Performance Evaluation of Mobile Wireless Networks: A New Perspective^∗

J. Jobin

Department of Computer Science and Engineering University of California, Riverside Riverside, CA, USA, 92521

jobin@cs.ucr.edu

Michalis Faloutsos

Deparment of Computer Science and Engineering University of California, Riverside Riverside, CA, USA, 92521

michalis@cs.ucr.edu

Satish K. Tripathi

Department of Computer Science and Engineering University of California, Riverside Riverside, CA, USA, 92521

tripathi@cs.ucr.edu

ABSTRACT

We propose a methodology to simplify the analysis of wireless network simulations. Wireless simulation models are plagued by a vast parameter space. Consequently, performance studies are not easy to interpret or compare across different models. We reduce this parameter space by proposing a set of parameters that describe the network at a higher level of abstraction.

More specifically, the cornerstone of our approach is the steady state utilization concept which quantifies the inherent capacity of a network to support a particular workload. The steady state utilization of a system is the maximum utilization with zero loss for a given traffic load. We also introduce the steady state arrival rate which is the arrival rate that keeps the network operating at its steady state utilization. Furthermore, we propose an efficient way to evaluate the performance of a network in terms of effective utilization which captures the utilization and the loss at the same time. Effective utilization measures the goodput of the network.

Finally, as a case study, we use our methodology to evaluate how advance reservations affect network performance. We show how, contrary to intuition, bandwidth reservations can hurt performance, if we consider dropped calls as lost income.

Categories and Subject Descriptors

I.6 [Computing Methodologies]: Simulation and Modeling; I.6.5 [Simulation and Modeling]: Model Development—modeling methodologies

∗(Produces the permission block, and copyright information). For use with SIG-ALTERNATE.CLS V1.0. Supported by ACM.

Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, to republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee.

WOODSTOCK ’97 El Paso, Texas USA Copyright 2001 ACM X-XXXXX-XX-X/XX/XX ...$5.00.

General Terms

Performance

Keywords

Wireless network simulation, performance evaluation, steady state utilization, effective utilization, reservation

1. INTRODUCTION

The motivation for this work lies in the overwhelming complexity of mobile wireless network models which makes it difficult to evaluate their performance. We propose a methodology for evaluating performance in a simple, yet effective way. The methodology introduces new parameters and metrics which hide the specifics of a system, thereby making it easy to compare different models. We also discuss a conventional performance metric and propose an enhancement to improve its accuracy.

Network models are difficult to compare because of the differences in their implementation. Not only do most models have a large set of parameters (e.g., speed of user, size of cell, bandwidth requirement of user, etc.), but there are also no standard values for these parameters. Thus, results from different simulation models can be difficult to compare and interpret. We need a framework that makes it easy to compare models and provides a better insight into the way that protocols behave in different environments. Ideally, we would like as few parameters and metrics in the model as possible. We have not been able to find any such simplification efforts for wireless networks, although there has been work in other environments [8, 2, 6].

The problem we address in our work is best illustrated by the following example. Let us assume that we want to compare the performance of two networks A and B. Network A has an arrival rate of 30 users per second, 80% utilization, and 5% loss (i.e., blocked and dropped users). Network B has an arrival rate of 40 users per second, 70% utilization, and 2% loss. The systems may differ in their other aspects such as size. Clearly, we are not even close to making a guess about which system performs better. We can identify two classes of problems in this comparison. First, we have the system description parameters. For example, we need to know which system is operating nearer its potential capacity. We cannot compare the offered load in the two systems without knowing their relative sizes. Second, we have the performance related issues. For example, even if we assume that the set-up is comparable, we still cannot determine whether higher utilization is better than lower loss. Our approach attempts to resolve both types of problems. We argue that we do not necessarily need more parameters, but a more descriptive set of parameters.

We propose a methodology to facilitate the simulation and analysis of wireless networks. Our main contributions can be summarized as follows:

• The central idea underpinning our methodology is the reduction of the large number of system parameters and metrics to a few that capture the essence of the network.

