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Overview 
 Wireless networks  support to mobility 
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 Layout 
 Network planning 
 Min. coverage 
 Higher density for 

capacity 
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Presenter
Presentation Notes
Any network that aims to provide services to wireless users has to take into account their mobility and support it in the services it offers. 
Of course, in the first place the layout should guarantee coverage to a given area in which the user may move. In the past, the GSM network planning was easier, since the only parameters affecting the choice on where to locate the antenna were the radio pattern and users’ density. The operator also needed to decide on the frequency plan to apply on that set of antennas. 
With UMTS , the analysis started to get more complex due to the cell-breathing effect, for which the cell coverage is related to the number of users in the cell, thus providing service to smaller areas when many users are requesting for those services. 
In the future, with the introduction of self-organizing networks, the complexity will grow and grow, also due to the appearance of different “kind” of cells (macrocells, microcells, picocells, femtocells, etc.). The key idea is that cells will configure themselves (coverage and capacity) according to the current needs. 
However, basically the network planning should guarantee a minimal coverage for the selected area; the nº of antennas could be increased in areas where higher user density is predicted. 
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 Wireless networks  support to mobility 
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 Layout 
 Mobility pattern 

 User behaviour 
 Real vs simulated 

patterns 
 RWP 
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Presenter
Presentation Notes
The layout should guarantee service to mobile users. Of course, the mobility pattern followed by the user may have a direct impact on the layout and vice versa. For instance, hot spots where many people use to concentrate (football stadium, concert halls, etc.) should be covered with extra antennas and extra capacity to support the higher amount of users. The speed at which users may move is also important: different user types can be defined, pedestrians, vehicular, etc. 
Mobility patterns can be extracted from real data traces and they help to understand real trends. However, in addition to the complexity of extracting real patterns, they are generally strictly related to the environment from where they have been extracted, which make it difficult to generalize results in other scenarios. This is why researchers generally deal with so-called synthetic patterns. One of the most used pattern, the Random Waypoint mobility model, is also the one that has been deeply criticized of not been realistic. 
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 Layout 
 Mobility pattern 

 Handover 
 Resource allocation 
 Predictions 
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Presenter
Presentation Notes
The handover procedure is in charge of handling the ongoing service (voice call, data streaming, …) from one cell to the next while the user is moving. If all the resources are occupied in the new cell, the ongoing call has to be dropped, which incurs in a bad quality as perceived by the end user (it is well known that users are more likely to accept to find the system busy rather than have their ongoing calls dropped). Handover prediction thus plays an important role in improving the QoS in the network. 



1. Impact of mobility patterns on teletraffic variables 
 Number of handovers and cell residence  

time in different scenarios and with  
different mobility patterns 

2. Forecasting the handover for  
RWP users 

3. User behaviour in real WLANs 
 Analysis of the cell residence time 
 How much are they mobile? 
 Comparison with similar studies 

Outline 
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Layout Mobility 

Handover 
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Presenter
Presentation Notes
First of all, through means of simulation, the handover rate and statistics on the cell residence time are analyzed in different scenarios. The aim is to understand the impact of the mobility pattern on these parameters under different network layouts. 
Then, the predictability of the handover in a given scenario is studied for a user moving with a known pattern. The aim is to study the predictability of handovers: this information would facilitate the resources’ allocation at the cells in the network, which then turns in an improvement in the Quality of Service (QoS). 
Finally, user behaviour is analyzed through measurements in a real WLAN IEEE 802.11 network. Among other user behaviour trends, results on the cell residence time in an academic environment are shown.



