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Abstract—Link quality estimation is a fundamental building the efficiency of network protocols. For instance, routing
block for the design of several different mechanisms and protocols protocols rely on link quality estimation to select high quality
in wireless sensor networks. The accuracy of link quality estima- routes for communication, i.e. routes composed of with high

tion greatly impacts the efficiency of these protocols. Therefore, o . . . .
a thorough experimental evaluation of link quality estimators quality links. The more accurate the link quality estimation

(LQESs) is mandatory. This motivated us to build a benchmarking IS, the more correct the decision made by routing protocols in
testbed - RadiaLE, that automates LQEs evaluation by analyzing selecting such routes. Therefore, it is important to assess the

their statistical properties. Our testbed includes (i.) hardware performance of the LQE before integrating it into a particular
components that represent the WSN under test and (ii.) a the network protocol.

software tool for setting up and controlling the experiments Th h tal f luati f LOE .
and also for analyzing the collected data, allowing for LQEs e experimental performance evaluation of LQEs requires

evaluation. To demonstrate the usefulness of RadiaLE, we carried Performing link measurements through packet statistics collec-
out a comparative performance study of a set of well-known tion. Several testbeds have been designed for the experimen-

LQEs. tation (test, validation, performance evaluation, etc.) of WSNs
[5]-[9], but only [10] and [11] targeted link measurements.
However, these were exploited for analyzing low-power links
Wireless sensor networks (WSNs) have severe constraiokgracteristics rather than the performance evaluation of LQES.
on energy consumption since nodes have to survive on &Despite its importance, the experimental performance eval-
limited battery energy for extended periods of time, up toation of LQEs remains an open problem, mainly due to the
several years. This fact brings network protocols designersdifficulty to provide a quantitative evaluation of their accuracy.
provide energy-efficient solutions, namely in what concerrithis motivated us to build a benchmarking testbed - RadiaLE,
media-access control (MAC), routing, mobility managemendijming at the experimental evaluation and optimization of
and topology control protocols. One of the most importamiQEs. RadiaLE includes (i.) hardware components that repre-
requirements to achieve this goal is to avoid excessive rent the WSN under test and (ii.) a software tool for setting
transmissions over low quality links. Therefore, link qualityyp and controlling the experiments and also for analyzing the
estimation emerges as a fundamental building block for neisllected data, allowing for LQEs evaluation.
work protocols to maximize the lifetime and the throughput The rest of this paper is organized as follow. Following the
of WSNSs. related work on experimental testbeds (section Il), we give
Several link quality estimators (LQES) have been reportegh overview on our testbed RadiaLE (sction IIl). Then, we
in the literature [1]-[4]. They can be classified as eithgiresent an empirical study demonstrating the capabilities of
hardware-based or software-based. Hardware-based LQRadialE in evaluating the performance of LQEs (Section IV).
such as LQI (Link Quality Indicator) and RSSI (Received
Signal Strength Indicator) are directly read from the radio
transceiver (e.g. the CC2420). Most of software-based LQEs Il. RELATED WORK
enable to either count or approximate the packet recep-Several testbeds have been designed for the the experimen-
tion ratio or the average number of packet transmissions/tation of WSNs. They can be classified into two categories:
transmissions. Testbeds of the first category, such as [5]-[9] have been
The accuracy of link quality estimation greatly impactslesigned and operated to be remotely used by several users

I. INTRODUCTION



/’\ PC via serial cables and serial multiplexors. The PC runs
/\ different processes -one for each node in the testbed- that
perform data collection. Based on the collected data, other
processes running on the PC allow for connectivity assessment

through the derivation of the PRR of each unidirectional link.
// N Thus, the network connectivity can be visualized during the
/ /0 ‘- 15 ;ﬂ‘ 10\\ \ \\ experiment runtime.

- 4 5 5 o SWAT [11] is a tool for link measurements. The supported
337327317307 29" 28 27 26 = = metrics (or LQES) include PRR, RSSI, LQI, noise floor, and

\ :
\\ \ g 3 4243 / / SNR (Signal-to-Noise Ratio). SWAT uses the same infras-

35 ~Ym tructure as SCALE but with more sophisticated platforms
\J ° (micaZ or TelosB): Sensor nodes are connected through serial

connections or Ethernet to a central PC. SWAT provides two
user-interfaces (UIs), written in HTML and PHP. Through

the HTML Ul, users can specify the experiment parameters.

v/ The PHP Ul is used to set-up link quality metrics, and some

— USBcables of 18m, amand 5M  m- Telosh statistics (e.g. PRR over time) correlation between PRR and
[ USB Hubs of 7 ports W Laptop PC RSSI. Then the Ul invokes Phyton scripts to process the

collected data and display reports.

