cars are equipped with smartphones or others wireless-
enabled communicating devices, and all these materials could
technically self-organize to form an ad hoc network.

This work has been motivated by the emergence of two
tendancies. On the one hand, people studying ad hoc and
mobile ad hoc networks have tried to take into account ob-
stacles in their models of ad hoc networks. On the other hand,
many works have been devoted to the study of connectivity
properties of ad hoc networks. But, so far, no work has been
proposed for computing connectivity evidences in the case of
ad hoc networks embedded in environments with obstacles.
This work is a first attempt in that direction.

Most of existing works dealing with ad hoc networks with
obstacles focus on the mobility of stations, moreover, two
types of obstacles are generally considered. The first one
corresponds to non solid obstacles; areas where no station
can be positionned but that do not prevent the propagation
of the signal. Thus, only the movements of stations are
constrained by these areas. Manhattan, freeway or pathway
mobility models [2] fall in that category. The second type of
obstacles are solid ones. In that case, not only the movement
of stations but also the propagation is constrained by the
obstacles. For the movement of stations, many scenarios have
been developed to avoid them. For instance, in [15] [12] nodes
move according to a Voronoi tessellation. For the coverage,
obstacles can impact directly nodes coverage and influence
their connectivity. This impact depends on the permeability of
wall of obstacles. Recent works address this problem. In [?],
the propagation is in line-of-sight i.e there is a link between
two stations if and only if they are mutually and linearly
visible. The environment is a torus composed of Manhattan
lines. The coverage of nodes is a distance and the connectivity
is approximated by considering an infinite number of nodes.

II. MODELS ET METHOD

A. Models

We consider three models: a model of signal propagation,
a model of station and a model of environment.

All stations are supposed homogeneous and equipped
with omnidirectional antenna. In addition they all have the
same power for emitting signal. Such stations are randomly
and uniformly distributed in the environment. After beeing
dropped or positionned within the environment each station
cannot move. The signal propagation model considered is the
pathloss model, the signal is attenuated with the distance,
and it also follows the restriction of line-of-sight propagation,
meaning that the signal is unable to pass through obstacles.
Thus, each station is then characterized by a transmission
range r and its coverage by a disk, centered at the station
position with a radius equals to r. Communication between
stations depend on their euclidian distance. If the distance
between two stations is greater than a given value (the
threshold), then no communication can occur between them.
On the contrary, if the distance is lower than the threshold
(r) and if the stations are in line-of-sight of each other, then
the communication can occur.

For the environment, we consider a limited, and bounded
(not wraparound), rectangular area of size L × l. Within this
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environment some obstacles are present. Obstacles may be
simple rectangles or may have more complex shape corre-
sponding to overlapping rectangles whose sides are parallel
to the borders, and whose edges are at least at long as twice
the transmission range of the stations, denoted as ∆ = 2r
(see Figure 1). Stations cannot be located inside the obstacles,
and the signal cannot pass through them. Finally, the distance
between two obstacles, or between the border and an obstacle,
has to be greater than or equal to ∆ (twice the transmission
range of the stations).

r

Station with its
disk coverage

≥ ∆

≥ ∆
≥ ∆

≥ ∆
≥ ∆

≥ ∆

Fig. 1: Obstacles may have different shapes obtained from
overlapping rectangles. However, some size and distance con-
straints have to be respected. Each edge of an obstacle has to
be greater than ∆ = 2r (twice the transmission range). The
distance between two obstacles or between an obstacle and
the border of the environment has also to be greater than ∆.