 
• Impact of Mobility Patterns on Teletraffic Variables 
• Forecasting the Handover 
• User Behaviour in Real WLANs 
• Conclusions 
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Motivation 
 Importance of choosing an appropriate mobility model for a given 

network performance evaluation  
 
 

 Special interest on the impact of mobility models on routing in MANETs 
 For simplicity, many authors assumed the cell residence time (crt) to 

be exponentially distributed 
 More recent studies from real traces  heavy-tail distribution 

 
 

 Impact of the mobility model on crt and number of handover 
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Thajchayapong, S., Peha, J.M., “Mobility Patterns in Microcellular Wireless Networks”, IEEE 
Transactions on Mobile Computing, vol. 5, no. 1, pp. 52-63, Jan. 2006  
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Impact of Mobility Patterns on Teletraffic Variables 

Camp, T., Boleng, J., and Davies, V. “A Survey of Mobility Models for Ad-Hoc Network Research”, 
Wireless Communications and Mobile Computing, vol. 2, pp. 483-502, Aug. 2002 

E. Zola, F. Barcelo-Arroyo, “Impact of mobility models on the cell residence time in WLAN networks”, 
Proc. IEEE Sarnoff Symposium, ISBN: 978-1-4244-3382-7, Princeton (USA), March 2009 

Presenter
Presentation Notes
In a survey in 2002, Tracy Camp and her colleagues presented different mobility models available in the literature and evaluated their impact on some parameters related to mobile ad-hoc networks. They stressed the importance of choosing the appropriate mobility model for a given network performance evaluation. From then, many other researches have been specially working on the impact of the mobility model on routing.
But mobility models can also have strong implications in infrastructured wireless networks. For many years and for simplicity, the time a user spends inside the same cell (known as cell residence time) has been considered exponentially distributed. More recently, it has been found that in real environments a non-negligible amount of users spend a very long time in the same cell, thus a better candidate to represent crt is a heavy tail distribution. 
In this line, we investigated how the mobility pattern impact on the cell residence time and number of handover.



Simulation setup 
 Simulation with Omnet + INET Framework  
 Different layouts in a square area 

 4, 8 or 16 Access Points (AP) 
 Full coverage with minimum nº of APs and overcoverage  

for high capacity 

 Different mobility models 
 One memory-less mobility pattern (RWP)  
 One with memory (Gauss-Markov) 
 Pedestrian users (speed among 0.7 and 2.0 m/s) 
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Impact of Mobility Patterns on Teletraffic Variables 

Presenter
Presentation Notes
La motivación de este estudio se puede resumir en esta pregunta: hasta qué punto el modelo de movilidad puede tener un impacto sobre variables como el tiempo de permanencia en la celda y la tasa de handover? Hemos abordado el estudio a través de las simulaciones y hemos considerado diferentes escenarios, más o menos densos, y diferentes modelos de movilidad: el RWP, en el que los movimientos futuros no tienen en cuenta los anteriores, y el Gauss-Markov, en el que en cambio se tiene en cuenta la historia pasada. 




Cell Residence Time 
 With more APs 

 Mean cell residence time (crt) decreases for all models 
 Higher stability for RWP 
 Higher variability for Gauss-Markov patterns 

 With higher speed 
 Mean crt decreases 
 Not for Gauss-Markov 4AP scenario 

 More stability 
 Not for Gauss-Markov  

 Smoother changes in the movements  higher 
variability in the statistics (crt) 
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Presenter
Presentation Notes
It is expected that, as the number of AP increases, the crt decreases, and that’s it! But, since BMGauss means smoother movements (the node tends not to go far away of its previous position), the variability in the results is higher, while RWP provides more stable results when more AP are considered.
El crt disminuye a medida que la velocidad del nodo aumenta, en todos los casos menos en el Gauss 4AP: con celdas más grandes, el movimiento más suave tiende a mantener el nodo más tiempo dentro del mismo área de cobertura
En el caso del modelo con movimientos aleatorios y cambios bruscos, obtenemos unos resultados más estables; en cambio, con un patrón de movimiento con cambios más suaves, el nodo puede de la misma manera estar moviendose por el centro de la celda (produciendo crt muy altos) como por los bordes de la celda (produciendo valores muy bajos). 




