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To measure available bandwidth, many different active probing techniques have been developed. The packet pair technique is one of the most popular of them. In this paper, we develop a new deterministic model of packet pair delays for end-to-end available bandwidth estimation in IP network paths. This model captures the relationship between the amount of cross traffic and the packet pair gap taking into account the size of each probing pair packet. Based on this deterministic model and considering a particular case obtained when the two packets of the probing pairs are of the same size, we develop an active measurement tool called IGMPS (Improved Gap Model using Packet Size parameter ) that estimates the end-to-end available bandwidth at the bottleneck link of the path. Based on an experimental analysis in various network testbed configurations, we present IGMPS measurement results that verify the tool behavior and illustrate its accuracy. Then, we investigate the quantitative relationship of IGMPS measurement accuracy to several probing parameters such as the packet size and the number of probing packet pairs. Our experiments show that introducing the packet size parameter in the probe gap model formula improves considerably the accuracy of the measurements.

I. INTRODUCTION

Several delay related metrics, such as round trip time, one way delay and jitter, are used to dynamically configure some network applications. But, nowadays, we noticed the emergence of few other metrics such as path capacity and available bandwidth that are useful for several applications like route selection in overlay networks , congestion avoidance and Service Level Agreement (SLA) specification.

Techniques and methodologies for measuring network QoS metrics fall into tow broad categories: passive and active measurement. Passive measurement is performed by observing existing traffic without perturbing the network. It needs to process the full load on the link and requires access to all intermediary nodes in the network path to extract end-to-end information. Active measurement on the other hand, directly probes network proprieties by generating the traffic needed to make the measurement. Because of its great flexibility, intrinsically end-to-end nature and freedom from the need to access core network switching elements, active measurement is more suitable to estimate available bandwidth.

To measure available bandwidth many different active prob-ing techniques have been developed. The packet pair technique is one of the most popular of them. The basic idea of packet pair paradigm is that the sender sends pairs of packets to a receiver. The pair packets are sent close enough together in time to cause the packets to queue together at the bottleneck link. By measuring the changes in the packet spacing, the receiver can estimate the amount of cross traffic that enter between the tow packets at the bottleneck link and then infers bandwidth proprieties of the network path [START_REF] Strauss | A Measurement Study of Available Bandwidth Estimation Tools[END_REF], [START_REF] Melander | A New End-to-end Probing and Analysis Method for Estimating Bandwidth Bottlenecks[END_REF], [START_REF] Bolot | End-to-end packet delay and loss behavior in the Internet[END_REF]. We define the available bandwidth of a link as the unused capacity of the link during a certain time period. At any specific instant in time, a link is either transmitting at the full link capacity or it is idle, so the instantaneous utilization of a link is either 0 or 1. the definition of instantaneous available bandwidth is meaningless, and a certain time-averaging is needed. The available bandwidth A i (t, T ) of a link i at time t is defined as:

A i (t, T ) = 1 T t+T t C i (1 -u i (t)) dt
Where C i is the link's capacity and u i (t) is the percentage of link utilization. The available bandwidth of a path P made of N links LI 1 , LI 2 , ...LI N (no routing changes or multipath forwarding occur during the measurement) is defined as:

A = min i=1...N {C i (1 -u i )} = min i=1...N A i
The link with the minimum available bandwidth is called the tight link (link 3) of the end-to-end path and the link with the minimum capacity is referred to as narrow link (link 1).

Packet pair model assumes that the bottleneck is both the tight link and the narrow link.

Figure 1 shows a network path as pipe model with a fluid traffic, where each pipe represents a link. The width of each pipe defines the capacity of the corresponding link. The shaded area of a pipe represents the cross traffic over the corresponding link, while the unshaded area illustrates its available bandwidth. The minimum capacity C 1 defines the capacity of the path and the minimum available bandwidth A 3 determines its end-to-end available bandwidth.

In this paper, we have developed a new deterministic model of packet pair delays for end-to-end available bandwidth estimation in IP network paths. This model captures the relationship between the amount of cross traffic and the packet pair gap taking into account the size of each probing pair packet.

Based on this deterministic model and considering a particular case obtained when the tow packets of the probing pairs are of the same size, we have developed an active measurement tool called IGMPS (Improved Gap Model using Packet Size parameter ) that estimate the end-to-end available bandwidth at the bottleneck link of the path.