For computing the mean degree of the communication
graph of the ad hoc network, we consider the underlying
graph. Each node corresponds to a station and two nodes
are linked by an edge if and only if the euclidian distance
between the stations is lower than r and if they are in line-
of-sight of each other. As the transmission range of all the
stations is the same, and if we ignore obstacles, our graphs
are similar to unit disk graphs [8]. More generally, this type
of graphs used for representing ad hoc networks belongs
to the category of random geometric graphs as they were
defined by Penrose [19]. Such graphs are made of vertices
that are randomly, uniformly and independently, placed on a
k-dimensional space, and two vertices are linked by an edge if
and only if the distance between them is lower than or equal to
a given threshold r. In our context, we only consider a limited
2-dimensional space and obstacles may prevent two vertices
to be linked even if the distance between them is lowen than
or equal to a given threshold r.

B. Method

In most works on ad hoc networks, the method for deter-
mining connectivity properties relies on the fact that nodes are
distributed according to a Poisson point distribution obtained
as the result of the convergence of a binomial law when

the number of stations/vertices is high enough and when the
probability of finding a station within the transmission range
of another one has a low probability value. More formally, if
we consider a set of n vertices in an area without border but
limited in space, then the probability for a node to have a given
number of neighbors equals to k is equal to the probability of
having k nodes among n−1 included in its communicating or
coverage disk, whatever the stations. As the position of each
station is supposed independent, and if we denote by p the
probability of beeing in the disk, the probability for a vertex
to have a degree equals to k is equal to:

P (d(v) = k) =

(
n− 1
k

)
pk(1− p)n−1−k (1)

For n large enough and for small values of the ratio
coverage disk over total surface of the considered area, we can
give an approximate solution since the binomial law converges
toward a Poisson law if the previous conditions are verified.
Its general form is:

p(k) = e−λ
λk

k!
(2)

where λ is the parameter of the Poisson law and is also
the mean degree of the vertices of the network.

For environments with obstacles, expressing the probability
of a vertex to have a given number of neighbors in order
to obtain an expression that could be identified as a known
probability law is unlikely. Indeed, Bettstetter in [3] noticed
that there is a significant quantitative difference between
analytical values and simulated ones due to the border effect.
There exist at least two main ways for avoiding this problem.
One consists in considering a toroı̈dal distance instead of
the euclidean one, which prevents the borders to impact
the coverage of the stations. The second possibility consists
in dividing the simulated area in two parts, an inner part
and a border part, and only the nodes located within the
inner part are considered for the analyses. But none of these
solutions can be applied in our context since the borders
of the obstacles cannot be avoided or masked within the
simulation.

However, approximating the mean degree of a random geo-
metric graph in environments with obstacles remains possible.
The method consists in identifying in an environment with
obstacles what are the different zones for which the coverage
has to be formulated differently. For each zone some geometric
computations are performed in order to compute the mean
value of the coverage. Finally we combine the results in order
to obtain the value of the mean degree of the graph. We
first begin with an obstacle-free environment for measuring
only the impact of the border on the mean degree (Section
III). In a second step, we add one rectangular obstacle and
we show that the impact of the obstacle differs according to
its position within the environment (Section IV). Finally we
propose a generalization for environments containing many
obstacles with possibly various shapes (Section V).
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III. ENVIRONMENTS WITHOUT OBSTACLES

As it was underlined by many authors in the litterature, the
borders have an impact on the connectivity properties of ad
hoc networks deployed within bounded areas. In our method,
the first step for computing the mean number of neighbors of
stations in such networks consists in identifying the different
zones for which the coverage of stations varies. We consider a
rectangular area of surface S in which a set of n stations are
randomly and uniformly distributed. Let us denote (x, y) the
set of coordinates in the rectangular environment, where the
(0, 0) point corresponds to a corner, and p(x, y) the probability
of presence of a station at this position. Let δ be the station
density in the environment, δ = n

S and c be the coverage of
a station. Because of the border, c depends on the euclidean
distance of the station to the border. If this distance is greater
than or equal to r then c = πr2, but if this distance is lower
than r, then c = c(x, y) where (x, y) denotes the position of
the station in the rectangular environment. The degree d of
a station is the number of neighbors located in his coverage
area.

d(x, y) = δ × c(x, y)

In an obstacle-free environment, we can distinguish four
different zones, identified as zone 1, 2, 3 and 4 as illustrated
by Figure 2. In zone 3, the coverage corresponds to a disk of
radius r and in the three other ones to a non complete disk.
In zone 1, 2 and 4, the coverage of a station depends also on
its position within the zone, however it is possible to compute
the mean value of the coverage of the stations located in a
given zone.