• In this regard, we introduce the novel concept of steady state utilization, which aims to capture the inherent capacity of a network for a given user behavior.

• Using steady state utilization, we obtain steady state arrival rate which defines the arrival rate that will keep the system utilization at the maximum possible, without losses.

• We suggest effective utilization as a more descriptive metric that represents both the utilization and the loss in the system.

• Using our methodology, we show how we can obtain a better insight into the effect of reservations on network utilization. Results show that reservations can actually hurt performance.

The rest of the paper is as follows: In Section 2, we discuss the background. In Section 3, we discuss the main ideas of our paper, followed by an analysis of some of the ideas in Section 4. We present our simulations and the results in Section 5. In Section 6, we demonstrate the use of our methodology through a case study. We conclude in Section 7.

2. BACKGROUND AND MODEL

We adopt the commonly used network model for cellular wireless networks. The geographic region is divided into hexagonal cells with six neighbors each. Each cell has a base station which is responsible for keeping track of the bandwidth usage. This model is often found in previous work [5, 13, 1, 7, 10]. A user enters the system in any cell, provided there is enough bandwidth available. If a user attempts to enter the system, but cannot do so, due to lack of available bandwidth, it is said to be blocked. Once it is in the system, it spends some time in each cell; this time duration is called the cell latency^1. The user keeps moving from one cell to another (neighboring cell) provided it finds the required bandwidth in the next cell. If it is not able to move to the next cell, it is dropped.

Most wireless network simulation models are not straightforward to set up. There are many parameters and realistic values for them are not always obvious. Furthermore, the sensitivity of the results to these parameters is not well established. These issues and the cumbersome number of parameters make it difficult to compare the models against

1Cell latency is also referred to as cell dwell time in the literature.

each other. While this is a problem with simulations in general, it gets accentuated even more in wireless networks.

We have not found much work that attempts to simplify wireless network simulations. Some research has been done in the general simulation environment. Most research that aims for a simple or standardized model attempts to hide as many low level details as possible. The idea of simulation abstraction has been considered in [8]. They try to abstract unnecessary details from a simulation. Fall [6] suggests decreasing the number of objects in a simulation by aggregating some of them. He also discusses the idea of coarsening the resolution of some parts of the model. A standard framework for simulation has been suggested in [2]. The standard framework as suggested by Bajaj, et al [2] also aims to facilitate easy comparison across models by assuming that everyone is going to use the same framework. We believe that this is not always easy to enforce; to the best of our knowledge, two years later, there still does not exist a commonly used framework. Therefore, having parameters that hide system-specific details is important.

Performance metrics can also be improved: consider network utilization as an example. Previous work considers utilization and loss separately [14, 12, 11, 9]. Consider the same example we had in the introduction, where we wanted to compare the performance of two networks A and B. Network A has an arrival rate of 30 users per second, 80% utilization, and 5% loss, i.e., blocked and dropped users. Network B has an arrival rate of 40 users per second, 70% utilization, and 2% loss. The systems may differ in their other aspects such as size. On the basis of these figures alone, it is difficult to determine which network is better utilized. The main reason for this difficulty is because utilization and loss are considered separately.

3. PARAMETERS OF OUR FRAMEWORK

In this section, we discuss some of our parameters and metrics which provide a first attempt to simplify the parameter space. Given a network and a load, our parameters quantify the inherent ability of a network to support this load. Later, we show how using these parameters, it is easier to compare the performance of different systems. Given a network and a type of traffic (i.e., a description of user requirements and behavior), we can describe it with parameters that hide details.

3.1 System Parameters

First, we present the parameters that describe the network relative to the intended traffic.

