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Abstract. This work describes an empirical framework for the study of the simulated time 
that is required for a proper utilisation of mobility models in ad hoc network simulations. In 
our analysis, link duration is utilised as a useful indicator of the effects of mobility on the 
network performance. By means of extensive simulations with typical ad hoc network 
scenarios that employ the Random Waypoint Model, the study tries to find and optimise the 
simulation time that guarantees a minimum bias in the estimation of the link duration. The 
results confirm that fixing a common simulation time for all the possible mobility scenarios, 
as it is normally performed in the literature, leads to strongly unstable and biased estimates of 
the link duration. In order to solve this situation, the paper provides a practical worst-case 
formula to define the recommendable simulation time as a function of the parameters of the 
mobility model. 
Keywords: Ad hoc networks, Random Waypoint Model, Mobility models  
 
1. INTRODUCTION 

Given the complexity of the elements that interact in the performance of an ad hoc 
network, the study of these networks is habitually accomplished by means of simulations. 
MANETs (Mobile Ad hoc NETworks) are characterised by the coexistence of short 
transmission ranges and the presence of mobile nodes. Node movements in an actual ad hoc 
network are often unrepeatable and very restricted to the particularities of each application. 
Consequently, the node mobility in the simulations is represented by ‘abstract’ stochastic 
models instead of using traces taken from a real scenario.  

The Random Waypoint Model (RWP) is by far the most utilised model to characterise the 
node mobility in a MANET. Recently, several studies have shown that this model may require 
long transient periods to stabilise the pattern of node mobility. In any simulated system, the 
simulation time must be selected to guarantee stable and unbiased estimates of the 
performance metrics. However, most work in the literature on ad hoc networks disregards the 
existence of these transient times and does not follow any specific criterion to set up the 
simulation durations. In this paper we extend the work of the precedent literature about RWP 
model to investigate a procedure that permits a proper definition of this simulation time. In 
contrast with these studies, we utilise the link duration as the metric that characterises the 
network mobility. 
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This paper is organised as follows. Section 2 reviews the main properties of the Random 
Waypoint Model. In section 3 we propose a framework to study the simulation times that are 
needed when this model is employed. Section 4 comments the results that have been obtained 
with the simulation of different mobility scenarios. Finally Section 5 summarizes the main 
conclusions of the paper.  
2. THE RANDOM WAYPOINT MOBILITY MODEL 

According to the Random Waypoint (RWP) mobility model, the nodes of an ad hoc 
network move along a straight line from two destination points (waypoints) situated in a 
limited space. In the literature this space is normally bi-dimensional and restricted to a 
rectangular area of dimensions xmax and ymax. Once a node reaches a destination point, a new 
one is uniformly selected from this region. The speed for a movement is also chosen from a 
uniform distribution in the interval [vmin, vmax]. Both speeds and waypoints are generated with 
independently of all previous destinations and speeds. In addition, the model allows nodes to 
pause between two consecutive trips for a certain period of time. This period (Pause Time) is 
habitually fixed to a constant value (Tpause). 

As a process to characterise the mobility of an actual MANET, the RWP model presents 
many limitations that derive from its own simplicity. To overcome these drawbacks a set of 
new mobility models has appeared in the literature (see, for example, [3]). These models 
refine the mobility patterns by incorporating individual or group correlations or considering 
the effects of the existence of obstacles. These improvements are achieved at the cost of a 
remarkable increase in the complexity and the number of parameters of the models. 
Oppositely, RWP model offers a high parsimony, that is to say, a low need of parametrisation. 
This simplicity has facilitated the possibilities of being analytically studied, which is not 
always feasible with other models. Furthermore, as long as it is not focused on any particular 
application, its high degree of abstraction converts RWP in an adequate process to evaluate 
new proposals on ad hoc protocols in a generic way. These advantages, together with its ease 
of software implementation and the fact that it has been incorporated to popular network 
simulation environments (especially NS-2), have made RWP a widely utilised model in the 
literature on ad hoc networks. 