1

2

3

4

Fig. 2: The four zones of the environment.

The node coverage c depends on the node position in the
environment. Let i be a given zone in the environment (i ∈
{1, 2, 3, 4}). Ci is the sum of coverages of nodes in the zone
i:

Ci =

∫ x1

x0

∫ y1

y0

ci(x, y)dxdy

The mean coverage Ci for a given zone i is:

Ci =
∑

(x,y)∈i

p(x, y)× c(x, y)

Let Si be the sum of zones i in the environment. As the
distribution of stations in the environment is uniform, the
probability for a node to be in zone i is then pi = Si

S . The
mean degree D of nodes in an environment containing k zones
is:

D = δ ×
k∑
i=1

[
Si
S
× Ci

]
(3)

Then, the mean degree depends on the density of nodes in
the environment, on the surface of the environment in which
the nodes are positioned and on the mean coverage of the
nodes in every zone.

r αy

αx

y

x

Fig. 3: Coverage of a station located in zone 1.

The zone 1 correspond to the quarter of the disk located
in the corner of the environment (see Figure 3). The coverage
of a node positioned in the zone 1 is given below:

If αx = arccos(xr ) and αy = arccos(yr ) (see Figure 3):

c1(x, y) = x.y + 3.π.r2/4− r2.αx/2− r2.αy/2
+x.r. sin(αx)/2 + y.r. sin(αy)/2

then

C1 =

∫ r

0

∫ √r2−y2
0

c1(x, y)dxdy

and: C1 = (π2 + 1)r2/(2π).

The same kind of computations can be performed for the
other zones and then:

C1 = (π2 + 1)r2/(2π)

C2 = (3π − 2)r2/3

C3 = π.r2

C4 = r2(24π − 32− 3π2)/(6(4− π))
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Let si (1 ≤ i ≤ 4) be the surface of one occurrence of a zone
i. We have:

s1 = πr2/4

s2 = r(L− 2r) or r(l − 2r)

s3 = (L− 2r)(l − 2r)

s4 = r2(4− π)/4

It comes that the cumulative surface of each type of zone i,
denoted by Si (1 ≤ i ≤ 4)is:

S1 = 4× s1 = πr2

S2 = 2× (r(L− 2r) + r(l − 2r)) = 2r(L+ l − 4r)

S3 = (L− 2r)(l − 2r)

S4 = 4× s4 = r2(4− π)

The mean degree of an environment without obstacle is
then given by formula 3 for which all the terms have been
determined in this section.
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Fig. 4: Evolution of mean degree in a square and a rectangular
environments. The minimum size of the square environment
is 2r × 2r. For lower sizes, areas 2 are overlapping, and the
formula are no longer valid. For the rectangular environment,
the length is the double of the width.

For comparing the theoretical values provided by the for-
mula with simulations, we fix some parameters and we make

vary the length and width of the environment. We consider a
fixed density of stations within the environment (δ = 0.0008:
80 stations for a 1000× 1000 square). The signal propagation
radius (r = 80) is the same for all stations. Each reported
point on the curve corresponds to 50 runs. As it can be seen
on Figure 4, the curves perfectly match, for both a square
(Figure 4a) or a rectangular environment (Figure 4b), meaning
that our approach is relevant. With a constant density δ, the
size of the environment affects directly the mean degree i.e.
the larger the environment is, the closer to the theoretical value
for border-free environments, the mean degree is. The impact
of the environment is also related to the loss of coverage of
nodes which are close to the borders (area 2).

From now, and for the rest of this paper, we will consider
only square environments of size l × l for simplifying the
formula.