Based on an experimental analysis in an isolated testbed configuration, we present IGMPS measurement results that verify the tool behavior and illustrate its accuracy. Our experiments show that introducing the packet size parameter in the probe gap model formula improves considerably the accuracy of the measurements. We show that increasing probe packet size increases the tool accuracy. However, varying the number of pairs in the probing sequence do not impact heavily on the results.

In [START_REF] Aitali | End-to-end available bandwidth measurment tools: A comprative evaluation of performance[END_REF], authors have compared several available bandwidth measurement tools and concluded that Spruce is the tool that offers the best performance. Based on this insight, we compare IGMPS to Spruce and show that our tool achieves better performance.

This paper is organized as follows. First, we discuss the related work in section II. In section III, we present a generic architecture for the design of bandwidth measurement tools based on active probing techniques. In section IV, we introduce our deterministic model to estimate available bandwidth based on the probe gap model paradigm. The IGMPS implementation issue is introduced in section V. In section VI, we present our performance evaluation methodology and the first results on IGMPS measurements. In section VII we introduce an algorithm to improve IGMPS accuracy. We discuss the effect of the used probe parameters in section VIII. We compare IGMPS performance to Spruce in section IX and we conclude in section X.

II. RELATED WORK

To assess and monitor bandwidth metrics, many measurement techniques and methodologies have been developed and used in several existing software tools. This section aims to describe the most commonly used techniques to measure endto-end available bandwidth in network paths and provides some examples of tools using them such as Spruce, Pathload, IGI and Pathchirp.

Available bandwidth estimation techniques can be divided into tow categories: self induced congestion based techniques and cross traffic estimation based techniques. Self-induced congestion based techniques assume FIFO queuing at all routers along the path, Cross traffic follows a fluid model and average rates of cross traffic change slowly. If a source sends probes to a destination at a rate R less than A, probes will experience similar delays. On the other hand, if R is greater than A, probes will queue in the network and experience increasing delays. This technique is based on the observation that the delays of successive probing packets increase when the probing rate exceeds the available bandwidth in the path. It consists in probing the network at different rates and detecting (at the destination) the point at which delays start to increase. At this point, probing rate is equal to the available bandwidth. Pathload [START_REF] Jain | Pathload: aMeasurement Tool for Available Bandwidth Estimation[END_REF], [START_REF] Jain | End-to-End Available Bandwidth: Measurement Methodology, Dynamics, and Relation with TCP Throughput[END_REF], and PathChirp [START_REF] Ribeiro | PathChirp: Efficient Available Bandwidth Estimation for Network Paths[END_REF] implement this technique.

Pathload uses the network self congestion paradigm called SLoPS (Self Loading Periodic Streams) for available bandwidth estimation. Network congestion is obtained by sending packet streams to a destination with increasing bit rate. When the trend of the packet's one-way delays is found to be increasing the congestion is detected and available bandwidth is evaluated. Pathload algorithm converges by dichotomy to the available bandwidth value. Pathchirp uses the same method as Pathload. It sends exponential flight pattern of probes called a "chirp" for causing the self induced congestion on the network path. By rapidly increasing the probing rate within each chirp, Pathchirp obtains a rich set of information from which it dynamically estimates available bandwidth. The main advantage of using exponentially spaced chirps is the reduction of the probing traffic load.

Cross traffic estimation based techniques assume that the capacity C of the path is known (it can be measured easily with one of the capacity measurement tools such as Nettimer [START_REF] Lai | Nettimer: A Tool for Measuring Bottleneck Link Bandwidth[END_REF], Cprobe [START_REF] Corvella | Measuring bottlenck link speed in packet-switched networks[END_REF], . . . etc) and the bottleneck link is both the narrow and the tight link along the path.

These techniques and tools are based on the Probe Gap model (PGM) [START_REF] Strauss | A Measurement Study of Available Bandwidth Estimation Tools[END_REF] that consists in capturing the relationship between the dispersion of a packet-pair and the cross traffic rate C T at the bottleneck link of a path [START_REF] Melander | A New End-to-end Probing and Analysis Method for Estimating Bandwidth Bottlenecks[END_REF]. They begin by estimating the cross traffic at the bottleneck and then compute the available bandwidth as the difference between the path capacity and the cross traffic rate:A = C -C T These techniques are implemented in IGI [START_REF] Hu | Evaluation and Characterization of Available Bandwidth Probing Techniques[END_REF] and Spruce [START_REF] Strauss | A Measurement Study of Available Bandwidth Estimation Tools[END_REF].