Steady State Utilization Steady state utilization is a parameter that gives us an insight into the load a system can support without loss. We start with a fully loaded system (maximum number of users in each cell) and let the users move around in the system. Users are permanent; they do not leave unless they get dropped. In the beginning, as they move, some of them find themselves in cells that are too crowded and hence get dropped. Initially, the drop rate is significant. Gradually, this rate slows down until we reach a point where it is practically zero. We call the utilization at this point the steady state utilization of the system. Thus, we define steady state utilization as the maximum sustainable utilization of the system with permanent users and zero arrivals. The steady

Figure 1: Reduction of parameter space

state utilization of a system depends on the type of load, i.e., the cell latency of the users, the bandwidth required by the users, etc. Our work suggests that a network can achieve maximum utilization only if it is operating at its steady state utilization.

Steady State Arrival Rate (SSAR) The steady state arrival rate is the arrival rate that will keep the system functioning at its steady state utilization. As we saw earlier, steady state utilization assumes no arrivals and no departures. However, in a system with finite call durations, there is a corresponding arrival rate to keep the system functioning at the steady state utilization. We define this arrival rate as the steady state arrival rate (SSAR). As long as the users arrive at this rate, the system will stay at its steady state utilization.

We show that the SSAR is given by: SSAR = Utilssu ∗ MaxUsers T (1) where Utilssu is the steady state utilization of the system, MaxUsers is the maximum number of users that the system can support, and T is the average call duration. We present the derivation of this formula in the next section.

Relative Arrival Rate (RAR) We can now define the actual arrival rate relative to the SSAR. We define the relative arrival rate to be ratio of the actual arrival rate(λ) over SSAR.

RAR = λ SSAR (2) RAR is equal to 1 when the arrival rate equals SSAR. It is useful when comparing systems: for example, two different systems with different traffic loads are being equivalently utilized if their RAR values are equal to 1.

Cell-User Bandwidth Ratio

We would like to specify how many users can be accommodated by a cell on an average. We define the cell-user bandwidth ratio to be the ratio of cell bandwidth over user bandwidth.

Network Bandwidth Network bandwidth is the sum of the bandwidth available in all the cells. This is the absolute maximum amount of bandwidth that can be utilized in a network.

3.2 Performance Metrics

We present the set of metrics which we use in our framework. Some of them are novel, while some are not entirely new. Nevertheless, we propose a systematic way of conducting performance analysis using them as a coherent unit.

Observed Utilization One common metric used for evaluating system performance is observed utilization^2. This utilization reflects the bandwidth used in the system or the number of users in the system. The observed utilization is the percentage of the network bandwidth that is actually used. Note that the observed utilization includes all currently active users, even those that might get dropped later.

Wasted Utilization Wasted utilization is the percentage of the network bandwidth at any given instant which is occupied by users that will eventually be dropped. Note that the observed utilization includes the wasted bandwidth.

Often, a user has to be dropped in the middle of a call. The negative consequences of such an action can vary depending on the type of the user and the activity that it was performing at that instant. For instance, if a user is dropped in the middle of sending an email, the bandwidth wasted is not significant^3. On the other hand, if a user is dropped in the middle of transferring a huge file, the bandwidth wasted can be substantial^4. Wasted utilization has a direct negative impact on the utilization of the system because then we have to consider what fraction of the utilized bandwidth is being effectively used.

Effective Utilization Effective utilization tries to incorporate utilization and loss into one metric. A system may seem to be getting utilized at a certain level; in reality, depending upon the wasted bandwidth, the actual utilization (which accounts for the successfully used bandwidth only) is less than the observed utilization. We call this the effective utilization. We show how effective utilization instead of observed utilization can provide new insight into our performance analysis. Effective utilization is analogous to good throughput or goodput often found in literature [3].

3.3 Our Framework

We use our parameters to create an abstract model. Our

2Observed utilization is the same as the utilization commonly found in the literature.

3If this happens frequently, the cumulative effect can be a significant amount of loss.