Statistical Distribution 
 Histogram of the cell residence time for 4AP scenario and RWP  

 High concentration of very short values (< 5 s) 
 Pdf can be a  

combination of two  
distributions 

 Same pattern for the  
other scenarios 
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Presenter
Presentation Notes
The peak at the origin shows that it is common to have very short residence times. The probability density function (pdf) can be interpreted as the combination of a distribution at very low values with low variance (mainly due to the ping-pong phenomenon) and another distribution representing more natural behavior.
combination of a distribution that models fast disassociation events (i.e., short ping-pongs between two access points) and a gamma or lognormal distribution, depending on the mobility pattern, which model longer dwells.
For users moving with BMGauss (with memory of previous movements) the probability that the node wanders around the border of the cell increases, thus increasing short crts. 



Goodness of Fit Test 
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p-value 
Gamma Lognormal 

4AP 
RWP 0.99 0.85 

Gauss-Markov 0.83 0.83 
8AP 

RWP 0.96 0.99 

Gauss-Markov 0.42 0.99 

16AP 

RWP 0.74 0.74 

Gauss-Markov 0.57 0.99 

 Crt > 5 seconds 
 MLE to estimate the parameters for the two distributions 
 Kolmogorov-Smirnov GOF test (α=5%) 

 Higher p-value = better fit 
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Impact of Mobility Patterns on Teletraffic Variables 

Presenter
Presentation Notes
Hemos analizado la distribución que mejor ajusta a nuestros datos y hemos realizado el test de bondad de ajuste de Kolmogorov-Smirnov para las distribuciones Gamma y Lognormal. En la tabla vemos los resultados del valor p 

Alpha =5% of significance
P-value: in contrast to fixed alpha, the p-value is calculated based on the test statistic and denotes the threshold value of the significance level in the sense that the null hypothesis will be accepted for the values of alpha less than the p-value. The p-value is useful in particular when the null hypothesis is rejected at all predefined significance levels, and you need to know at which level it could be accepted, or when different fitting distributions are compared. In this case, a higher p-value means a better fit.



Number of Handovers 

 Average number of handovers per hour and AP 
 With a higher number of AP 

 RWP: decreases 
 BMGauss: very stable 
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     4AP      8AP     16AP 

RWPu-0 10.96 6.34 4.92 

RWPu-100 7.13 3.89 2.85 

Gauss-Markov 7.05 6.79 7.37 
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Presenter
Presentation Notes
Table IV shows the average number of HO performed per hour (i.e. HO rate) for different numbers of AP. For the RWP patterns, this figure decreases when the number of AP increases. For the BMGauss patterns, this figure is very stable. This fact, together with a certain stability observed in the SCV of the cell residence time, leads to the conclusion that the HO behavior of BMGauss is very stable compared to the RWP. A direct relationship between the HO rate and the speed can also be observed in Table IV.
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• Impact of Mobility Patterns on Teletraffic Variables 
• Forecasting the Handover 
• User Behaviour in Real WLANs 
• Conclusions 
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Motivation 
 Interest in mobility prediction to aid the HO process +  

RWP largely used in simulation and extensively studied 
 Mathematical expressions for:   

transition length and time;  
cell change rate;  
mean arrival rate 

 
 Analytical framework for forecasting the handover 
 Probability that, within a given interval, a user will perform a 

handover 
 To which of the neighbouring cells? 