IV. ENVIRONMENTS WITH ONE OBSTACLE

A. New Zones

We consider square environments in which one obstacle is
positioned. For sake of clarity, and without loss of generality,
the considered obstacle is itself a square of surface Sobs = a2

inside which nodes cannot be positioned. From the station’s
coverage point of view, the addition of an obstacle in the
environment leads to three new coverage regions zone 5,
zone 6 and zone 7. The last one is not strictly speaking a
new zone since the coverage in this zone is computed in the
same way as it is done for zone 2. However, we introduce this
new “sub”-area for simplifying the computations (see Figure
5).

2

7

5 6

r obstacle

Fig. 5: New zones: zone 5, 6 and 7.

For the nodes close to the obstacle we have to calculate
the coverage of a node positioned in one of these zones. For
zone 6 the coverage is constrained by the line-of-sight nature
of the signal propagation. We precise that the nodes cannot
move through the obstacle and the coverage of the nodes
cannot diffuse through the obstacle. Nothing change for the
first four zones.

Zone 7 is part of zone 2, however, for the clarity of the
formula and for an easiest expression of the mean degree we
have introduce this new zone. However, the way of computing
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the coverage of a node in this seventh zone is the same as for
zone 2. As it was previously done for the first four zones, we
determine the mean coverages for these new zones:

C5 = r2(2π2 − 1)/(2π)

C6 = r2(3π2 + 1)/(4π)

C7 = r2(48π − 32− 9π2)/(12(4− π))

According to the position of the obstacle in the environment
(top, corner or in the middle), each type of zone is not equaly
represented. Indeed, as we can see on Figure 6, when the
obstacle is centered we have four occurences of zone 5 while
it appears only once when the obstacle is positionned in the
corner. Thus, the mean degree depends on the number of
occurrences of each zone in the environment, thus on the
position of the obstacle.

(a) Corner

(b) Center

Fig. 6: Different positions for the obstacles with respect to the
borders

Let us now consider formula 3 and applied it for this type
of environment with one obstacle:

D1 =
δ

S

[
C1S1+C2S2+C3S3+C4S4+C5S5+C6S6+C7S7

]
The elementary surfaces s1, s4, s5, s6 and s7 of zones

respectively 1, 4, 5, 6 and 7 do not change regardless of the
position of the obstacles in the environment. The elementary
surfaces s2 and s3 of the zones 2 and 3 depend of the size
and location of the obstacles. s2 depends on the total length

of the perimeters for both the obstacles and the borders of the
environment, while s3 is equal to the surface of the environ-
ment from which are deduced the sum of the surfaces of the
obstacles and the sum of all zones i with i ∈ {1, 4, 5, 6, 7}.
The elementary surfaces s1 and s4 are the same as in the
environment without obstacle. The elementary surfaces of the
zones 5, 6 and 7 are given below:

s5 = πr2/4

s6 = πr2/4

s7 = r2(4− π)/4

Let So = a2 be the surface of the obstacle. Let Dk
j be the

mean degree of the environment such as k is the position of
the obstacle and j the number of obstacles contained in the
environment. When the obstacle is positioned in the corner,
we have for every zone i (1 ≤ i ≤ 7), the following total
surfaces Si:

S1 = 5s1 = 5πr2/4

S2 = s2 = 4rl − 12r2

S3 = s3 = l2 − 4rl − a2 − πr2/4 + 5r2

S4 = 5s4 = 5r2(4− π)/4

S5 = s5 = πr2/4

S6 = 2s6 = πr2/2

S7 = 2s7 = r2(4− π)/2

From that we can compute the theoretical value of the mean
degree when the obstacle is in the corner of the environment:

Dcorner
1 =

δ

l2 − a2
[
πr2(l2 − a2)− (8r3l)/3 + (5r4)/8

]
Some experiments have been performed for comparing the

theoretical curve with the results obtained from the simulation.
For the experiments we have chosen a square obstacle of size
200×200, a transmission radius equal to r = 80 and a density
equal to δ = 0.0008 (Fig. 7)

