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Node density, connectivity and the percolation threshold 

1 Introduction 
The purpose of this study is to document a background analysis that has been performed 
in order to set the parameters for simulation studies used by the author in scholarly 
published articles. The background information has not been in the published material 
due to space restrictions, but it may be of interest for a wider audience in the field. 

When evaluating routing protocols and other protocols in mobile ad hoc networks 
(MANETs) and delay-tolerant networks (DTNs) one factor influencing the result is the 
node density. To understand what a certain node density means in term of connectivity 
properties we have by simulation evaluated how well connected a system of randomly 
placed nodes are for different node densities and network sizes. We have compared these 
densities to the percolation threshold to understand how much we need to increase the 
density over the percolation threshold to, with high probability, have a fully connected 
system provided that the number of nodes are finite. The percolation threshold is the node 
density above which it is almost surely guaranteed that the largest connected component 
in an infinite system is of infinite size [11]. Finally we provide a survey of node densities 
used in some recent MANET and DTN studies. 

2 Node Density and Connectivity 
The node density impacts routing evaluations since it determines, together with the 
mobility model, how many neighbors a node has. Below some threshold the network 
becomes so sparse that it is not longer possible to assume that the majority of the nodes 
are connected any more. MANET protocols like AODV [13], DSR [6] and GPSR [7] 
require a fully connected network while other routing protocols like Spray and Wait [16] 
and LAROD-LoDiS [8] are designed to work even if the network is not fully connected. 
Depending on the level of (dis)connectedness different protocols may come up as the 
preferred choice. In this paper we will discuss the choice of node density and its 
implication on how well connected an ad hoc network is. 

To be able to compare different reported results we have chosen to use the average node 
degree, ρπR² where ρ is the node density and R is the radio range. The average node 
degree is a dimensionless number and it enables us to compare the relative densities for 
evaluations using different radio ranges. For Poisson distributed nodes in an infinite 
system the average node degree equals the average expected number of neighbors of a 
node. 

Let us start our discussion by looking at the continuum percolation theory [11]. If we 
assume that nodes are distributed over an infinite area according to a Poisson point 
process in two dimensions (see [11] section 1.3) and the nodes have a constant 
transmission radius then there exists a density, the percolation threshold, above which it 
is almost surely guaranteed that there will be one component (partition) of infinite size. 
Below this density it is almost surely guaranteed that all components (partitions) are of 
finite size (see [11] Theorems 3.3, 3.4, 3.5, 3.6). Translating this to MANETs with 
randomly distributed nodes and finite spaces this means that to have a high probability of 
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a well connected network the density should be above the percolation density, and we 
will soon show that it needs to be substantially higher. Anything below the percolation 
threshold will probably be a disconnected network. An introduction to MANETs and 
percolation theory can be found in [3]. The relationship between different percolation 
metrics and the average node degree is provided in an Appendix. 

Results from percolation theory state that for very large systems with randomly placed 
nodes we will never have a fully connected network. But, for both real and simulated 
systems we do not have a very large or infinite system. What is then the probability to 
have a fully connected network in a reasonably sized finite system? In percolation theory 
they have not found an explicit expression on the percolation probability θ [4], that is the 
probability that a randomly selected node is in the infinite partition. This means that we 
have to resort to simulation to answer our question. In Table 1 we report the results of 
randomly placing a set number of nodes using a set average node degree in a square area. 
For each combination we have made 100 simulation runs. In the table we present the 
probability of getting a fully connected network, the average number of partitions and the 
average number of neighbors (node degree) a node has. 

Percolation theory tells us that in an infinite network there are always isolated nodes. For 
finite networks with a constant average node degree this means that the probability of a 
fully connected network decreases as the number of nodes increases. This effect is clearly 
seen for a average node degree of 10 in Table 1. The average number of partitions give an 
idea of how far we are from a connected network and the average number of neighbors 
give an idea of how well connected the nodes need to be for the entire network to be 
connected. 