 
E. Zola, F. Barcelo-Arroyo, I. Martín-Escalona, “Forecasting the Next Handoff for Users Moving with the Random 

Waypoint Mobility Model”, EURASIP Journal on Wireless Communications and Networking, 2013:16, January 2013 
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Forecasting the handover 

Bettstetter, C., Hartenstein, H., and Pérez-Costa, X., “Stochastic 
Properties of the Random Waypoint Mobility Model”,  ACM 
Wireless Networks, vol. 10, no. 5, pp. 555-567, Sept 2004 

 

Hyytiä, E. And Virtamo, J., “Random Waypoint Mobility Model 
in Cellular Networks”, ACM Wireless Networks, vol. 13, no. 2, 
pp. 177-188, 2007 

Presenter
Presentation Notes
Dada la importancia del modelo de movilidad sobre la tasa de handover, hemos estudiado uno de los modelos de movilidad más usados por los investigadores y hemos desarrollado un modelo analítico con el que es posible predecir con qué probabilidad un usuario se encontrará en una de las celdas vecinas dentro de un tiempo determinado. Esa información es útil para poder reservar recursos en dicha celda para así asegurar el traspaso de la llamada cuando el usuario entre en la celda. 
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v0 
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v3 

vj 

< 

A (area of movement) 
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Problem Statement 
 Movements inside a circular area A 
 APs are placed on a regular polygon 

inside A  
 Ideal conditions (no fading, no 

noise) 
 When the node is inside an 

overlapping area, the HO starts 
when the node exits the coverage 
area of the current cell 

 A maximum of one change in 
transition may occur during Δt  

 Current position Pt at time t is 
known 

 Position and time of last waypoint 
are known 

Pt 

AP1 

AP2 

AP4 

AP3 
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Forecasting the handover 



Probability of Handover 
 Split the problem 

A. If MN changes transition after Δt  
vj·Δt≤xt (No HO) or vj·Δt>xt (HO) 
 

B. If MN changes transition before Δt   
Pr{HOa} 

 
 Pr{HO} = Pr{HO in Δt | change tr. after Δt} 
· Pr{change transition after Δt} +  
Pr{Hoa} · Pr{change tr. at tc<Δt} 
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xt 
Pt WPj 

Y 

Change in transition after Δt 

Cell boundary 

Pt WPj 

Change in transition before Δt 

WPj+1 

WPj Pt 
xt 

Y 

Y+vj*Δt 

WPj 

Pt 

xt 

Y 

Y+vj*Δt 
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Forecasting the handover 



Example – Pr{HOa} 
Time = t 

WPj 

Pt 

AP3 

AP4 

AP2 AP1 

vmin · ∆t 

vmax · ∆t 
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Forecasting the handover 



Time = t + 0.1/vj 

WPj 

Pt+t1 

AP3 

AP4 

AP2 AP1 
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Forecasting the handover 

Example – Pr{HOa} 



Time = t + 0.2/vj 

WPj 

Pt+t2 

AP3 

AP4 

AP2 AP1 
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Forecasting the handover 

Example – Pr{HOa} 



Time = t + Δt 

WPj 

Pt 

AP3 

AP4 

AP2 AP1 
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Forecasting the handover 

Example – Pr{HOa} 
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Numerical vs Simulation 
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Pr{HO1} Pr{HO2} Pr{HO3} Pr{HO4} Pr{HO} Pr{NOHO} 

1 
0.83 
0.64 

0 (*) 
0 

0.83 
0.58 

0.06 
0.02 

1.72 
1.24 

98.28 
98.76 

2 
0.62 
0.46 

97.43 
98.08 

0.62 
0.49 

0 (*) 
0 

98.68 
99.02 

1.32 
0.98 

3 
0 (*) 

0 
0 
0 

0 
0 

29.94 
26.20 

29.94 
26.20 

70.06 
73.80 

4 
99.90 
99.65 

0.02 
0.08 

0.04 
0.11 

0 (*) 
0 

99.96 
99.84 

0.04 
0.16 

5 
0 (*) 

0 
0 
0 

0 
0 

0 
0 

0 
0 

100 
100 

6 
0.75 
0.35 

0 (*) 
0 

0.78 
0.44 

0.01 
0.00 

1.54 
0.79 

98.46 
99.21 

7 
0 (*) 

0 
68.20 
70.76 

2.04 
0.96 

8.99 
6.27 

79.23 
77.98 

20.77 
22.02 

8 
0 (*) 