Spruce implements the Probe Gap Model (PGM). It sends a Poisson process of packet pairs to a destination. By measuring packet dispersion at the receiver, Spruce collects individual samples Ai of available bandwidth:

A i = C 1 - y i -x x
Where x is the initial inter-packet dispersion at the sender and y i is the measured inter-packet dispersion at the receiver. The algorithm averages samples A i to obtain a running estimate of the available bandwidth:

A = n i=1 A i n
To reduce the probing traffic load, Spruce adjusts the average inter-packet gap to ensure that the probe rate is a minimum of 240 kb/s an 5% of the end-to-end path capacity C.

IGI uses a sequence of packet pair trains. It sends each train with increasing inter-packet dispersion until it reaches the turning point. This point is obtained when the initial gap at the sender is equal to the output gap at the receiver. This method assumes that at the turning point, the noise introduced by cross traffic becomes zero mean and the probing rate is equal to the available bandwidth of the path.

In [START_REF] Aitali | End-to-end available bandwidth measurment tools: A comprative evaluation of performance[END_REF], authors have compared and analyzed the performance of Spruce, , Pathload, IGI and Pathchirp in an isolated testbed configuration. The comparison focused on accuracy, intrusiveness and response time. They have also, analyzed and explained errors and uncertainties observed on their measurements. Under the conditions of their experiments authors found that Spruce is the tool that offers the best performance with regard to the criteria they studied and they concluded that Spruce is the fastest, the most accurate tool and one of the least intrusive.

III. MEASUREMENT TOOL ARCHITECTURE

In this section, we present a generic architecture for the design of bandwidth measurement tools based on active probing techniques and methodologies. A review of the source code of different tools for available bandwidth measurement shows that there is many code segments that seem to be similar and which do the same task. Therefore, we have identified some modules that are likely to be reusable to design other bandwidth measurement tools.

Bandwidth measurement tools studied above can be divided up by whether they make one-way measurements or round-trip (two-way) measurements. In one-way measurement techniques for delay based metrics a global positioning system (GPS) is needed to provide clock synchronization between sites. However, almost all end-to-end available bandwidth measurement techniques studied in this paper are based on the estimation of the delay variation of the probing packets (which does not need synchronization) instead of their one-way delays. So, in one-way measurement tools architecture illustrated in figure 2, the synchronization issue is not taken into consideration.

Figure 2 summarizes different parts, components and relations of an end-to-end available bandwidth estimation tool based on one-way measurement. This architecture highlights tow different end parts, the sender and the receiver. The sender represents the software part that generates and sends the probing packets to the receiver through the network, while the receiver is the software part that receives the probing packets, makes measurement and estimates the available bandwidth on the basis of some statistical and heuristic processing of the measurements according to a given algorithm and network model.

The sender part contains three main modules, namely probe pattern module, pattern modification module and communication unit. The probe pattern module is charged of generating probe packets according to a given model such as packet train model (with a particular statistical distribution) or packet-pair model among others. In the probe gap model (PGM) and probe rate model (PRM) [START_REF] Strauss | A Measurement Study of Available Bandwidth Estimation Tools[END_REF], packet gaps and packet train rates must be as accurate as possible. Therefore, the measurement accuracy depends largely on the accuracy of the probing packets generation stage, which makes the packet generation module a major component in a measurement tool. When the decision module included in the receiver part requires a probing pattern modification , the pattern modification module defines new parameters that will be used to generate new probing packets. For instance, when the probing stream rate is less than the path available bandwidth measured by Pathload [START_REF] Jain | Pathload: aMeasurement Tool for Available Bandwidth Estimation[END_REF], [START_REF] Jain | End-to-End Available Bandwidth: Measurement Methodology, Dynamics, and Relation with TCP Throughput[END_REF], the decision module requires an other probing stream with higher rate. The pattern modification module will then calculate the probing stream rate according to a binary search algorithm and will give the result to the probe pattern module that will generate a new packet probing stream.

The communication unit is charged of transmitting probing packets (or the control information) to the network interface card that transfers them to the receiver part (or to the sender part) through the network path. A more in depth analysis of this component shows that the code segments used to establish the communication with remote workstations are based mainly on RAW-sockets implemented in C language.

The receiver part of a tool could contain five modules, namely the measurement module, the analysis module, the decision module, the estimation module and the communication unit. The measurement module receives the incoming packets from the communication unit and measures the related metric such as packet delays, delay variation and probing stream rates according to the measurement technique implemented by the tool. The result is given to the analysis module which compares it to a given data or analyzes it variation and then makes a decision if it is necessary to send more packets or to modify the packet probing pattern to extract more information about the network path. Otherwise, the estimation module get the measurement results and computes the available bandwidth value based on some heuristics or statistical processing.