SCALE is compatible to old platforms, Mical and Mica2
motes, which do not support the LQI hardware-based LQE. On
the other hand, SWAT is not practical for large-scale exper-
having different research objectiveskoughly, each of these iments, as some configuration tasks are performed manually.
testbeds has four building blocks.)¢he underlying WSN,i(.)  Both SWAT and SCALE allow for link measurements through
a network backbone providing reliable channels to remotehacket statistics collection but the collected data do not enable
control sensor nodesiii() a server that handles sensor nodgg compute various LQEs, namely sender-side LQES, such as
reprogramming and data logging into a database, aind @ four-bit [2], [12] and RNP [13]. The reason is that SWAT
web-interface coupled with a scheduling policy to allow thgng SCALE do not collect sender-side packet-statistics (e.g.
testbed sharing among several users. The testbed users hayg#oer of packet retransmissions).
be expert on the programming environment supported by theyjost of existing testbeds use one-Burst traffic, where each
tesbeds (e.g. TinyOS, Emstar), in order to be able to proviggde sends a burst of packets to each of their neighbours then
executable files for motes programming. They must also cregigsses the token to next node to send its burst. This traffic
their own software tool to analyze the experimental data aﬁgttem cannot accurately capture lidsymmetryproperty
produce results. as the link two directions (uplink and downlink) will be
These testbeds suffer from several weaknesses. Their tendefi{@essed in separate time windows. Thus, traffics patterns
to cover multiple research objectives and being used Byat improve the accuracy of link Asymmetry assessment are
multiple users prevent them from advancing a specific reseafgindatory. In addition, as it has been observed in [14], the
objective to the next level. In fact, the testbed resources canggific Inter-packets Interval has a noticeable impact on channel
be available for a given user for a long time as they agharacteristics. For that reason, it is important to understand
shared with several others. Further, the physical topology @l performance of LQEs for different traffic configurations.
sensor nodes as well as the environment conditions cannot bg, what follows, we present RadiaLE, our testbed solution
managed by the user. that solves the above mentioned deficiencies in the existing

Many researchers support developing their own tesbedstéstbeds. It presents the following advantages/contributions:
achievea specific goal These represent the second category, Provides abstractions to the implementation details by
of testbeds. To our best knowledge, none of the existing enabling its users to configure and control the network as
testbeds was devoted for the performance evaluation of LQES. ell as analyzing the collected packet-statistics database,
Some testbeds have been dedicated for link measurements ysing convivial graphical user interfaces.
such as SCALE [10] and SWAT [11], but they were exploited . Due to the flexibility and completeness of the collected
for analyzing low-power link characteristics rather than the database, a wide range of LQEs can be integrated to
performance evaluation of LQEs. RadiaLE software tool.

SCALE [10] is a tool for measuring the PRR (Packet Re- « Use a different traffic pattern, call&lrsty Traffi¢ having
ception Ratio) LQE. It is built using the EmStar programming  different parameters that can be tuned by the user in the
model. Each sensor node runs a software stack, allowing for network configuration step.
sending and receiving probe packets in a round robin fashions Provides a holistic and unified methodology (by the
retrieving packet statistics, and sending them through serial mean of graphical user interfaces) for the performance
communication. All Sensor nodes are connected to a central evaluation of LQEs.