 

3. A FRAMEWORK TO STUDY THE SIMULATION TIME 

3.1 Time between movements.  
Considerable research efforts have been devoted in recent years to study the statistical 

properties of RWP. These papers have analytically demonstrated that the simulations with 
RWP can experience stability problems if the model parameters are not adequately elected. 
These problems have been associated to the long transient that can be required to stabilise the 
measurements of mobility metrics such as the speed [5] [7] [9] or the node position [1] [4] [8]. 
The main repercussion of these transients is that the measurements of the network 
performance may present an intolerable bias and be very dependent on the simulation time. In 
spite of the aforementioned studies, neither analytical nor empirical rule has been formulated 
to define the recommendable timing to simulate a particular mobility scenario. In fact the 
literature on ad hoc networks does not follow any specific procedure to select the simulation 
time for the experiments and the existence of these transients is neglected or just heuristically 
reduced by discarding an initial sequence of observations. Moreover, due to the high 
computational costs of simulating ad hoc networks on a per-packet basis, simulated times in 
the literature are normally very short (in the range from 100 to 2000 s). Thus the actual 
problem of bias is aggravated. Similarly, the simulation time (here Tsim) is normally defined 
with independence of the mobility conditions of the nodes. So, different mobility scenarios 

116



are investigated with the same absolute value of Tsim. We propose to base the election of this 
time on the parameters of the mobility model. The goal is to find the time that, for each 
mobility scenario, guarantees a tolerable and common bias in the measurements performed 
during the simulations. With this purpose, we utilise as the timing unit of the simulation the 
parameter Tmov, defined as the mean expected time between two consecutive movements of 
each node. This time is the result of summing the pause time (Tpause) and the mean time that is 
consumed in every movement.  

Authors in [7] give an expression for the expected mean distance (E(L)) between two 
destination points uniformly chosen in a rectangular area: 
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where xmax and ymax are the dimensions of the movement area. 

If E(V) is defined as the expected mean for the velocity of the nodes, it is evident that the 
mean time between the initiation of two consecutive movements of the same node can be 

computed as: pausemov T
vE
LET +=

)(
)(   (2) 

where the ratio E(L)/E(v) is the mean duration of the movement periods (without pauses). 
Different studies, such as [5], demonstrate that E(V) does not result from averaging the 

minimum (vmin) and maximum (vmax) speeds, as it could be expectable from a variable 
generated by means of an uniform distribution. On the contrary, E(V) is determined by the 
expression:
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This behaviour is justified [5] by the fact that nodes with a slower speed require more 
time to reach their destination point. So, slower movements will have a higher weight in the 
estimation of the expected mean speed. What is more, from equation (3) one can deduce the 
importance of the minimum speed which is fixed for the simulations. In fact, a zero value of 
vmin implies an infinite transient in the simulations during which the mean estimated speed of 
the nodes is progressively reduced to zero [9]. In these conditions, any measurement of the 
network performance will be biased and strongly determined by the simulation time. Most 
studies on ad hoc networks in the literature do not account for this phenomenon. 

To avoid this effect the study in [9] proposes to define a minimum speed. As this value 
(vmin) approaches that of the maximum (vmax) the transient period which prevents from 
obtaining a stable measurement of E(v) will decrease. In fact, if vmin equals vmax, this 
convergence problem is eliminated, as it is easily demonstrable that:   (4) min))((lim

minmax

vvE
vv

=
→

In these conditions, which reduce the number of parameters of the RWP model to two 

(Tpause and vmin), the variable Tmov is defined as: pausemov T
v

LET +=
min

)(   (5) 

On the other hand, for any value of vmin, it is obvious that:  (6) minmaxmin)( vvvvE >∀>

Thus, the expression in (5) can be considered as a worst-case for the dynamics described 
by Tmov, given vmin and Tpause and with independence of vmax. 