In comparison to one-way measurement, round trip measurement is much easier to implement as the same measurement station is used to send and receive probe packets. This methodology does not need to perform clock synchronization between the measurement station and the remote path end station. The disadvantage of the round trip measurement is that it measures the forward and the return paths together. So, if the measurements provide poor performance on the path, it is difficult to determine whether the forward or the return path has a problem. An other inconvenient of the round trip measurement is that the measurement station assumes that the route to the remote station do not change and that it is symmetric, which is far to be realistic. However, round trip measurement is relatively simple to implement and it is low cost since no GPS synchronization is required. Figure 3 shows different components of a measurement tool based on round trip measurement methodology. Round trip measurement tool is constituted of one part which is the sender and the receiver part in the same time. It is defined as the measurement station and contains several modules such as probe pattern, pattern modification, measurement module, analysis module and estimation modules. the probing mechanism of such tools is generally based on ICMP protocol. The communication unit sends the ICMP packets generated by the probe pattern module and expect the arrival of the corresponding ICMP response packets from intermediary routers or from the remote station. the malicious use of ICMP services has led to filter ICMP packets and to limit the rate of ICMP responses. This phenomenon restricts considerably the efficacy of these tools.

Despite the need of host clock synchronization and specific software installation in the remote path-end, One-way measurement methodology still the best way to measure one-way metrics such as one-way delay and one-way packet loss which yield information on network behavior only in one direction. Spruce, Pathload, IGI and Pathchirp are based on one-way measurement techniques.

IV. AVAILABLE BANDWIDTH CHARACTERIZATION

In this section we explain in detail our deterministic model based on the packet pair methodology to model the available bandwidth in a multiple link path. before starting, we model first the path capacity and then combining obtained expression with the probe gap model we give a formula that models the end-to-end available bandwidth in the path. Our model is based on the packet pair paradigm, it is then imperative to make the following assumptions:

1) There is a single bottleneck link which is both the narrow and the tight link. 2) Cross traffic follows a fluid model and changes slowly.

3) The routers of the path use FIFO-queuing service and are store-and-forward.

Notations and different parameters used in the remain of this paper are defined in table 1: According to the reasoning given in [START_REF] Lai | Measuring link bandwidth using a deterministic model of packet delay[END_REF], the path capacity model is derived from two delay equations: the arrival time equation and the queuing delay equation. The arrival time equation predicts the time needed for a packet to travel across l link in the path before reaching the destination node. The arrival time t k l of a packet k at the link l (cf. figure 4) is given using the following equation:

t k l = t k 0 + l-1 i=0 s k C i + d i + q k i ( 1 
)
Were t k 0 is the transmission time and (0 < i < l). The queuing delay q k l is given by the following equation:

q k l = max 0, t k-1 l+1 -d l -t k l (2) 
Using equation ( 1) et (2), the packet delay in a multiple link path is expressed by: Assuming that there is one bottleneck link (with capacity C b = C ) and no queuing occurs elsewhere. The second part of the equation ( 3) can be split into the time to travel from the source to the bottleneck, the queuing time at the bottleneck and the time to travel from the bottleneck to destination. Equation (3) becomes then :

t k n = t k 0 + n-1 i=0 s k C i + d i + max 0, t k-1 i+1 -d i -t k i (3) 
t k n = t k 0 + b-1 i=0 s k C i + d i + s k C + t k-1 b+1 -t k b + n-1 i=b+1 s k C i + d i (4) 
With (0 < i < n).

We substitute using (3) and simplify:

t k n = t k b + s k C + t k-1 b+1 -t k b + n-1 i=b+1 s k C i + d i t k n = s k C + t k-1 b+1 + n-1 i=b+1 s k C i + d i (5) 
Using (3), t k-1 b+1 is given as:

t k-1 b+1 = t k-1 0 + b i=0 s k-1 C i + d i
Equation (5) becomes then:

t k n = s k C + b i=0 s k-1 C i + d i + t k-1 0 + n-1 i=b+1 s k C i + d i t k n = s k-1 C + b-1 i=0 s k-1 C i + n-1 i=b s k C i +t k-1 0 + n-1 i=0 (d i ) (6) 
Since we have

n-1 i=b+1 s k C i = n-1 i=0 s k C i - b i=0 s k C i
then by substituting in ( 6) we obtain:

t k n = s k C + s k-1 -s k b i=0 1 C i + n-1 i=0 s k C i + n-1 i=0 (d i ) + t k-1 0 t k n = s k-1 C + s k-1 -s k b-1 i=0 1 C i + n-1 i=0 s k C i + n-1 i=0 (d i ) + t k-1 0 (7) 
For more compact notation, we define the following variable:

d l = l i=0 d i 1 C l = l i=0 1 C i
From [START_REF] Lai | Nettimer: A Tool for Measuring Bottleneck Link Bandwidth[END_REF] we derive the capacity C as :

