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Abstract


Defining a standardized method for actively measuring the available bandwidth between two nodes in a network accelerates the development of applications such as service-level agreement verification between operators, network path monitoring, measurement-based admission control and session-time estimation. 


We propose BART (“Bandwidth Available in Real Time”) to the ITU-T study group 12 for standardization as a universal method for estimating end-to-end available bandwidth and bottleneck link capacity in packet-switched networks.


BART is a novel method for real-time tracking of end-to-end available bandwidth and bottleneck link capacity. By tagging certain packets as probes, and then analyzing the observed effects of cross traffic on the probes, BART can produce estimates with high accuracy. 


Various evaluation studies have been performed in laboratory networks on the Internet and over paths where the bottleneck is a HSPA link. Results of these studies, some of which are summarized in this contribution, show the real-time tracking and estimation accuracy of BART. 


1. Introduction

In packet-switched networks performance indicators such as one-way delay, delay variation, throughput and packet loss are vital when studying the behavior of a network. In addition to this, performance indicators such as availability are often used; that is the fraction of time a network service is available. 


In this contribution an additional performance indicator and a method for measuring it is discussed; the end-to-end available bandwidth, or the unused portion of the link capacity, of a packet-switched network path. The capability of measuring end-to-end available bandwidth is useful in several contexts; including service level agreement verification, network monitoring, server selection and estimation of service time. For example, measurement of available bandwidth in real-time, with per-sample update of the bandwidth estimate, opens up for adaptation based on available bandwidth directly (rather than “first-order” measures such as loss or delay) in congestion control and streaming of audio and video. 


Passive monitoring of available bandwidth of an end-to-end network path would in principle be possible, if we could access all the network nodes in the path. However, in practice this is typically not possible, and estimation of available end-to-end bandwidth is only feasible by active probing of the network path. 


By tagging certain packets as probe packets, and then analyzing the observed effects of cross traffic on the probes, we can estimate the available bandwidth. This kind of active measurement only requires access to the sender and receiver hosts. 


In this contribution we want to present the novel method BART (“Bandwidth Available in Real Time”) [1 – 7]. We propose that ITU-T SG12 should consider BART for end-to-end available bandwidth measurements in packet-switched networks. 


Some of the features of BART are: it produces an available bandwidth estimate quickly using active probing; estimation stability can be traded for agility; tuning of the method is largely automatic, i.e. there are few parameters that need manual adjustment. Nevertheless BART may be tuned according to the specific needs of the measurement application, such as agility vs. stability of the estimate. It can also be coupled to a change-detection algorithm to allow stable estimation in the normal case and agile adaptation for sudden changes in cross traffic.


In the current implementation, only about a dozen floating-point multiplications and divisions are needed for the estimation computations. Furthermore the memory requirements are minimal. Aside from estimating the available bandwidth BART also produces an estimate of the bottleneck link capacity. 


There exist other methods that estimate the end-to-end available bandwidth using active probing as well. The most cited one is pathChirp [8]. In that method a per-sample update of the available bandwidth is also produced. In this contribution we present results indicating that the accuracy and tracking agility of BART is better than what pathChirp can offer.


2. Description of BART


2.1 Overview


BART [1 – 7] is a method for measuring end-to-end available bandwidth and bottleneck link capacity in real time over packet-switched network paths. The BART method relies on actively probing the network path, in order to determine at which probe rate the path shows signs of congestion. This rate defines the available bandwidth – that is the unused portion of the link capacity. The concept of active probing is illustrated in Figure 1. 
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Figure 1 - The concept of active probing. A sender is injecting probe packets at a rate u (L is the packet size). The receiver timestamps each incoming probe packet and calculates the inter-packet strain ε.

In BART, care is taken to minimize negative effects on the real network traffic, and the packets experiencing congestion are temporarily stored in the router buffers. BART uses the inter-packet separation strain, shown in Figure 1, as a convenient measure of the interaction between the cross traffic and the probe traffic. The expectation value for the strain is zero for an uncongested network state, but rises linearly with the overload rate when congestion occurs due to the probe traffic. BART applies a Kalman filter, in order to update the estimate of the available bandwidth and bottleneck link capacity for each new measurement sample obtained from the probe packets. 