0 
90.43 
93.66 

2.48 
1.20 

3.31 
2.40 

96.22 
97.27 

3.78 
2.73 

9 
0.02 
0.01 

0.14 
0.06 

0 (*) 
0 

81.18 
84.87 

81.34 
84.94 

18.66 
15.06 

10 
0 (*) 

0 
19.59 
25.30 

5.35 
3.21 

11.21 
14.50 

36.15 
43.00 

63.85 
57.00 

Forecasting the handover 
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Motivation 
 Research on the use of the WLAN in real environments 

 Different scenarios: campus-wide universities, corporate networks, 
conference rooms, … 

 Data collected from 1999 to 2004 (OLD) 
 
 
 
 
 
 
 

 Mobility trends in our university 
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User Behaviour in Real WLANs 

Kotz, D. And Essien, K., “Analysis of a Campus-Wide Wireless Network”, ACM Wireless Networks, vol. 11, no. 1-2, pp. 115-133, 2005 
 

Henderson, T., Kotz, D. and Abyzov, I., “The Changing Usage of a Mature Campus-Wide Wireless Network”, ACM Wireless Networks, 
vol. 52, no. 14, pp. 2690-2712, 2008 

 

Balanziska, M. and  Castro, P., “Characterizing Mobility and Network Usage in a Corporate Wireless Local-Area Network”, in Proc. 
MobiSys, pp. 303-316, May 2003 

 

Balachandran, A., Voelker, GM., Bahl, P., and Rangan, PV., “Characterizing User Behavior and Network Performance in a Public 
Wireless LAN”, in Proc. SIGMETRICS, pp. 195-205, June 2002 
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E. Zola, F. Barcelo-Arroyo, M. López-Ramírez, “User behaviour in a WLAN campus: a real case study”, Proc. Third 
ERCIM Workshop on eMobility, pp. 67-77, Enschede (The Netherlands), 27-28 May 2009 

E. Zola, F. Barcelo-Arroyo, “A comparative analysis of the user behavior in academic WiFi networks”, Proc. of the 
6th ACM PM2HW2N Workshop, pp. 59-66, Miami Beach (Florida, USA), October 31-November 4, 2011 

Presenter
Presentation Notes
Existen muchos estudios del comportamiento de los usuarios WLAN en diferentes escenarios: universidades, empresas, etc. Con referencia a los estudios realizados en campus universitarios, todos se refieren a los campus de US y, además, a datos que se han recogido, como muy tarde, en 2004. Nuestro estudio se basa en trazas mucho más recientes. 

Tcpdump is normally used to sniff the traffic and analyze the applications run by the users and the amount of data managed in the network [Tang00, Kotz05, Henderson08]
SNMP is used to periodically poll the APs of the network [Tang00, Hutchins02, Balanziska03, Balachandran02, Blinn05]. It is ok for statistics on the usage, but not very suitable for deriving the association patterns of users. 
Syslog is a standard for fw log messages in an IP network [Kotz05, Papadopouli05b, Zola]



Cell Residence Time 
AP102 AP202 

Mean 415.92 s 
(7 min) 

294.67 s 
(5 min) 

Median 86 s 66 s 

Max Value 14339 s 
(~4 hours) 

15558 s 
(4h 20m) 

CV 2.99 3.38 

Sample 1036 929 
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  Very high concentration of short crt 
 Median: 1 to 1.5 minutes 

 New analysis 
 No HO users: users connected to only one AP per day 
 HO users: users connected to different APs per day 

User Behaviour in Real WLANs 
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Library 
building in 
main campus 

Presenter
Presentation Notes
We obtain higher mean values (i.e. around 24 and 10 minutes, respectively) and more stable results (i.e. CV are lower) for both APs. The 50th percentile is still very low (i.e. 3.5 and 2 minutes, respectively), reflecting that still there are many short cell residence times even if users does not ping-pong among neighbouring APs. Results for users who connect to more than one AP per day (i.e. HO users) are also presented: the mean is around 4.5 minutes for both APs and CV are still high, as for the overall sample. 