C = s k-1 t k n + (s k -s k-1 ) C b-1 -s k C n-1 -t k-1 0 -d l (8) 
Equation ( 8) gives the bottleneck capacity in the path. It is expressed using several parameters which directly influence the estimated capacity C. In the following, we combine this equation to the Probe Gap Model to give a generic formula to estimate available bandwidth on the path. Then, by experiments in section VI, we show that the obtained model provides better measurement results.

A. Available bandwidth model

The Probe Gap Model consists in capturing the relationship between the inter-packet gap of a packet pair and the cross traffic rate at the bottleneck link. A probe pair is sent from a sender with a time gap ∆ in = t k 0 -t k-1 0 , and reaches the receiver with a time gap ∆ out = t k n -t k-1 n . ∆ out is the time taken by the bottleneck to transmit the second packet of the pair and the cross traffic that arrived during ∆ in . Using the Probe Gap Model, the available bandwidth at the bottleneck link is estimated as:

A = C 1 - ∆ out -∆ in ∆ in (9) 
Substituting ( 8) in ( 9) we obtain: Ci , the link queuing delay q i and the link latency d i :

A = s k-1 2t k 0 + t k-1 n -2t k-1 0 -t k n t k 0 -t k-1 0 t k n + (s k -s k-1 ) C b-1 -s k C n-1 -t k-1 0 -d l ( 
OW D = n-1 i=0 s k C i + n-1 i=0 q i + n-1 i=0 d i OW D = n-1 i=0 s k C i + n-1 i=0 q i + d l then d l = n-1 i=0 d i = OW D - n-1 i=0 s k C i - n-1 i=0 q i (11) 
Assuming that there is only one queuing link which is the bottleneck link and no queuing occurs elsewhere, then:

n-1 i=0 q i = q b where q b represents the queuing delay at the bottleneck link. Equation ( 11) becomes:

n-1 i=0 d i = OW D - n-1 i=0 s k C i -q b
In the previous assumptions we assumed that the second packet of the probe pair arrives to the bottleneck before the departure of the first packet. Since that, we can model the delays of the two packets as shown in the Figure 5. From this figure we can define the following equation:

q k b = + s k-1 C + (∆ out -∆ in ) (12) 
Assuming that is too small so we can set it equal to 0, then equation ( 12) becomes:

q k b = s k-1 C + (∆ out -∆ in ) (13) 
Substituting in ( 11) using ( 13) we obtain:

n-1 i=0 d i = OW D - n-1 i=0 s k C i - s k-1 C -t k n -t k-1 n -t k 0 + t k-1 0
The one-way delay OW D is given as:

OW D = t k n -t k 0
Then, equation ( 10) becomes:

d l = n-1 i=0 d i = t k-1 n -t k-1 0 - n-1 i=0 s k C i - s k-1 C (14) 
Substituting in [START_REF] Lai | Measuring link bandwidth using a deterministic model of packet delay[END_REF] with ( 14) we obtain

A = s k-1 2t k 0 + t k-1 n -2t k-1 0 -t k n t k 0 -t k-1 0 (s k -s k-1 ) C b-1 -s k-1 C -t k 0 -t k-1 n (15) 
In formula [START_REF] Bolot | End-to-end packet delay and loss behavior in the Internet[END_REF], the end-to-end available bandwidth in the path is defined as a function of several deciding parameters such as packet size, the bottleneck link capacity and packet departure and arrival times. If we consider the particular case where packets size of the probe pair are equal (s k = s k-1 = S ), then the end-to-end available bandwidth of the path is given by:

A = S (2∆ in -∆ out ) (∆ in ) S C + ∆ out (16)
Equation ( 16) is implemented in our measurement tool. The design and performance evaluation of this tool are described in the following sections.