Table 1. Connectivity properties 

Avg. Node 
Degree 

Number of nodes 

50 100 250 1000 

1  0%, 30.9,  0.9  0%, 61.0,  0.9  0%, 150.1,  1.0  0%, 592.4,  1.0 

2  0%, 18.9,  1.8  0%, 36.2,  1.8  0%, 85.8,  1.9  0%, 331.1,  1.9 

4  0%, 6.6,  3.4  0%, 10.8,  3.6  0%, 23.0,  3.7  0%, 71.8,  3.9 

10  80%, 1.2,  7.8  70%, 1.4,  8.4  48%, 1.6,  9.1  18%, 2.1,  9.5 

20  100%, 1.0,  13.8  100%, 1.0,  16.0  100%, 1.0,  17.2  99%, 1.0,  18.7 

Legend: Probability of connected network, number of partitions, number of neighbors 
 

Having studied the average node degree required to, with a high probability, have a 
connected network let us now look at the densities used by different MANET and DTN 
studies. The average node degrees used in different studies show a very wide span of 
chosen node degrees as presented in Table 2. From the table we see that most MANET 
studies have a average node degree of at least 20 which would produce connected 
networks. DTN studies on the other hand use average node degrees between 0.1 and 4. 
Another interesting observation is that to have high probability of a fully connected 
network in a finite setting requires a density of at least 4 times the percolation threshold. 
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Something to be observant on when we compare Table 2 to Table 1 is that the mobility 
models used in the different simulations generally do not produce the even node 
distribution used in the connectivity simulation presented in Table 1. The random 
waypoint mobility model for example will produce a higher density in the central part of 
the simulation area [12], providing better connectivity there, but nodes that move close to 
the edge have a higher risk of becoming disconnected. 

Table 2. Average node degrees in different routing studies. 

Algorithm(s) and 
Paper 

Type Area size Number 
of nodes 

Radio 
range 

Avg. node 
degree (ρπR²) 

DSDV, TORA, 
DSR, AODV [2] 

Connected 
topological 

1500x300m 50 250m 21.8 

DSDV, AODV, 
DSR [5] 

Connected 
topological 

1000x1000 50 250m 9.82 

GPSR [7] Connected 
geographical 

1500x300m 
2250x450m 
3000x600m 

50 
112 
200 

250m 21.8 
21.8 
21.8 

BLR [1] Connected 
geographical 

6000x1200m 250 
1000 

250m 6.82 
27.3 

Single copy 
routing [15] 

Delay tolerant 
topological 

500x500 100 30 
80 

1.13 
32.1 

PRoPHET [10] Delay tolerant 
topological 

1500x300m 50 50m 
100m 

0.87 
3.49 

Spray and Wait 
[16] 

Delay tolerant 
topological 

500x500 50 
100 

20 
10 

0.25 
0.126 

DTGR [9] Delay tolerant 
geographical 

1500x600m 50 250m 
(assumed) 

10.9 

LAROD-LoDiS 
[8] 

Delay tolerant 
geographical 

2000x2000m 80 250m 3.93 

Percolation threshold [14] 4.51-4.52 

Square mesh with node distance equal to radio range 3.14 

3 Conclusions 
The node density is an important factor influencing the connectivity in an ad hoc network. 
In this paper we have shown that a node density of at least four times the percolation 
threshold is required to, with high probability, give a connected network in systems of 
hundreds of randomly placed nodes. We have also provided a survey of the node 
densities used in some MANET and DTN studies. The survey showed that a wide 
spectrum of node densities have been used giving very different connectivity properties 
in the different studies. 
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Appendix 
In percolation theory there are some different ways to describe the critical density at 
which the system percolates. In this appendix we will give an overview of how they 
relate to each other for the two-dimensional case with a constant radius. 

Percolation theory normally studies when areas intersects, which for circular areas means 
when the center points are within two radii of each other. In ad hoc networks we are 
instead interested in when two nodes are within each others radio range. This difference 
means that the natural way to describe the percolation threshold differs somewhat in these 
two research fields. 

The table below summarizes the most common parameters in percolation and ad hoc 
network research and how they relate to each other. From these relationships we can 
derive the average node degree, c, from the volume fraction, φ, assuming that φ has been 
derived using the unit disc radius to )1ln(4 ϕ−−=c . 

Table 3. Percolation theory and ad hoc network parameters and their relationships. 

Parameter Description Relationship 

r Radius of discs for intersection analysis.  

R Radio range. R = 2r 

λ Poisson process density.  

ρ Node density. Equals to the Poisson process 
density for Poisson distributed 
nodes. 

φ Volume fraction. Fraction of the area 
covered by discs. 

For Poisson distributed nodes: 
re λπ−−1  ([11], Definition 5.1) 

c Average node degree. ρπR² 
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