Fig. 1. Nodes distribution according the Radial topology
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Fig. 2. Testbed Hardware and Software architectures
I1l. RADIALE OVERVIEW In the second step, we have designed a Bursty traffic over

RadialE is an open source tool (available at [15]) thf&aoh linkN1<—N;, whereN; first sends a burst of packets

I h ; luadi fLOE lvzing thed & giver_1 nodeNi_. Th_en, nodeN; sends its burst (_)f packets
allows the performance evaluation of LQEs by analyzing t eEQENl. This operation is repeated for a pre-determined number

statistical properties, independently of any external factor, su o )
as collisions (each node transmits its data in an exclusi® bursts. Recall that existing testbeds use a one-Burst traffic.

time slot) and routing (a single hop network). These statisticglf).ns'de”ng more that one burst in our Bursty traffic is like

T . ividing the traditional on-Burst into a number of small bursts
roperties impact the performance of LQEs, in terms of: : . . '
prop P P Q which allows to reduce the time that separates the uplink and

« Reliability : It refers to the ability of the LQE to correctly ha downlink assessments.
characterize the link state. RadiaLE provides the Meansgychanged traffic over each link allows for link mea-
for a qualitative evaluation of the LQE reliability, by an- q;rements though packet-statistics collection. Some packet-
alyzing (i.) its temporal behavior, and (i.) the distributionsiatistics are collected from received packets, such as sequence
of link quallty_estlmates, |_Ilustr_ate_d by the a gcatter ploﬁumber, RSSI, LQI, and background noise. Other packet-
and the empirical cumulative distribution function (CDF)giatistics are collected at the sender side, such as, packet
. Sta_b|I|ty: Thls_ metric refers to thg aplllty of the LQE 10 g transmission count. All these packet-statistics are forwarded
resist to transient (short-term) variations (also called ﬂuﬂﬁrough a reliable serial connection to a central PC and then
tuations) in link quality. RadiaLE evaluates the stabilityi, o4 in a database.
of a LQE quantitativelyby the measure of the coefficient e third step consists of processing the stored data (packet
of variation (CV) of its estimates. statistics), to compute, tune, and analyze LQEs.

A. Methodology B. Implementation

In order to evaluate the performance of LQEs, the first RadiaLE includes hardware components (Fig. 2a) and a
step is to establish a rich set of links with different qualisoftware tool (Fig. 2b).
ties. The second step is to create a bidirectional data trafficThe RadiaLE hardware architecture involves a set of TelosB
over each link, enabling link measurements through packetotes (49 motes in our experiments), connected to a control
statistics (such as packet sequence number, from received station (PC) via a USB tree, for controlling and collecting
sent packets) collection. Finally, collected data are analyzethta from the motes without interfering with the wireless
enabling the evaluation of LQEs. communications. In our experiments, the nodes are arranged
The first step relies on setting-up a single-hop networkgcording to a radial layout as shown in Fig. 1.
where nodesN,..N,, are placed in different circles around RadiaLE software tool contains two independent
a central moteN, as shown in Fig. 1. The distance betweeapplications: Experiment Control java application
two consecutive circles is denotedyaém), and circle nearest (ExpCtrApp), and Data Analysis Matlab application
to N; has a radius ok (m). Since distance and direction(DataAnlApp).
greatly affect link quality, by placing nodehl,...N,, at
different distances and directions from the central nbde 1) The experiment Control application (ExpCtrApp)t
the underlying linksN;«<—N; will have different qualities. provides user interfaces to ensure multiple functionalities,
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Fig. 3. ExpCtrApp Java application main functionalities

namely motes programming/control, network configuratiothe motes to control data transmission according to the
and data logging into a MySQL database (Fig. 3). Theseffic pattern set at the network configuration phase. The
functionalities are described next. ExpCtrApp also provides:i.j a network viewerto visualize
Motes programming: A nesC application defines a sethe network map and the link quality metrics (e.g. PRR,
of protocols for any bidirectional communication betweeRSSI) in real-time; andii() a database inspectaio view raw

the motes and between the motes and the ExpCtrApp. Tdeta retrieved from the motes in real-time.

ExpCtrApp automatically detects the motes connected to the

PC and programs them by installing the nesC application2) The data analysis application (DataAnlApgj:provides
binary code. user interfaces to ensure two major functionalities (Fig. 4).
Network configuration: The ExpCtrApp enables the usellLinks characterization: Fig. 4a shows the link characteriza-
to specify network parameters (e.g. traffic pattern, packeisn interface. This interface provides a set of configurable
number/size, inter-packet interval, radio channel, transmissigraphs, allowing to study the spatial and temporal character-
power, link layer retransmissions on/off and max. countjstics as well as the asymmetry of the underlying links. Such
These settings are transmitted to the motes to start performigraphs help to design new LQEs by understanding the channel
their tasks. behaviour.