In this contribution the focus is on the basic version of BART [1], however there exist two important but optional extensions; a change-detection algorithm discussed in [4] and an expectation-maximization algorithm presented in [7]. In Figure 2 the existing BART components of today are shown. The white boxes correspond to the basic BART version and should be required by any vendor implementing BART. The gray boxes are extensions that are optional enhancements of the BART algorithm.  
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Figure 2: The components of BART.


The core of the BART algorithm is the Kalman filter which performs the actual computations in order to produce estimates of available bandwidth and link capacity. Input to the filter are inter-packet separation strain samples obtained from active probing. The filter can be extended with the optional change detection algorithm to enhance tracking agility as well as estimation accuracy in scenarios where BART anticipates abrupt changes in cross-traffic rate. 


The inter-packet separation strain samples needed by the Kalman filter are produced by either utilizing packet-pair probing (i.e. the basic BART version) or packet-chirp probing (optional extension) as depicted in Figure 2. The expectation-maximization algorithm is an optional pre-analysis method to the filter and requires another strategy for sending probe packets; this strategy is called packet-chirp probing, which has been described in e.g. [8]. This strategy for sending probe packets makes it possible to scan a range of probing rates faster.


As described in this section there exist several optional extensions to the basic BART version. In the future more optional extensions to BART might be developed that even further enhance estimation accuracy.


2.2 The Kalman filtering algorithm in BART


In a Kalman filter-based approach [10] the system state X, in this case describing the available bandwidth and link capacity, is estimated from repeated measurements of the inter-packet strain ε which is dependent on the system state. The system is influenced by some control input u, in this case the probe-packet rate. For each new measurement ε above zero a new system state 
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 is calculated. The weight of the old system state estimate in comparison to the new measurement sample is calculated based on the variance of the sample in addition to other tunable filter parameters. In Figure 3 the process is illustrated.
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Figure 3: Filtering in BART


The estimator, depicted in Figure 3, requires a model describing how the system state X relates to the inter-packet separation strain ε. The model used in BART is shown in Figure 4. In principle, the inter-packet strain is 0 if the probe-packet rate is below the available bandwidth while it increases linearly when sending probe packets at increasing rates above the available bandwidth. The definition of the available bandwidth using BART terminology is the probing rate u that corresponds to the point of deviation from 0. An additional feature is that it can also be shown that the slope of the line in the overload range is the inverse of the bottleneck capacity and so this performance indicator is automatically estimated. 
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Figure 4: The BART measurement model.


Using the model shown in Figure 4 the estimator tries to predict the system state. The prediction of the system state is then corrected using the measurement sample, if ε is above zero. This process is repeated for each new measurement sample thus tracking the available bandwidth and link capacity in real time. The prediction – correction procedure is shown in Figure 5. 
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Figure 5: Kalman filter prediction-correction estimator


2.3 BART validation


In this section a set of diagrams showing typical results originating from different evaluation studies are shown to illustrate the estimation accuracy and real-time tracking agility provided by BART. In the validation of BART an implementation written in C intended for Linux systems as well as simulations in NS/2 have been used.


2.3.1 Basic BART

This section only discusses measurement results from scenarios where the basic BART version is used. The selected graphs have been chosen to show that the basic BART version produce accurate results. Further, we want to stress the fact that BART outperforms its competitor pathChirp [8]. 


The curves in Figure 6 originate from a physical laboratory network measurement scenario. The available bandwidth estimates produced by BART are plotted over time. Further, the true available bandwidth (i.e. what BART is trying to measure) is plotted in the graph. The true available bandwidth is measured using link monitoring tools such as tcpdump, which measures the network traffic on the bottleneck link. Knowing the traffic rate, the true available bandwidth is calculated by subtracting this from the link capacity. 
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Figure 6: The graph shows BART estimates over time. For comparison the true available bandwidth and estimates produced by pathChirp are included.


In this scenario the cross-traffic generator emulates 100 simultaneous users sending traffic over the bottleneck. The total rate is approximately 7 Mbps. Each user injects cross traffic according to a Pareto distribution. 