V. IGMPS DESIGN AND IMPLEMENTATION

Compared to the Probe Gap Model described in [START_REF] Strauss | A Measurement Study of Available Bandwidth Estimation Tools[END_REF], our model takes into account the packet size parameter that is very important when measuring available bandwidth and that impacts heavily on the results. Formula ( 16) is a particular case of the equation [START_REF] Bolot | End-to-end packet delay and loss behavior in the Internet[END_REF]. It is obtained by setting the first packet size equal to second packet size on the packet pair, it defines the end-to-end available bandwidth at the bottleneck link. We have implemented this formula in a measurement tool called IGMPS (Improved Gap Model using Packet Size parameter).

IGMPS is a one-way measurement tool, it is composed of two distinct parts, the sender program and the receiver program. Assuming that the bottleneck capacity C is known (it can be estimated using one of the well known capacity measurement tools such as Nettimer, Cprobe . . . etc) IGMPS sets the initial inter-packet gap ∆ in at the sender and measures the output gap at the receiver.

IGMPS sets the pair inter-packet dispersion at the sender equal to the transmission time of 1500B data packet on the bottleneck link. This inter-packet dispersion time is sufficient to ensure that cross traffic packets arrive at the bottleneck queue between the tow probe packets of a pair. This will ensure that the bottleneck queue does not empty between the departure of the first and the second packet of the pair. The initial inter-packet gap must not be too large to ensure that the tow packets of a pair queue together at the bottleneck link. At the receiver, IGMPS measures the output interpacket gap that is equal to the transmission time of 1500B data packet and cross traffic packets that are arrived at the bottleneck queue between the first and the second packet of the pair. Analyzing this information and knowing both the bottleneck link capacity and the size of each probing packet, IGMPS calculates available bandwidth and gives one sample measurement following formula (16).

IGMPS probe packets travel one-way from the sender to the receiver. The IGMPS sender sends a Poisson process of packet-pairs of 1500B UDP packets. So the dispersion between to pairs follows an exponentially distributed function with an average much larger than ∆ in . The receiver performs the available bandwidth estimation and echo back the result to the sender.

The Poisson process sampling makes IGMPS to be nonintrusive compared to certain tools that use packet trains instead of sending a sequence of probing packet pairs, such as Pathload [START_REF] Jain | Pathload: aMeasurement Tool for Available Bandwidth Estimation[END_REF] and Pathchirp [START_REF] Ribeiro | PathChirp: Efficient Available Bandwidth Estimation for Network Paths[END_REF].

To cope with the burstiness of cross traffic and to improve the measurement accuracy, IGMPS performs a sequence of k packet-pair measurements and computes the available bandwidth at time t as the average of the last k sample measurements. IGMPS sets the default value of k to 100. in the next section we will show that varying the number of packet pairs in the measurement sequence does not impact heavily on the final results. In this case it is more judicious to reduce the number of packet pairs to reduce probe traffic load and convergence time of IGMPS.

VI. PERFORMANCE EVALUATION

This section shows some measurement results and validates IGMPS in terms of accuracy, response time and intrusiveness. Afterwards, it is compared to Spruce that uses the Probe Gap Model too. For that purpose, we ran several experiments on an isolated testbed configuration using IGMPS to measure available bandwidth of the network path. The topology is shown in Figure 6 where Ps and Pd are the probing source and destination. This path comports three Cisco 1700 series routers. The capacity of the bottleneck is 100 Mb/s and all of the links from the end-hosts to the routers have a 100 Mb/s bandwidth.

IGMPS measurement tool consists of separate user-level sender and receiver parts. The sender part is set up on Ps and the receiver part on Pd. Cs and Cd are used to generate cross traffic using an MGEN traffic generator. The traffic analyzer Ethereal is installed both on tool and traffic generator receiver parts. It is used to report measurement traffic load and response times of each tool and to verify the cross traffic throughput generated by the traffic generator. The data presented in this section is collected using IGMPS tool for available bandwidth measurement along the path (Ps, Pd). In order to evaluate the accuracy and performances of these active probing tool, we use an MGEN traffic generator to create constant cross traffic at a given rate. By changing this rate, it is be possible to have a full range of available bandwidth values. Varying the cross traffic rate from 0 to 100 Mb/s in a 100 Mb/s path will make the available bandwidth vary from 100 to 0 Mb/s. The experiments are undertaken by increasing the cross traffic rate with 5 Mb/s increments in each measurement session. A total of 30 experiments were run for each value of the available bandwidth. The measurements were collected and the averages of the results obtained with IGMPS tool are presented in Figure 7. it shows that IGMPS closely tracks the available bandwidth and correctly respond to the cross traffic variation. Where abw est is the available bandwidth estimates generated by IGMPS tool, and abw exp is the expected available bandwidth obtained by varying the cross traffic in the path.