Link measurements gathering Motes exchange data trafficLink quality estimation: Fig. 4b shows the link quality

in order to collect packet statistics such as sequence numlggtimation interface. This interface provides an assistance to
RSSI, LQI, SNR, time stamp or background noise, which aRadiaLE users to evaluate and optimize their LQES. It enables
sent via USB to the ExpCtrApp in the PC, which stores these generate statistical graphs, such as the empirical cumulative
log data into a MySQL database. distribution function and the coefficient of variation of link
Motes control: ExpCtrApp exchanges commands witlguality estimates. By analyzing these graphs the reliability



J Secondinterface ZH:.El

Link characterization
— Distance line curves

— Time line curves

Select the average window size (w):
"Each metric will be computed over each {w) packets"

Hode Id window

Window size | 200 | [ compute LQC
PRR = fidistance} [ ] Packet reception [ | Humicity [ Maize
[] scatter [] errorbar Graph [ ] Retries [Jtemperature (] Light
LAl = f(distance) [l Rssi [ Lai k=
[[] scatter [] errorbar Graph
RSSI = fidistance)
[] scatter [ errarkar Graph
SHR = f(distance) — Asymetry level (CDFunction)
[] scatter [ errarbar Graph
PRR = firssi) PRR = fignr) PRR = filqi} Window size 100 Asymetry levels
Graph Graph Graph

(a) Links characterization interface

[ ThirdInterface

Link guality Estimation
— Link Quality Estimation

— LQE-Metrics A it

fﬁLQE-parametero \\ ﬁtatistics properties %— — Topology

Beta SHR_th1 SPRR_th1 ASL_th1 Alpha SPRR (%) Circular () Other

[ os | | 2 | | oz | | om | Hb of circles
SF_th2 SHR_th2 SPRRth2  ASLth2  AlphaFLOE (s |

Hb nodes per Circle

| 05 | | 7 | | 095 | | 03 | | 0s |
Stability Update circle lines ]
— WMEWIA — SRHP 4Bit —RNP_ETX_PRR_|
Alpha Alpha Alpha Do not have

— Hodes list Circle lines

a particular
Lo )| Do ] [[oo ]| e )

|

2

3

— Common par: [ 4
Window (%) Grouped () Seperated
[ _comeeice ]

/ . % Y,
| Estimation Window | | LOEs tuning |
Link quality estimates, with respects to | LQEs statistical analysis |
each LQE, are computed and stored

(b) Link Quality Estimation interface

Fig. 4. DataAnlApp Matlab application main functionalities



and the stability of LQEs can be evaluated. DataAnlApp IV. EXPERIMENTAL STUDY USING RADIALE

mtegra_tes a set of well-known LQES’.' cher LQEs can be To illustrate the usefulness of RadialLE, we have reproduced
easily integrated and compared to existing LQEs, due to t{he

flexibility and comoleten f th lected empirical dat e simulation study conducted in [16], where PRR, RNP,
e y and completeness ot the collected empirica aa'ETX, Four-bit, and WMEWMA, have been evaluated.

C. Link Quality Estimators A. Experiments Description
A short description of five LQEs already integrated into In our experiments, we have deployed 49 TelosB motes
RadiaLE is given in follow. distributed according to the radial topology as shown in Fig. 1,

PRR (Packet Reception Ratio) is computed as the ratio @herex is equal to 3 meters ang is equal to 0.75 meter.

the number of successfully received packets to the numberNgdte thatx andy have been chosen such that links would
transmitted packets, for each window wfreceived packets. have moderate connectivity (assessed by average PRR). The
RNP (Required Number of Packet retransmissions) [13jansmission power and the channel were set to - 25 dBm
counts the average number of packet retransmissions requisgd 26, respectively. For the Bursty traffic, we have set the
before a successful reception. It is computed as the ratio of fhenber of bursts to 10, the number of packets per burst
number of transmitted and retransmitted packets to the numkgr100, and the inter-packet interval to 100 ms. The packet
of successfully received packets; minus 1 to exclude the figife is 28 bytes and the Maximum packet retransmissions
packet transmission. This metric is evaluated at the sender sid@nt is 6 retransmissions. The duration of the experiment
for eachw retransmitted packets. was approximately 8 hours. At the end of the experiments, we
WMEWMA (Window Mean Exponentially Weighted Moving gathered a database that contains packets-statistics, retrieved
Average) [4] applies filtering on PRR to smooth it, thugrom each bidirectional linkN;«—N,.