 

3.2. A metric for the mobility: the link duration 
In order to evaluate the benefits of using Tmov as a ‘timing unit’ of the simulations, it is 

necessary to employ a metric that actually characterises the impact of node mobility on the 
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topology of the network. Most works in the bibliography change the mobility conditions in 
the simulation of an ad hoc network by assigning different values to the pause time (Tpause) and 
the maximum admitted speed vmax of the RWP process which governs the node movements. 
So, the usual way to analyse the impact of the mobility is to directly plot the estimation of the 
parameters which describe the network performance (packet losses, delay, throughput, routing 
overhead, etc) versus the speed or the pause times of the nodes. However, neither the pause 
times nor the node speed by themselves can properly describe the impact of mobility on the 
link connectivity of an ad hoc network. Actually, the link connectivity depends not only on 
the interaction of these two factors but also on other parameters which are external to the 
mobility model such as the transmission range or the dimensions of the simulation area. So, 
two simulations that set the same values for the speed and the pauses but consider different 
transmission ranges can strongly diverge in their estimations of network performance. 

Boleng et al. compare in [2] the ability of different metrics to represent the effects of 
mobility on the communication potential of an ad hoc network. The study concludes that the 
best way to characterise the mobility is by means of the estimated link duration. This 
parameter is a good indicator of the changes in the network topology induced by the 
movements of the nodes. It does not depend on the utilised routing protocol and its 
significance does not rely on the employed mobility model. Additionally, in a real scenario, it 
can be easily computed by the nodes in a distributed way.  

The problem with using the link duration as a mobility metric is that its estimation can be 
clearly affected by short simulations. In the following section, we try to evaluate which is the 
minimum value of the simulation time Tsim (in terms of Tmov) to achieve a stable estimation of 
the statistics of the link duration. We also compare the effects of this transient with those 
provoked by an uniformly distributed initialisation of the node speeds and positions. 

 
4 SIMULATIONS AND RESULTS 

At the present, no analytical model has related the statistical properties of the link 
duration with the parameters of the RWP model, the network dimensions and the transmission 
range. So the only way to study this metric is by means of Monte Carlo runs. 

To analyse the influence of the simulation time on the bias of the measurement of the link 
duration, we performed a wide set of simulations using ns-2 and Matlab. Table 1 defines the 
parameters of the employed scenarios for the experiments. All the values of the simulation 
variables were selected from the typical ranges that are employed in the literature. Depending 
on the constant speed that is defined for the nodes, these experiments represent three generic 
application scenarios for an ad hoc network with mobile nodes: 

- Scenario of low mobility: speeds of 1 m/s (typical velocity of a walking person) 
- Scenario with a mean/high mobility: speeds of 5 m/s (representing the case of a 

person running or in a motorless vehicle).  
- Scenario with a very high mobility: speeds of 20 m/s (which could be assimilated to 

scenarios in which the mobility is determined by motored vehicles). 
As a first attempt to evaluate the importance of the simulation time, we compared the 

three previous scenarios with three different pause times (0, 25 and 50 s). For this initial 
experiment we utilised in all cases the same absolute values of Tsim, ranging from 50 to 4000 
simulated seconds. This range is very representative of the typical simulation times that are 
employed by most studies in the literature on ad hoc networks. Figures 1, 2 and 3 show (for 
vmin=1 m/s, 5 m/s and 20 m/s respectively) the estimations of the mean and the median of the 
link durations for different pause times. In all simulations a link duration is considered as the 
uninterrupted time that two nodes stay within the transmission range of one another. In order 
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to estimate this metric, the position of every node is sampled with a periodicity of 0.1 s and 
then compared with the coordinates of the rest. 

 

Table 1. Parameters of the simulation scenarios 
Simulation Area x=1500 m, y=300 m,(E(L)=524.639 m) 
Number of nodes 50 (density=0.0001111 nodes/m2) 
No. of runs for every data point >5 
Speed (vmin=vmax) 1, 5 and 20 m/s 
Pause Times [0-50] s 
Transmission range 250 m (transmission footprint for the simulated area: 43.63%) 
Initial speed and spatial distribution of nodes Following their respective stationary distributions 
Initial state of the nodes for each simulation In pause or initiating a movement according to the stationary 

probability of being paused (Pp) 
 

The comparison of the curves in the three figures reveals the importance of the speed in 
the convergence of the estimators. A proper simulation with a lower speed clearly demands a 
higher simulation time. So, in the fastest scenario (with vmin=20 m/s), the means estimated 
with 2000 s differs from that obtained with 4000 s in less than 1.3%. On the other hand, the 
estimated means for the same simulation times in the case of fixing vmin=1 m/s diverge in 
more than 20%. Moreover, Figure 1 noticeably shows that for Tsim=4000 the stationary has not 
been reached yet. In fact, with a long simulation time of 1000⋅Tmov (about 525000 s) the 
estimated means are a 15% higher than those achieved with Tsim=4000 s.  