When the obstacle is positioned at the top or away from the
borders (e.g. in the center of the environment), we can apply
the same computation process and we obtain:

Dtop
1 =

δ

l2 − a2
[
πr2(l2 − a2)− 4r3(2l + a)/3 + 3r4/4

]
Dcenter

1 =
δ

l2 − a2
[
πr2(l2 − a2)− 8r3(l + a)/3 + r4/2

]
From the formula we can deduce that the impact of one

obstacle on the mean degree of the graph underlying the ad hoc
network is not exactly the same and depends on its position.
In particular we have: Dcorner

1 > Dtop
1 > Dcenter

1 , thus when
the obstacle is in the middle of the environment its impact on
the mean degree of the graph is maximized.
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Fig. 7: Evolution of the mean degree for an environment
containing one obstacle in the corner when the size of the
environment is growing.
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(a) Top
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(b) Center

Fig. 8: Evolution of mean degree when the obstacle is in the
top and in the center of the environment

In complement of the theoretical study, simulations were
performed as for the corner case (square obstacle of size
200×200, r = 80 and δ = 0.0008). The results show that the
theoretic values are very close to the experimental ones. From
the impact point of view, we can draw the same conclusions
from the experiments: the impact of the obstacle on the mean
degree of the graph is maximized when the obstacle is away
from the borders.

V. GENERALIZATION

In the two previous sections we have shown that environ-
ments with obstacles may be decomposed, from the coverage
point of view, in 7 zones. This decomposition depends neither
on the number of obstacles, nor on their size, nor on their
shape (with the restriction that obstacles have to result from
overlapping rectangles), but the mean degree of the underlying
graph depends on the number of occurences of each zone.
In this section, we show how to compute this mean degree
for different situations: when obstacles are organized in a
regular grid which corresponds to a urban model and when
the obstacles are not simple rectangles or square but resulting
from overlapping rectangles.

A. Grid-based Organization of Obstacles

We consider a set of square obstacles organized as a grid,
such that no obstacle is close to the borders. Obstacles are
embedded in an environment of size l × l. The obstacles are
of equal size a × a. As previously mentionned, the distance
between obstacles and between obstacles and the borders of
the environment has to be greater than ∆ that represents
twice the value of the transmission range. This situation is
represented by Figure 9.

Fig. 9: Environments containing four obstacles organized as a
grid.

As it has been done several times in the previous sections,
we can express the theoretical mean degree by counting the
number of occurrences of each zone since the mean value
of the coverage is invariant. From this process we obtain the
following formula:

Dgrid
4 =

δ

l2 − 4a2

[
πr2(l2 − 4a2)− 4r3

3
(2l + 8a) +

r4

2

]
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We compare this theoretical value with some experiments
fixing the size of the obstacles to 200 × 200, the density
to δ = 0.0008 and the transmission radius to r = 80. We
compute the mean degree evolution according to the size of
the environment. For every computation, the number of runs
is equal to 20. The results are reported on Figure 10. As
it was the case without obstacle and with only one obstacle
we can observe that both curves (the theoretical one and the
experimental one) are very close.
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Fig. 10: Evolution of the mean degree: square environment
with four obstacles.

B. Irregular Organization and Shape of Obstacles
The particularity of the formulation presented along this

paper is that it allows the computation of the theoretical
value of mean degree for any environment containing obstacles
made of overlapping rectangles. For that it is enough to count
the number of occurrences of each zone and to measure the
perimeter of both the obstacles and of the borders of the
environment. Thus, it is also possible, from the mean degree
point of view, to build environments with obstacles that are
mean-degree-equivalent.