providing a metric that resists to transient fluctuation of PRRs, Now, we propose using RadiaLE data analysis tool: DataAn-
yet is responsive to major link quality changes. WMEWMAApp, to conduct a comparative study of the performances of
is then given by the following. five well-known LQEs, already supported by RadialE, namely
WMEWMA(a,W) = a x WMEWMA+ (1—a) x PRR (1) PRR, ETX, RNP, WMEWMA, and four-bit.

wherea ¢ [0..1] controls the smoothness. B. Performance evaluation of Link Quality Estimators
ETX (Expected Transmission Count) [3] approximates the 1) Reliability: The reliability of the LQEs under evalua-
packet retransmissions count, including the first transmissidion can be evaluated by analyzing the distribution of their
It is computed as the inverse of the product of PRR of tHimk quality estimates, illustrated by the empirical cumulative
forward link PRRo-warq) @and the PRR of the backwarddistribution function (CDF), (Fig. 5).

link (PRRcrward), Which takes into account link asymmetry Fig. 5 shows that PRR, WMEWMA, and ETX, which are

property. PRR-based LQESs, are optimistic and therefore overestimate
link quality. For instance, this figure shows that almost
ETX(w)= 1 (2) 80% of links in the network have a PRR and WMEWMA
PRRforward X PRRpackward equals to 85%, and 75% of the links have ETX equal to 1,

(i.e. O retransmissions). The reason of this overestimation

mented in TinyOS, that approximates the packet retransmis-the fact that PRR-based LQEs are only able to evaluate
sions count. Like ETX, four-bit considers link asymmetrjn€ link delivery, and they are not aware of the number of

property. It combines two metrics) estETX,,, as the quality retransm|SS|ons, required to deliver a packet. A packet that

of the unidirectional link from sender to receiver, arit)( is lost after one retransmission or aftar retransmissions
eStETX0un, as the quality of the unidirectional link from Will produce the same estimate. On the other hand, Fig. 5
receiver to sender. ThestETY,, is exactly the RNP metric and shows that four-bit and RNP, which are RNP-based, are

estETX, approximates RNP as the inverse of WMEWMApessimistic and therefore underestimate link quality. In fact
lown . .

minus 1. The combination of the two metrics is performeE'g' 5 shows that almost 90% of the links have RNP equal
through the EWMA filter as follow: to 4 retransmissions (maximum value for RNP), which

means that the link is of very bad quality. Four-bit is less
four-bit(wa, w,, a) = a x four-bit+ (1 — a) x estETX (3) pessimistic than RNP as its computation accounts for PRR.

This underestimation of RNP and four-bit is due to the
estETX corresponds taestETX,, or estETX,..: given w, fact that they are not able to determine if these packets are
the beacon-driven estimation window amng the data-driven received after these retransmissions or not. This discrepancy
estimation window; aw, received packets, the sender derivesetween PRR-based and RNP-based link quality estimates is
the four-bit estimate by replacingstETXfor estETX,.., in justified by the fact that most of the packets transmitted over
Eq.3. Atw, transmitted/re-transmitted data packets, the sendbe link are correctly received (high PRR) but after a certain
derives thdfour-bit estimate by replacingstETXfor estETX,, number of retransmissions (high RNP).
in Eq.3.

four-bit [2] is a sender-initiated estimator, already imple



PRR = WMEWMA ETX RNP Four-bit

Bri | Foursit

% of Links
% of Links

02

RNP

] i o N N S S N SN SN S S S
3 4 S50 6 70 80 9% 100 012345678 9101112131415
Link Quality Link Quality

Fig. 5. Empirical CDFs of LQEs, based on all the links in the network.

V. CONCLUSION

This paper presented RadiaLE, an experimental benchmark-
ing testbed that automates the experimental evaluation and
design of LQEs. To the best of our knowlege RadialLE is
the first testbed dedicated for such objective. In addition, it
presents several advantages compared to existing testbeds such
as providing abstractions to the implementation details and
the flexibility and completeness of the collected database. The
WMEWMA PRR  ETX 4BIT  RNP current RadiaLE version integrates a set of well-known LQEs,
namely ETX, four-bit, RNP, PRR and WMEWMA, as well as
our new LQE, called F-LQE [1] (validated using RadiaLE).