4There are utilities available which resume the transfer from the point where it was interrupted, but these are not always convenient.

model has two advantages. First, we have fewer parameters. Second, the parameters hide unnecessary details, and thus, are intuitive and easy to interpret. Figure 1 shows how old parameters map to our parameters. The left side shows some of the commonly used parameters while the right side shows our equivalent parameters. For instance, cell latency is determined by the diameter of the cell, the speed of the user, and the mobility pattern of the user. Our steady state utilization concept subsumes both the cell bandwidth and the network capacity. (It also abstracts details such as the the shape of the cell and the moving direction of a user.) The steady state utilization also gives us the steady state arrival rate which helps us define the relative arrival rate.

4. ANALYSIS

In this section we analyze steady state utilization and steady state arrival rate in greater detail using operational laws. Table 1 shows the notation used in our derivations. We derive expressions for steady state utilization and steady state arrival rate, and establish a relation between the two.

4.1 Steady State Arrival Rate

We assume that we are given a network and a traffic description. For simplicity, let the users be homogeneous in terms of bandwidth requirements. Accordingly, we can factor out the bandwidth requirements and use the ratio of the number of users over MaxUsers as the bandwidth utilization. Assume that the call duration of a user on average is T and the arrival rate is λ. Let us consider the steady state of the system by examining what happens in time duration T which is the average lifetime of a user. The number of users that arrived in the system during that time interval can be given by: N_{arrivals} = λ ∗ T (3) Some of the users that arrive are lost due to blocks and drops. Assuming that loss is the fraction of users lost, the number of users that exist in the system can now be expressed as: Nusers = (1 − loss) ∗ λ ∗ T (4) Dividing both sides of (4) by the maximum number of users, MaxUsers, we get: Nusers MaxUsers = (1 − loss) ∗ λ ∗ T MaxUsers (5) The left side of (5) is the system utilization, Util: Util = (1 − loss) ∗ λ ∗ T MaxUsers (6) Solving for λ, we get: λ = Util 1 − loss ∗ MaxUsers T (7) This expression relates the arrival rate with the utilization and the loss. However, note that utilization and loss are not independent of each other for a given network. Given a value for λ, utilization and loss are uniquely determined (for a given type of traffic). On the other hand, given any utilization and loss, we cannot expect to find a meaningful arrival rate. There is one exception. Let us consider steady state utilization. As mentioned earlier, this is the utilization that the network can support without loss. Therefore, we

Figure 2: Effective utilization vs. time. The change in the steady state utilization with cell-user bandwidth ratio and the number of classes

could have Util = Utilssu and loss = 0. In that case, the arrival rate is the steady state arrival rate, SSAR:

SSAR = Utilssu ∗ MaxUsers T (8) Using this formula we can calculate the SSAR after having found the steady state utilization.

5. EXPERIMENTAL RESULTS

We conducted simulation experiments to get a practical feel for our parameters and our approach. First, we wanted to consider how different parameters affect the steady state utilization. Second, we wanted to see what the steady state arrival rate means in practice by examining the performance with different values of relative arrival rate.

We assume a cellular wireless network with homogeneous cells. The users have the same bandwidth requirement and unless stated otherwise, they also have the same mean value of cell latency. For changing the cell capacity (in terms of number of users), we change the ratio of the cell bandwidth to the user bandwidth. We perform the experiments with a network of 18 cells, with each cell having six neighboring cells. The simulation programs are written in the C version of CSIM.

5.1 Parameters That Affect Steady State Utilization

First, we conduct some experiments to see the the effect of changing the cell-user bandwidth ratio on the steady state utilization. Then, we study the effect of cell latency on steady state utilization.

The effect of cell-user-bandwidth ratio on steady state utilization:

In Figure 2, we plot utilization versus time for three different scenarios. The lowest plot (r20) corresponds to the

Nusers Number of users in the system N_{arrivals} Number of users that arrived in the system loss Percentage of arrivals that were lost due to blocks or drops MaxUsers Maximum number of users that the system can support Util Observed utilization Utilssu Steady State Utilization λ Arrival Rate SSAR Steady State Arrival Rate T Time

Table 1: Notations

Figure 3: Effective utilization vs. time. The change in the steady state utilization with cell latency.