Cell Residence Time 
AP102 AP202 

Overall No HO HO Overall No HO HO 

Mean 415.92 
(7 min) 

1479.80 
(~25 min) 

272.6 
(~5 min) 

294.67 
(5 min) 

631.50 
(~10 min) 

258.99 
(~4min) 

Median 86 218 76 66 136 61 

Max Value 14339 
(~4 hours) 

14339 
(~4 hours) 

10389 
(~3 hours) 

15558 
( 4h 20m) 

15558 
( 4h 20m) 

11976 
( 3h 20m) 

CV 2.99 1.80 2.93 3.38 2.75 3.38 

Sample 1036 123 
(11.87%) 

913 
(88.13%) 929 89  

(9.58%) 
840 

(90.42%) 
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 No HO users 
 Higher mean crt  
 More stable results 

User Behaviour in Real WLANs 
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main campus 

Presenter
Presentation Notes
We obtain higher mean values (i.e. around 24 and 10 minutes, respectively) and more stable results (i.e. CV are lower) for both APs. The 50th percentile is still very low (i.e. 3.5 and 2 minutes, respectively), reflecting that still there are many short cell residence times even if users does not ping-pong among neighbouring APs. Results for users who connect to more than one AP per day (i.e. HO users) are also presented: the mean is around 4.5 minutes for both APs and CV are still high, as for the overall sample. 
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(9.58%) 
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(90.42%) 
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 No HO users 
 Higher mean crt  
 More stable results 

 HO users (≈90% of the population) 
 Mean crt is 4.5 minutes  
 Still high CV 

User Behaviour in Real WLANs 

Mobility patterns: implications on network parameters and handover 
St. Peterbsurg – June 4th, 2013 

Library 
building in 
main campus 

Presenter
Presentation Notes
We obtain higher mean values (i.e. around 24 and 10 minutes, respectively) and more stable results (i.e. CV are lower) for both APs. The 50th percentile is still very low (i.e. 3.5 and 2 minutes, respectively), reflecting that still there are many short cell residence times even if users does not ping-pong among neighbouring APs. Results for users who connect to more than one AP per day (i.e. HO users) are also presented: the mean is around 4.5 minutes for both APs and CV are still high, as for the overall sample. 



Cell Residence Time 
 Density function 

 High concentration of very low crt even for “No HO users” 
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AP 102 
No HO users 

AP 102 
HO users 

 Density function 
 High concentration of very short crt 

 Even for “No HO users” 

User Behaviour in Real WLANs 
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Presenter
Presentation Notes
Fig. 5 and 6 display the distribution of the cell residence time for AP102 and for no HO and HO population, respectively: log-scale is used in order to better show the high concentration of very low values (i.e. less than 2 or 3 minutes) while still representing the tail (maximum values are provided in Table 3). Results are very different from those presented in [7], where authors reported that the 54% of the cell residence times were lower than 3 seconds, but our results prove that users still suffer from connectivity problems not due to bad coverage or mobility. Further investigation on the causes provoking a user continuously and rapidly disconnecting from the network is needed. 



Analysis in different buildings 
 Mobility inside each building is low 

 Also observed in other campuses  
 Many devices never associate to more than one AP during 

the day  
 Active devices unevenly distributed across APs 

 Some APs often deal with a high number of users 
simultaneously associated with them, while others are 
usually idle 

 Users on a small campus are more likely to reappear on 
different days (higher fidelity) 

28 
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Activity Trends Comparison 
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Ref. Environment Buildings % of users up 
to 2 days: 

50% of users connect up 
to [% of total days]: 

10% of the users connect more 
than [% of total days]: 