To demonstrate the usefulness of RadiaLE, we have con-
ducted a thorough comparative study of five LQEs. In sum-
ary, we found that all LQEs are not very reliable as they
her overestimate or underestimate link quality. Further,
ETX, RNP and four-bit were found instable, in contrary to
PRR and WMEWMA. Finally, it is important to highlight that

2) Stability: LQEs should resist to link quality fluctuationsye make RadiaLE available for the community as an open
and prov@e stable link quallt.y estimates. _Stab|I|ty propertyyyrce tool (see [15]).
of LQEs is mandatory. For instance, routing protocols do
not have to reroute information when a link quality shows
transient degradation, because rerouting is a very energy and REFERENCES
time consuming operation.
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In summary, all the selected LQEs are not sufficientl
reliable, as they either overestimate or underestimate Iig
quality.



(5]

6]

(7]

(8]

(9]

[10]

(1]

[12]

(23]

[14]

[15]

[16]

G. Werner-Allen, P. Swieskowski, and M. Welsh, “Motelab: A wireless
sensor network testbed,” iRroceedings of the Fourth International
Conference on Information Processing in Sensor Networks (IPSN’05),
Special Track on Platform Tools and Design Methods for Network
Embedded Sensors (SPOTE)05.

B. Chun, P. Buonadonna, A. AuYoung, C. Ng, D. Parkes, J. Shneid-
man, A. Snoeren, and A. Vahdat, “Mirage: A microeconomic resource
allocation system for sensornet testbe@syibedded Networked Sensors,
2005. EmNetS-II. The Second IEEE Workshopppn 19-28, May 2005.

V. Handziski, A. Kopke, A. Willig, and A. Wolisz, “Twist: a scalable
and reconfigurable testbed for wireless indoor experiments with sensor
networks,” in REALMAN '06: Proceedings of the 2nd international
workshop on Multi-hop ad hoc networks: from theory to realitiNew
York, NY, USA: ACM, 2006, pp. 63-70.

A. Arora, E. Ertin, R. Ramnath, M. Nesterenko, and W. Leal, “Kansei: a
high-fidelity sensing testbedihternet Computing, IEEEvol. 10, no. 2,

pp. 35-47, March-April 2006.

D. Johnson, D. Flickinger, T. Stack, R. Ricci, L. Stoller, R. Fish,
K. Webb, M. Minor, and J. Lepreau, “Emulab’s wireless sensor net
testbed: true mobility, location precision, and remote accessSemSys
'05: Proceedings of the 3rd international conference on Embedded
networked sensor systems New York, NY, USA: ACM, 2005, pp.
306-306.

A. Cerpa, N. Busek, and D. Estrin, “Scale: A tool for simple connectivity
assessment in lossy environments,” Tech. Rep., 2003.

K. Srinivasan, M. A. Kazandjieva, M. Jain, E. Kim, and P. Levis, “Demo
abstract: Swat: enabling wireless network measurementSgmngys '08:
Proceedings of the 6th ACM conference on Embedded network sensor
systems New York, NY, USA: ACM, 2008, pp. 395-396.

Four-bit implementation. [Online]. Available:
http:/iwww.tinyos.net/tinyos-2.x/tos/lib/net/4bitle/

A. Cerpa, J. L. Wong, M. Potkonjak, and D. Estrin, “Temporal properties
of low power wireless links: modeling and implications on multi-hop
routing,” in MobiHoc '05: Proceedings of the 6th ACM international
symposium on Mobile ad hoc networking and computingew York,

NY, USA: ACM, 2005, pp. 414-425.

K. Srinivasan, M. A. Kazandjieva, S. Agarwal, and P. Levis, “The beta-
factor: measuring wireless link burstiness,”$®nSys '08: Proceedings
of the 6th ACM conference on Embedded network sensor systess
York, NY, USA: ACM, 2008, pp. 29-42.

(2010) Radiale  benchmarking tool. [Online].  Available:
http://www.open-LQE.net

N. Baccour, A. Koubaa, M. Ben Jamaa, H. Youssef, M. Zuniga, and
M. Alves, “A comparative simulation study of link quality estimators in
wireless sensor networks,” ihi7th IEEE/ACM International Symposium
on Modelling, Analysis and Simulation of Computer and Telecommuni-
cation Systems (MASCOTS'02009.