case where we have a single class of users and the cell-user bandwidth ratio is 20 (i.e., each cell can hold a maximum of 20 users). As seen, the steady state utilization level is about 37%. The topmost plot (r100) is for the case where we increase this ratio to 100. This leads to an increase in the steady state utilization to about 65%. Thus, the graph seems to indicate that the steady state utilization is more when users have smaller bandwidth requirements. This is because if a higher bandwidth user is dropped, it will affect the effective utilization more. As an extreme case, consider a network with two cells and one user in each cell, with each occupying 80% of the cell bandwidth. In this case, as soon as they try to move, one of them will be dropped, and immediately the utilization drops drastically. Thus, the experiments suggest that finer granularity of user bandwidth leads to higher steady state utilization.

Multiple classes of users:

Next, we consider two classes of users. The cell-user bandwidth ratio of one class is 100, and that of the other class is 20. The users are equally divided into the two classes. The result is seen in the middle plot (r20-100) in Figure 2, where the steady state utilization is now about 43%. We see that the combination of two classes leads to a steady state utilization that is in between the steady state utilization of the two individual classes.

The effect of cell latency on steady state utilization: Here, we consider the effect of cell latency on the steady state utilization level. Figure 3 show the case for two different mean values of cell latency - 50 and 500 seconds. As seen in Figure 3, when the mean cell latency is 50 seconds, the steady state utilization is about 64%, and when the mean cell latency mean is 500 seconds, the steady state utilization is about 70%. Steady state utilization increases as the cell latency increases. Intuitively, as the cell latency increases, the users move slower, there are fewer drops, and hence the steady state utilization increases. Indeed, consider the extreme case where cell latency is close to infinity. The users are almost stationary and the steady state utilization will be close to 100%.

5.2 The Meaning of Steady State Arrival Rate

As we saw earlier, given the steady state utilization and call duration, we can calculate the steady state arrival rate. Then, we can describe any arrival rate with the relative arrival rate (RAR). For RAR = 1, the system is at its steady state utilization. We want to examine the behavior for other values of RAR.

SSAR is the maximum load rate that the system can support without loss:

We vary the RAR, thereby subjecting the system to different loads corresponding to different values of the arrival rates. We consider loads for 0.5, 0.8, 1.0, 1.2, 1.5, 2.0, 2.5, and 3.0 RAR for both values of mean cell latency - 50 and 500 seconds.

Figure 4 shows the comparison between the observed utilization and the effective utilization when the arrival rate is varied. We see that if RAR is below 1, there is no wasted bandwidth but the system is underutilized: the effective utilization is below the steady state utilization.

We have no losses while RAR ≤ 1 (i.e., λ ≤ SSAR). For RAR = 1, we reach the steady state utilization. As RAR increases beyond 1, we start to see wasted bandwidth and a decrease in the effective utilization. Thus, we see that for RAR = 1, we have the maximum effective utilization without loss.

Note that above the SSAR, effective utilization increases slightly and then starts to drop. Intuitively, if we are willing to accept some loss we can have higher effective utilization. This is analogous to booking air tickets: we increase utilization but sometimes a user gets bumped. However, it does not pay to be greedy: if we increase the arrival rate even

Figure 4: Observed and effective utilization vs. relative arrival rate

further, not only do we have loss but we also have a lower effective utilization.

6. USING OUR METHODOLOGY

In this section, we provide a systematic approach to use our methodology. Then, we use this in a case study where we study the effect of advance reservations. The methodology can be listed in the following steps:

• Given a network and a traffic load, find the steady state utilization^5.

• Find the steady state arrival rate for this steady state utilization.

• Plot effective utilization and observed utilization for different values of the relative arrival rate and study the plot to see if the system is near its steady state utilization.

So, given a network and its load characteristics, one can say whether it is being underutilized or over-utilized. Moreover, one can also determine what the arrival rate should be in order to achieve steady state utilization. Thus, SSAR provides us with a reference point using which we can understand how the network is being utilized.