Our  
work 

Campus BRGF 
EDSE 
EETAC 

53 
35 
24 

5 
10 
15 

31 
51 
59 

[KO] Campus 10 36 91 
[MC] Campus 11 25  75 

[KO] D. Kotz, and K. Essien, “Analysis of a Campus-Wide Wireless Network,” Wireless Networks, vol. 11, no. 1-2, January 2005, 
pp. 115-133 

[MC] M. McNett, and G.M. Voelker, “Access and Mobility of Wireless PDA Users,” ACM Sigmobile Mobile Computing and 
Communications Review, vol. 9, no. 2, April 2004, pp. 40-55 

 Very different behaviour in same environment 
 The distribution in [KO] is roughly uniform between one 

and 77 days 
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User Behaviour in Real WLANs 

Presenter
Presentation Notes
Results in [4] and [6] show very different behaviors if compared with our trace, despite all refer to traces taken from university campuses. 
1) percentage of users who connect once or twice during the whole period is lower than in our traces
2) half of the users connect more often
3) 10% of the users connect more than 91% of the days in [4] and more than 75% in [6], which are higher than in our trace. 
The distribution in [4] is roughly uniform between one and 77 days.
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Ref. Environment Buildings % of users up 
to 2 days: 

50% of users connect up 
to [% of total days]: 

10% of the users connect more 
than [% of total days]: 

Our  
work 

Campus BRGF 
EDSE 
EETAC 

53 
35 
24 

5 
10 
15 

31 
51 
59 

[BA] Corporate 
network 

Large 
Medium 
Small 

24 
22 
38 

12 
27 
30 

67 
63 
60 

 Very similar behaviour in corporate network 
o At UPC, students do not spend the night inside the Campus 

Mobility patterns: implications on network parameters and handover 
St. Peterbsurg – June 4th, 2013 

User Behaviour in Real WLANs 

[BA] M. Balazinska, and P. Castro, “Characterizing Mobility and Network Usage in a Corporate Wireless Local-Area Network,” 
Proc. of the 1st International Conference on Mobile Systems. Applications and Services (MobiSys’03), ACM, New York, 
May 5-8, 2003, pp. 303-316 

Presenter
Presentation Notes
On the other hand, the figure observed in a corporate network [10] is more similar to the one observed in our trace. EDSE can be compared to the small building (SBldg) in [10], while EETAC to the large building (LBldg). This similarity with a corporate building is due to the fact that, at UPC, students do not spend the night inside the campus (which is instead typical in the campuses in the US) but go home at night and return the next day they have classes; this behavior is similar to that of a worker. 
BRGF shows quite different trends, with the highest percentage of infrequent users (connected up to 2 days) and the lowest percentage of constant users. 
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Conclusions (I) 
 Network planning benefits from the knowledge of users’ 

movements 
 An analytical framework has been proposed in order to 

predict future associations for users moving with one of the 
most used mobility models (RWP) 
 The error in the prediction is always very low 
 The prediction may be used in order to allocate resources and 

facilitate the handover task 

 Real traces show low mobility but high number of 
handovers (short crt) and uneven distribution among the 
APs 
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Conclusions (II) 
 The mobility pattern has key consequences on the traffic 

properties 
 Smoother mobility patterns mean higher cell residence 

time (i.e. Gauss-Markov) and higher variability 
 The HO behaviour of Gauss-Markov pattern is very stable 