From Figure 8, we observe that with the exception of the first estimate, the measurement error on IGMPS is below 10% and in most cases the error is less than 5%. Results show that IGMPS is very accurate when the bottleneck link utilization is less than 70%. However, when the bottleneck link utilization is high (more than 70%), IGMPS produces slightly less accurate measurements that are over-estimated by around 35%. We consider now the same network topology, but we set the bottleneck link capacity to 10 Mb/s. By increasing the cross traffic rate with 1Mb/s increments from 0 to 10 Mb/s, we make the available bandwidth vary from 10 to 0 Mb/s. Figure 9 shows the results of IGMPS measurements in 10 Mb/s path. As like as the 100 Mb/s path scenario, IGMPS respond correctly the cross traffic variation and closely tracks the available bandwidth. The relative measurement error of IGMPS for this scenario is shown in Figure 10.

The main observation from this figure is that with the exception of the two first estimates the measurement error of IGMPS is below 10% and in most cases the error is less than 5%. Indeed, this scenario confirms that IGMPS is very accurate when the link utilization is low and when the link utilization is very high, IGMPS slightly over-estimates the available bandwidth of the path.

VII. IGMPS IMPROVEMENT

The fact that the parameter was set to 0 has led to obtain some inaccuracy in IGMPS measurements. Indeed, in the case of high link utilization, the first packet has more much probability to find some cross traffic packets when it arrives at the bottleneck queue; this makes ( > 0) in the equation [START_REF] Jain | End-to-End Available Bandwidth: Measurement Methodology, Dynamics, and Relation with TCP Throughput[END_REF]. however, when the link utilization is low, the first packet is more likely to not find cross traffic packets on the bottleneck link queue and then it does not experience queuing delay. In this case the assumption that ( = 0) in equation ( 12) is more realistic.

If we consider the first case ( > 0) then the equation ( 12) that predicts the queuing delay of the second packet at bottleneck link is given as follows:

q k b = + s k-1 C + (∆ out -∆ in ) (17) 
The generic model that define the available bandwidth of the path is then given using the equation (18):

A = s k-1 2t k 0 + t k-1 n -2t k-1 0 -t k n t k 0 -t k-1 0 (s k -s k-1 ) C b-1 -s k-1 C -t k 0 -t k-1 n + ( 
18) In this case, to estimate available bandwidth, IGMPS version 2.0 implements equation ( 19) that is obtained by setting (s k = s k-1 = S) in equation ( 18):

A = S (2∆ in -∆ out ) (∆ in ) S C + ∆ out + (19) 
The parameter depends strongly on the amount of cross traffic. to define it, we use an experimental methodology based on few steps given by the following algorithm:

1) We calculate the available bandwidth (abw) by setting equal to 0. This step allows to have an idea on the amount of cross traffic in the path. if the cross traffic is low then is set close to 0, else, it is slight more greater.

2) if abw > C 3 then

• set equal to 0.

• Available bandwidth is then estimated using (16).

• = α (∆ out -∆ in ) 1 -abw C
where α ∈ [0, 1]

• if (abw > 0.15C) then α = 0.1 Available bandwidth is then estimated as:

A = S (2∆ in -∆ out ) (∆ in ) S C + ∆ out + (0.1) (∆ out -∆ in ) 1 -abw C else α = 1
Available bandwidth is then estimated as:

A = S (2∆ in -∆ out ) (∆ in ) S C + ∆ out + (∆ out -∆ in ) 1 -abw C
Figure 11 shows the relative error of IGMPS measurement estimated using the improved formula that take into account the parameter . The main observation from this figure is that the measurement accuracy is improved when the link utilization is high. For instance with the first version of IGMPS we obtain 48% of relative error on the measurement when the expected available bandwidth is of 0.653 Mb/s (the unique measurement in our experiments where IGMPS is inaccurate), While with the improved version (version 2.0), IGMPS obtains only 29% of relative error and in the most cases we can see that the relative error is less than 3% against 5% for the first version.

A. Intrusiveness and response time

In our evaluation of IGMPS's performance, we consider two important parameters that are intrusiveness and response time. Available bandwidth is a parameter that varies over time. It is therefore essential to measure it as fast as possible. We define IGMPS response time to be the average of the all 30 measurement session times. It is shown in Figure 12.