The figures also show that the pause times influence the results only if they are 
comparable with the mean time of the node movements. So, we think that the values of Tpause 
should not be elected in an absolute way and independently of the node speed (as it is 
commonly done in the studies on ad hoc networking). We consider that a more effective way 
to analyse the impact of this variable is by fixing different values for the probability (Pp) that 
a node remains paused. This probability can be easily calculated [7] [8] by: 
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If the programmed changes of Tpause (e.g. considering absolute increments of the 
parameter) do not imply a significant variation in Pp, the experiments will achieve very 
similar results. This is the case of the scenario of low mobility for which the utilised pause 
times (Tpause=0, 25 and 50 s) correspond to very low values of the pause probability (Pp=0, 
0.045 and 0.087 respectively). As a consequence the curves of the three experiments virtually 
coincide. For practical purposes, in typical scenarios with dimensions of several hundreds of 
meters and slow speeds (about 1 m/s), pause times lower than one minute will not have any 
major incidence on the network performance.  

From the figures we can observe that the estimation of the medians converges to its final 
value much more rapidly than that of the mean. So we could conclude that the utilisation of 
the median to characterise the link duration is much more adequate in the case of short 
simulations. This is due to the fact that the estimator of the median is not affected by the 
highest measured values of the link duration, which, for short simulations, are strongly 
determined by the simulation time. In contrast, the estimator of the mean is extremely 
sensitive to the tail of the distribution of the measured variable.  

Figure 4 shows the shape of this tail distribution for the three scenarios. For this purpose, 
we run very long simulations (with a duration of 1000⋅Tmov, for each case) and estimated the 
complementary CDF (Cumulative Distribution Function) of the link duration. Figure 4 shows 
(for the case without pauses, Tpause=0 s) that the distribution tail exhibits a linear decay in a 
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logarithmic scale. The figure also compares the fitting of several standard distributions, 
illustrating that distribution tail can be properly approximated by a Weibull distribution (other 
statistical tests, such as Kolmogorov-Smirnov or Chi2 were utilised with similar results).  

Weibull probability density function (pdf) follows the expression: 
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where a and b are defined as the scale and shape parameters, respectively. 
In the analysis of the figure, both parameters were designed to adjust both the estimated 

mean and the decay rate of the CDF of the link duration. From the curves we observe that a 
distribution with the same shape parameter (b=0.8938) properly matches the decay of the 
actual CDFs independently of the speed. The Weibull approximation can be utilised as an 
analytical tool to evaluate the probability than the duration link exceeds the simulation time. 
If this probability is too high the elected value for Tsim should be revised.  

Table 2 shows the ability of the Weibull approximation as a estimator of this probability. 
The results prove that simulations of even 2000 s are clearly insufficient to obtain a 
reasonable estimation of the mean link duration as long as more than 2% of the samples 
would be expected to exceed the simulation time itself.  

 

Table 2. Probability of having a link duration higher than T 
Estimated from actual traces (vmin=1 m/s, Tpause=0 s) Estimated with Weibull fit (a=0.0046,b=0.8938)

T=1000 s T=1500 s T=2000 s T=1000 s T=1500 s T=2000 s 
0.1076 0.0500  0.0245 0.1283 0.0523 0.02204 

 

On the other hand, a value of the Weibull shape parameter under the unity indicates a 
slower tail decay than that of the exponential fit and, consequently, a higher variability in the 
link duration than that expected for the exponential model. Authors in [6] propose to model 
the link states by means of a two state On Off process (depending whether the nodes are 
within the transmission range or not). The markovian approximation of this model implicitly 
assumes than sojourn times in each state (including the link duration as the time of 
permanence in the On state) are exponential. Experimental results show that the exponential 
fit can be too optimistic for the case without pauses. However, as the pause probability 
increases, the relative variability of the link duration decreases, since the link duration tends 
to the constant value of Tpause when Pp tends to the unity. In this case Weibull approximation 
(with values of b over the unity) was also found to characterise the CDF tail of the estimated 
distribution properly. 