compared to the RWP 
 Cell residence time as a combination of two distributions 

 Very short connections  
 Also observed in real traces 

 Another distribution depending on the mobility pattern 
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Conclusions & Future Work 
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Presenter
Presentation Notes
The movement pattern chosen for a simulation has an impact on the cell residence time and HO processes. Not only do the parameters change, but the features change as well. The memory-less property of the RWP pattern has key consequences on the traffic properties, and hence on the performance. These considerations should be taken into account when selecting proper mobility models for performance evaluation of WLAN networks.
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Mobility Models: RWP 
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Presenter
Presentation Notes
The Random Waypoint model was originally proposed in [6]. In this model, each node is assigned an initial location (p0), a destination (p1) and a speed; both p0 and p1 are chosen independently and uniformly on the region in which the nodes move. The speed is chosen uniformly (or according to any other distribution) on an interval (vmin to vmax) independently of both the initial location and destination. After reaching p1, a new destination and a new speed are chosen according to their distributions and independently of all previous destinations and speeds. The node may also remain still for a random pause time before starting its movement towards the next destination. Such a model is used in many prominent studies of ad-hoc network protocols [1, 7, 8].
There is also a complex relationship between node speed and pause time in the RandomWaypoint Mobility Model. For example, a scenario with fast MNs and long pause times actually produces a more stable network than a scenario with slower MNs and shorter pause times. Figure 5 (omitted) gives the link breakage rate of MNs using the Random Waypoint Mobility Model as a function of pause times and speeds. The figure illustrates that long pause times (i.e. over 20 s) produce a stable network (i.e. few link changes per MN) even at high speeds [19]. In other words, the figure indicates that the mobile network is quite stable for all pause times over 20 s. 



Mobility Models: Gauss-Markov 
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Presenter
Presentation Notes
si and di are the new speed and direction of the node at time interval i; α (0≤α≤1) is the tuning parameter used to vary the degree of randomness in the mobility pattern; µs and µd are constants representing the asymptotic mean value of speed and direction as i →∞; and xi-1 and yi-1 are independent, uncorrelated, and stationary Gaussian processes with a mean of zero and a standard deviation equal to the asymptotic standard deviation of speed and direction as i →∞.
The Gauss–Markov Mobility Model was originally proposed for the simulation of a PCS [11]; it introduces the concept of a drift in the node’s movement. The following description is in line with the implementation described in [21]. Initially, each node is assigned a current speed and direction. At fixed intervals of time (i.e. Δt, here 2.5 seconds), movements occur by updating the speed and direction of each node. The next location is computed based on the current location, speed and direction of movement.
To ensure that a MN does not remain near an edge of the grid for a long period of time, the MNs are forced away from an edge when they move within a certain distance of the edge. This is done by modifying the mean direction variable d in the above direction equation. For example, when an MN is near the right edge of the simulation grid, the value d is changed to 180 degrees. Thus, the MNs’ new direction is away from the right edge of the simulation grid.
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Random Waypoint 

 Speed from uniform distribution 
[vmin ; vmax] 

 Waypoints uniformly distributed in A 

WP0 

WP1 

WP2 

WP3 

WP4 

WP5 

v0 
v1 

v2 

v3 

v4 

A (area of movement) 
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WP0 

WP1 

WP2 

WP3 

WP4 

v0 

v1 

v2 

v3 

v4 

< 

A (area of movement) 
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Problem Statement 
 Movements inside a circular area A 
 APs are placed on a regular polygon 

inside A  
 Ideal conditions (no fading, no 

noise) 

WP5 

AP1 

AP2 

AP4 

AP3 
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WP4 

v4 

< 

A (area of movement) 
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Problem Statement 
 Movements inside a circular area A 
 APs are placed on a regular polygon 

inside A  
 Ideal conditions (no fading, no 

noise) 
 When the node is inside an 

overlapping area, the HO starts 
when the node exits the coverage 
area of the current cell 

 A maximum of one change in 
transition may occur during Δt  

WP5 

AP1 

AP2 

AP4 

AP3 

Node is associated 
with AP2 
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WP

dt

Фt

vmaxΔt

AP3 AP4

AP2 AP1

A2

vminΔt

A1
A4 A5

A3

A7

Probability of Handover 
 If MN changes transition at tc < 

Δt  Pr{HOa} 
 At the WP, a new speed and a new 

WP are chosen 
 Area with all the possible positions 

that the node may reach  when it 
changes transition  
 Orange area  handover 

 Since the node may change 
transition at any time before ∆t 
elapses, the area is calculated 
recursively 
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