We define tool intrusiveness as the ratio of the average tool measurement traffic load to the path capacity. Figure 13 shows that IGMPS generates constant and low traffic load that is about 250Kb/s. 

VIII. EFFECT OF IGMPS PROBING PARAMETERS

In this section we study the impact of the variation of some IGMPS parameters on estimation performance. (such as the probing packet size and the number of pairs in a sequence).

A. Probing packet size

To study the impact of the packet size on the measurement accuracy, experiments are carried out using IGMPS with variable probing packet size ranging from 100 to 1500 bytes. For available bandwidth values 2Mb/s and 9Mb/s, experiment results are shown in Figure 14 and Figure 15, respectively. The main observation from Figure 14 is that, when the link utilization is high (available bandwidth is about 2Mbps) and when the probing packet size varies between 100 and 700 bytes IGMPS hugely over-estimates the available bandwidth. However, it under-estimates the available bandwidth when the probing packet size is ranging from 700 to 1400 bytes. On the other hand, when the link utilization is low, as shown in Figure 15 (available bandwidth is about 9 Mbps) the measurement accuracy proportionally increases with the probing packet size.

In both the two cases, we observe that when the packet size is about 900 bytes or 1500 bytes, IGMPS tool achieves the most accurate measurements. In IGMPS implementation, the default value of probing packet size is set to the maximum non-fragmented packet size, i.e the path Maximum Transmission Unit (MTU) size that is equal to 1500 bytes in our case. The reason of this choice is that a larger packet size leads to wider inter-packet dispersion that is easier to measure, more robust to queuing delay noise, and less sensitive to the timestamping resolution at the receiver.

B. Pair sequence length

Experiments are carried out with IGMPS using variable sequence length ranging from 10 to 100 pairs. Results presented in Figure 16 show that, in conditions of our experiments and whatever the link utilization is high or low, available Fig. 15.

Effect of IGMPS probing packet size on available bandwidth measurement (9Mb/s). the measurement accuracy proportionally increases with the probing packet size. bandwidth measurement accuracy is not heavily impacted by the variation of this parameter. However, in real conditions of internet, we recommend to use a long probing pair sequence to closely track available bandwidth. Indeed, using shorter pair sequence leads to get a wider range of available bandwidth estimates. The reason is that the cross traffic along the path is bursty and with a shorter pair sequence we obtain a shorter sampling interval, which leads to see a wider range of estimates.

On the other hand, Figures 17 and Figure 18 show that pair sequence length has a large impact on the cost of IGMPS algorithm. This parameter directly affect the amount of measurement traffic generated by the tool and its convergence time. Indeed, both IGMPS response time and intrusiveness proportionally increase with the number of pairs in a measurement sequence. 

IX. COMPARISON OF IGMPS TO SPRUCE TOOL

Lab experiments to compare the performance of IGMPS to existing tools (Spruce) are carried out in the same network configuration shown in Figure 6. We make available bandwidth ranging from 0 to 10 Mb/s. results of our experiments are depicted in Figure 19 and the relative errors of IGMPS and Spruce are illustrated in figure 20.

Results show that IGMPS reacts well to cross traffic variation and closely tracks the available bandwidth. It achieves the measurements with a very high accuracy and its relative measurement error is in some cases less than 1%.

Compared to IGMPS, Spruce is less accurate. Indeed, despite IGMPS slight inaccuracy when the link utilization is high (in the first estimate), Spruce achieves less accurate estimates than IGMPS in each measurement session. In the conditions of our experiments, IGMPS clearly outperforms Spruce. 

X. CONCLUSION

In this paper, we presented an improved deterministic model for estimating end-to-end available bandwidth. This model is based on the Probe Gap Model and takes into account the packet size parameter. Then, we introduced IGMPS, a tool that estimates available bandwidth based on the proposed model and compared its performance to Spruce. Results showed that IGMPS is very accurate and in the conditions of our experiments, it outperforms Spruce.

Experiments showed that introducing the packet size parameter in the probe gap model formula improves considerably the accuracy of the measurements. Indeed, we showed that increasing probe packet size increases the tool's accuracy. However, varying the number of pairs in the probing sequence does not impact heavily the results.

The study presented in this paper was focused on a small number of criteria which seemed to be the most important. However, this study must be completed by considering other parameters and by evaluating IGMPS on real network settings.
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