These results illustrate that mean speed (here vmin) and pause times impose the time range 
for the dynamics of the simulations. Thus, it is clearly inadequate to establish the value of Tsim 
without taking into consideration the values of vmin and Tpause. 

Figure 5(a) depicts again the estimated mean and median of the link duration for the three 
scenarios without pauses (Tpause=0). In this experiment the simulation times differ for each 
scenario as they were made proportional to the particular value of Tmov. So, the figure plots the 
evolution of the statistics against a proportion parameter (r), defined as the ratio between the 
employed value of Tsim and the calculated Tmov of the scenario. 

The curves, which are normalised by their ‘stationary’ values (those estimated with a 
simulation of 1000 Tmov) do not show any significant difference between the three scenarios. 
As a consequence, we can conclude that if Tsim is established as a function of Tmov (by fixing a 
common value of the parameter r for all the simulations) the bias of the measurements will be 
independent of the node mobility. The results also show that, with independence of the node 
speed, the estimated medians of the link duration stabilise after a period of 5⋅Tmov (r=5). 
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Oppositely, the estimation of the average requires a time of 50⋅Tmov to reach a bias lower than 
1% of the final value. 
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Figure 1. Statistics of the link duration (vmin=1 m/s) 
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Figure 2. Statistics of the link duration (vmin=5 m/s)
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Figure 3. Statistics of the link duration (vmin=20 m/s) 
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Figure 4. Complementary CDF of the link durations 

Figure 5(b) repeats the experiment including the results of a scenario in which the node 
speed is not constant but uniformly distributed between 1 and 20 m/s. For this case the figure 
shows the results when Tmov is calculated considering vmin or E(v) (according to the formula in 
(5) or (2), respectively). For both cases the warm up period that is required for a proper 
estimation of the mean link duration is lower than that with a constant speed. Thus, for any 
mobility scenario and with independence of the speed distribution, the case in which the 
nodes move with a minimum constant speed could be contemplated as a worst case for the 
dynamics of the simulation. Hence, once vmin has been fixed, expression in (5) could be 
utilised to calculate a worst-case ‘unit’ for the simulation time. 

For the convergence of the results the case without pauses (Tpause=0 s) can also be 
regarded as a worst-case for the definition of the parameter r. As it has been shown, longer 
pauses reduce the relative variability of the link duration and, then, the bias of the estimators. 
This can be observed in Figure 6 where the evolution of the mean estimator has been plotted 
against the pause probability Pp for different values of the ratio r. In the figure, as Pp increases 
and the weight of the periods being paused is higher, the results of the estimations under 
different simulation times tend to converge. This indicates that for a higher Pp a lower value 
of r is required to estimate a proper value of the mean duration link. Figure also includes the 
estimations obtained with a very long simulation (with r=1000) showing no important 
differences with those obtained with r=50. 
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Figure 5. Evolution of the statistics of the link duration as a function of the normalised simulation time  
 

4.1. Effects of the transients provoked by initial uniform distributions 
As it has been already remarked, numerous studies on the literature [1] [4] [7] [8] have 

proved that both the stationary distribution for node positions and speeds in the RWP model 
do not follow the uniform distributions that are utilised to generate destination points and the 
speeds. So, if the initial values for these variables are also generated from an uniform 
distribution, a transient period will be required to reach a stationary behaviour of the speed 
and the distribution of nodes in the simulation area.  

To provoke a stationary uniform distribution of the nodes within the area, authors in [1] 
propose to modify the RWP model, by selecting the destination points of the trajectories only 
from the perimeter of the area. In [4] this variation, which is named RWPB (Random 
Waypoint on the Border) is also analytically studied. 