We place four obstacles identified from A (1) to D (4) in
the environment (Fig. 11). Every obstacle own different char-
acteristics and has its own position in the environment. The
obstacle A (L1× l1) is in the corner, obstacle B (L2× l2) can
be considered as placed in the center of the environment, while
obstacle C (L3× l3) is stuck to the border of the environment.
Finally obstacle D is composed of two overlapping rectangles
D′ (L′4 × l′4) and D′′ (L′′4 × l′′4 ). Let us study this particular
case:
• number of occurrences of zone 1: 8
• the length of the zone 2:

2(L+ l) + 2L3 + 2(l′4 + l′4) + 2L′′
4 − l′′4 − 26r

• number of occurrences of zone 4: 8
• number of occurrences of zone 5: 12
• number of occurrences of zone 6: 24
• number of occurrences of zone 7: 24
The formula for computing the theoretical value of the mean

degree remains unchanged:

Drandom
4 =

δ
S

[
8C1s1 +C2s2 +C3s3 +8C4s4 +12C5s5 +24C6s6 +24C7s7

]

Fig. 11: A situation with four obstacles variously positioned
in the environment.

We can notice that different environments with obstacles
may have the same formula for the theoretical mean degree.
If we consider a new square environment with two obstacles
in contact with the borders and two square obstacles in the
middle, we have the same number of occurrences for zones 1
and 4 and 5 and 6, the size of the obstacles have to be chosen
such that the total perimeter (obstacles+borders) and the total
surface of the obstacles are both equal in the two scenarios.

VI. CONCLUSION AND PERSPECTIVES

The environment plays an key role for the computing of
the mean degree. Most of simulators integrating obstacles do
not take into account the impact of borders on the mean
degree of stations. The idea mostly used in mobile ad hoc
networks is that radio waves can go through walls without be
impacted by them. Environment borders or obstacles impacts
only the moving of stations. By considering a particular type
of environment and obstacle, we have showed that the impact
of the environment on the mean degree can be approximated
analytically and depends on five main parameters: The surface
of the environment, the surface of obstacles, the perimeter of
environment, the perimeter of obstacles and the position of
the obstacles. From this calculation, it is possible to introduce
attenuation functions on the coverage areas around obstacles
and borders. An other obtained result is that more there are
isolated nodes in the environment and less the theoretic mean
degree is closed to the simulated mean degree.
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[14] Esa Hyytiä and Jorma T. Virtamo. Random waypoint model in n-
dimensional space. Operation Research Letter, 33(6):567–571, 2005.

[15] Amit Jardosh, Elizabeth M. Belding-Royer, Kevin C. Almeroth, and
Subhash Suri. Towards realistic mobility models for mobile ad hoc
networks. In MobiCom ’03: Proceedings of the 9th annual international
conference on Mobile computing and networking, pages 217–229, New
York, NY, USA, 2003. ACM.

[16] Fabian Kuhn, Roger Wattenhofer, and Aaron Zollinger. Ad hoc networks
beyond unit disk graphs. Wireless Networks, 14(5):715–729, 2008.

[17] Pasi Lassila, Esa Hyytia, and Henri Koskinen. Connectivity properties of
random waypoint mobility model for ad hoc networks. In Proceedings
of MedHoc-Net, ı̂le de Porquerolles, pages 159–168, 2005.

[18] Hans Peter Schwefel Martin Boegsted, Jakob Gulddahl Rasmussen.
Connectivity analysis of one-dimensional ad-hoc networks. Wireless
Networks, 17(1):87–101, 2011.

[19] M. Penrose. Random Geometric Graphs. Oxford studies in probability.
Oxford University Press, 2003.

[20] Ao Tang, Cédric Florens, and Steven. H. Low. An empirical study
on the connectivity of ad hoc networks. Aerospace Conference, 2003.
Proceedings. 2003 IEEE, 3:1333 – 1338, 2003.

[21] Hanxing Wang, GuiLin Lu, Weijia Jia, and Wei Zhao. Connectivity in
finite ad-hoc networks. Science in China Series F: Information Sciences,
51(4):417–424, 2008.