The methodology can also be applied to the comparison of two different networks. For instance, consider two networks with different characteristics and a protocol that needs to be evaluated on both. Assume that network A has a steady state utilization of 80% and an effective utilization of 73%. Network B has a steady state utilization of 78% and an effective utilization of 76%. We can say that network A is not being as efficiently utilized as network B.

In this initial study, we wanted to highlight the use of our approach. Indeed, there are other parameters that affect

5Our criterion for finding the steady state utilization was a change of less than 5% in the utilization in a time duration of 500 times the mean cell latency.

the performance, such as different classes of users, variable cell latencies, variable call durations, etc. However, as we showed in our results, even if we have multiple classes of users, it is possible to find the steady state utilization and then use it for comparative purposes. In addition, the mean value of the cell latency does not have to be the same for all users. For this study, we have kept our simulation as simple as possible so that we could illustrate our main points.

6.1 Case Study: Evaluating the Performance of Advance Reservations

We apply our methodology to a specific problem - to study the benefits of advance reservations in wireless networks. Reservations have been studied as a way of improving the quality of service ([4, 1, 13]). In brief, the idea is to make reservations in some of the neighboring cells that a user is likely to move into ahead of time. Statistical data like a mobility profile ([4], [15]) have been proposed to make the advance reservations as accurate as possible. We study how reservations impact the effective utilization.

6.1.1 The Question: How Do Reservations Affect the Network Performance?

For reservations, the next cell has to be predicted in advance, before the user moves into it. We consider two cases. First, we assume we are always able to predict correctly the next cell that the user will move into; this is the perfect reservation case. Here, we need to reserve only one adjacent cell for each user. Of course, perfect reservation is an ideal scenario but it provides us with a good benchmark. Second, we make reservations in two cells; this is the the 2-cell reservation case. This is a more realistic scenario. Note that the number of cells reserved is a factor of the accuracy of the statistical data and the user behavior [10].

6.1.2 The Simulation Setup

We assume a cellular mobile wireless network for the simulation. For simplicity we assume that all users have the same bandwidth requirements and the same cell latency. The

Figure 5: Effective utilization with and without reservation

mean cell latency is 50 seconds. The cell-user bandwidth ratio is 100. As we have already shown, these assumptions do not affect the essence of our approach.

6.1.3 Case Study of Our Methodology : Reservations

Reservations reduce the utilization of the system without offering any substantial advantage. First, we follow the steps of our methodology and plot the utilization at different values of the relative arrival rate. Figure 5 shows a comparison between the reservation and no-reservation scenarios. The x-axis is the relative arrival rate and the y-axis is the effective utilization as a percentage. The topmost plot corresponds to the no reservation case, the middle one is for the perfect reservation case, and the bottom plot is for the 2-cell reservation case. As the figure shows, under low and medium loads, no reservation is better than having reservations, even if they are perfect. Not having perfect reservations only degrades the performance further. The 2-cell reservation scheme exhibits much lower effective utilization as compared to no reservations. Thus, our results indicate that a system might actually perform better without reservation.

7. CONCLUSIONS

We proposed a performance evaluation methodology for wireless network simulation models. Our methodology reduces the number of parameters and introduces new metrics that facilitate the evaluation and comparison of system performance across different models.

We introduced the concept of steady state utilization which captures the inherent capacity of a network for a given workload. Using steady state utilization, we defined steady state arrival rate as the arrival rate that will keep the system utilization at the maximum possible level, without losses. Moreover, we proposed effective utilization as a more insightful metric that combines both the utilization and the loss in the system.

We provide analytical results that relate steady state utilization with the steady state arrival rate, and our simulations are in line with our analysis. We also examine how other parameters such as cell-user bandwidth ratio, and cell latency affect steady state utilization.

We showcase the efficiency of our methodology through a case study. We show how we can obtain a better insight into the effect of reservations on network utilization. Results show that despite common belief, reservations can actually hurt performance if we consider dropped calls as lost income. The reason is that under light loads, i.e., below SSAR (RAR < 1) reservations do not buy us anything; no reservations outperform reservations. At high loads, above SSAR (RAR > 1), reservations perform worse than no reservations. Our approach helped us in this analysis by providing SSAR as the congestion boundary and effective utilization as a more descriptive performance metric. On a practical level, our methodology enable a network service provider to maximize effective utilization while minimizing the loss.