As can be seen the discrepancy between the BART estimate and the true available bandwidth is low. For comparison, the estimates of pathCHirp [8] are shown in the same graph. It is clearly visible that BART outperforms pathChirp. Using the extensions of BART it is possible to further improve the estimation accuracy.
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Figure 7: The graph shows BART estimates obtained from measuring an Internet path between Linköping University and Ericsson Research in Stockholm. pathChirp estimates are included for comparison.


The curves in Figure 7 originate from an Internet measurement scenario on a path between Linköping University and Ericsson Research in Stockholm. In order to affect the cross traffic on the path between Linköping University and Ericsson Research, tcpreplay was used to generate additional traffic during the experiments. In the time interval 500 – 825 the average cross-traffic rate from tcpreplay was 33 Mbps, and then it instantly was turned off. BART is seen to clearly respond to the sudden change in available bandwidth, while the same is not evident for pathChirp. Since the true available bandwidth is not known (we are not allowed to passively monitor the links on the Internet path) it is estimated from the steady-state throughput obtained from iPerf minus the variable cross traffic generated by tcpreplay.
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Figure 8: BART estimates from a network where the bottleneck is a HSPA link.


The simulation results in Figure 8 illustrate the performance of BART when used in a HSPA network, that is a wireless telecommunication link between a base station and a HSPA enabled fixed wireless terminal. The simulator used is NS/2. The scenario is as follows; a BART enabled node in the HSPA network is located 300 meters from the base station. At time zero the node starts to move away from the base station at a constant velocity of 3 km/h. The solid curve in the figure shows the available bandwidth reported by BART while the dashed curve is the UDP throughput. The true available bandwidth is very hard to estimate or monitor in wireless networks, however the UDP throughput is a reasonable approximation of the true available bandwidth. The UDP throughput is however not a candidate for measuring available bandwidth in real networks since such a method would be too intrusive. As can be seen in the figure, the BART estimates are in line with the UDP throughput values. 

2.3.2 BART enhanced by change detection algorithm

In Figure 9 the fast tracking agility of BART is illustrated. The curves originate from a physical laboratory network scenario. The stabile curve is the BART estimate of available bandwidth and the more variable curve corresponds to the true available bandwidth. The cross traffic setup is the same as the setup used to create Figure 6. In order to obtain abrupt changes in the true available bandwidth the intensity parameter in the Pareto distribution is changed. As can be seen in the graph BART reacts quickly to sudden changes in available bandwidth while at the same time reporting stabile estimates when the true available bandwidth is stabile. This is accomplished by the optional change-detection algorithm extension. 
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Figure 9: BART estimation results when using the optional change-detection algorithm.


3. Discussion


In this contribution we propose that ITU-T SG12 should consider BART for end-to-end available bandwidth measurements in packet-switched networks. The motivation for this contribution was that G.Chirp Q.13/12 [9] invites other candidate models as well as independent validation of the currently proposed model. PathChirp is used there for estimation of session time (which depends on available bandwidth among other things). We propose using BART in G.Chirp for available bandwidth measurement. The estimation accuracy of BART has been presented, and BART estimates have also been compared to estimates produced by pathChirp; and as shown in Figure 5 and 6 BART outperforms pathChirp regarding real-time tracking and estimation accuracy. For estimation of session time as presented in G.Chirp we believe that BART, utilizing none or several of the cited extensions, would be the better choice compared to the use of the pathChirp-like method deployed. 


However, the scope of available bandwidth measurement (and BART) should not be limited only to G.Chirp, therefore we suggest to SG12 (especially Q13 and Q17) to consider dealing with available bandwidth in a more generic context. There is a need in itself for a recommendation defining a fast tracking and accurate active end-to-end available bandwidth measurement method, in order to accelerate the development and deployment of applications such as service-level agreement verification in-between network operators, network path monitoring, measurement-based admission control and session-time estimation.


4. Conclusions

In this contribution we have presented an available bandwidth measurement method, the basic version of BART, and cited several references to BART extensions that enhance real-time tracking and accuracy of available bandwidth estimation and shown convincing results from several evaluation studies published in different conferences. We showed that BART outperforms the pathChirp method used in e.g. G.Chirp.


We propose that ITU-T SG12 should consider BART for end-to-end available bandwidth measurements in packet-switched networks.
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