A possible solution which does not alter the original RWP model is examined in [7]. This 
study suggests selecting the initial values of the speeds and the x and y coordinates of the 
nodes from their stationary distributions. The study shows with different simulations that with 
this procedure the need for a transient to stabilise these parameters is almost eliminated. This 
strategy has been followed in the experiments of the previous section. However, as literature 
usually does not take into account these transients, we can investigate which is its importance 
when compared with the times that are demanded for a stable estimation of the statistics of the 
link duration. Aiming at this comparison, we repeated the experiments using uniform 
distributions for the random variables of the RWP model. 

In the cases of constant velocity the only possible problem is derived from the 
distribution of the location of the nodes. For both initial distributions the obtained results 
show no difference in the estimation of the mean link duration. In fact, this distribution just 
affects the network connectivity during a short period of time. Figure 7 depicts the evolution 
of the mean number of active links as the simulation time increases.  

The displacements tend to concentrate the nodes on the central zone of the simulation 
area. As a consequence, the uniform distribution causes a higher dispersion of the nodes 
within the simulation area. So, in that case the initial number of the active links is 
considerably lower than that obtained if a stationary distribution is employed for the initial 
node location. However, the figure illustrates that the instabilities in the measurements 
disappear for values of Tsim generated with a ratio r higher than 1. This implies than this 
transient effect is negligible in comparison with the simulation time that is needed to achieve 
a stable estimation of the mean link duration. 
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This can be explained by the fact that after a period of Tmov (r=1) the node positions have 
already reached their steady-state distributions, which has been illustrated in Figure 8 for the 
x-coordinates. The figure also includes the representation of the theoretical stationary 
cumulative distribution (F(x)) that must be achieved. From [8] we know that the CDF of the 

position of a node can be derived as: [ max
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If a variable speed is defined for the node movements another transient effect has to be 
considered. In this case the value of the minimum speed is a key parameter which may be 
determinant for the simulation dynamics. Figure 9 represents the evolution of the estimated 
mean speed for diverse values of vmin (vmax was fixed in all cases to 20 m/s). Figure shows the 
importance of the value given to vmin. So, the transient of the speed can be neglected (in 
simulations with a stable link duration) if vmin is selected higher than 0.1 m/s. Otherwise, this 
transient effect may become a dominant phenomenon which heavily impacts on the 
simulation results. For example, with a vmin of 0.001 m/s, after a simulation time of 50⋅Tmov 
(r=50, which corresponds in this case to an absolute time higher than 12000 s) the estimated 
mean speed is still a 50% higher than its steady state value. 
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Figure 6. Estimation of the mean link duration for 
different probabilities of being paused (v=20 m/s) 
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Figure 7. Estimation of the mean number of active 
links with different initial distributions (Tpause=0) 
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Figure 8. Distributions of the node position for 

different simulation times (vmin=1m/s, Tpause=0 s) 
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Average node speed at the end of the simulation
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Figure 9. Transient times for the estimation of the 

average speed  

5 CONCLUSIONS  
This work has presented a framework to define the time scales that must be considered in 

the simulation of ad hoc networks. In contrast with most previous studies, we utilised the link 
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duration to characterise the effects of node mobility on the network performance. The paper 
has investigated the importance of the simulation time to achieve a stable estimation of the 
statistics of the link duration. We concluded that this parameter should not be set up with 
independence of the node mobility as it is commonly performed in the literature. We propose 
that the simulation time (Tsim) must be defined in proportion to the mean expected value (Tmov) 
of the times between two consecutive movements of a node.  

Basing on a wide set of simulations, the minimum recommendable values for the ratio 
r=Tsim/Tmov were found to be 5 or 50 depending if the utilised statistic to describe the mobility 
is the estimated median or the mean of the link durations. This minimum just considers the 
stability of the link duration. In any case, the traffic pattern (not considered here) could 
impose a longer “warm-up” period. Our analysis also showed that, using these minimum 
simulation times, the employed distribution for the initial node location is irrelevant. Similarly, 
if a reasonable value for the minimum velocity (vmin) is established, the problem of the 
convergence of the node speed can also be ignored. In this sense we propose a value for vmin of 
about 1 m/s, which is representative of those scenarios in which the mobility is determined by 
humans walking. 

Our simulations were focused on the behaviour of Random Waypoint model. However, 
we think that these results could be extended to other models using arbitrary distributions for 
the election of the node speeds and the destination points.  
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