This initial work shows a promising way to facilitate the performance analysis of wireless networks. We are in the process of developing our model further. First, we want to study in more detail the interdependencies of our parameters both analytically and with simulations. Second, we want to examine more parameters such as arrival burstiness, biased or targeted user movement, various network configurations, etc. We want to incorporate these aspects in our model. Initial results show that a) our methodology is powerful and b) it can simplify the simulations significantly.

8. ACKNOWLEDGMENTS

This material is based upon work supported by the National Science Foundation under Grant No. 9985195, DARPA award N660001-00-1-8936 and Dimi matching fund DIM00- 10071.

9. REFERENCES

[1] A.R.Aljadhai and T.F.Znati. A framework for call admission control and qos support in wireless environments. Proceedings of IEEE INFOCOM ’99, pages 1019–1026, 1999.

[2] S. Bajaj, L. Breslau, D. Estrin, K. Fall, S. Floyd, P. Haldar, M. Handley, A. Helmy, J. Heidemann, P. Huang, S. Kumar, S. McCanne, and R. Rejaie. Improving simulation for network research. USC Computer Science Department Technical Report, March 1999.

[3] H. Balakrishnan, V. N. Padmanabhan, S. Seshan, and R. Katz. A comparison of mechanisms for improving tcp performance over wireless links. IEEE/ACM Transactions on Networking, 5(6):756–769, December 1997.

[4] V. Bharghavan and J. P. Mysore. Profile-based next-cell prediction in indoor wireless lans. IEEE Singapore International Conference on Networking, 1997.

[5] K. Brown and S. Singh. A network architecture for mobile computing. IEEE INFOCOMM ’96, 1996.

[6] T. C. Fall. A framework for the simulation

experimentation process. Proceedings of the 1997 Winter Simulation Conference.

[7] R. Ghai and S. Singh. An architecture and communication protocol for picocellular networks. IEEE Personal Communications Magazine, 1(3):36–46, 1994.

[8] P. Huang, D. Estrin, and J. Heidemann. Enabling large-scale simulations: Selective abstraction approach to the study of multicast protocols. Proceedings of the Sixth International Symposium on Modeling, Analysis, and Simulation of Computer and Telecommunications Systems (MASCOTS ’98), Montreal, Canada, July 1998.

[9] Y. Iraqia and R. Boutaba. A novel distributed call admission control for wireless mobile multimedia networks. Proceedings of the third ACM international workshop on wireless mobile multimedia, pages 21–27, 2000.

[10] J.Jobin, S. K. Tripathi, M. Faloutsos, and S. Gokhale.

Using statistical data for reliable mobile communications. Journal of Wireless Communications and Mobile Computing, Nov/Dec 2001.

[11] B. Li, C. Lin, and S. T. Chanson. Analysis of a hybrid cutoff priority scheme for multiple classes of traffic in multimedia wireless networks. Wireless Networks, 4:279–290, 1998.

[12] J. R. Moorman, J. W. Lockwood, and S.-M. Kang.

Real-time prioritized call admission control in a base station scheduler. Proceedings of the third ACM international workshop on wireless mobile multimedia, pages 28–37, 2000.

[13] S. Singh. Quality of service guarantees in mobile computing. Journal of Computer Communications, 19:359–371, 1996.

[14] A. K. Talukdar, B. Badrinath, and A. Acharya.

Intergrated services packet networks with mobile hosts: Architecture and performance. Wireless Networks, 5(2):111–124, March 1999.

[15] F. Yu and V. C. M. Leung. Mobility-based predictive call admission control and bandwidth reservation in wireless cellular networks. Proceedings of the IEEE Infocom 2001 Conference, Anchorage, Alaska, April 2001.