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Abstract: Fluid Stochastic Petri Nets (FSPN) is a matherahtind graphical formalism designed for modeling an
behavior evaluation of complex stochastic and liybgistems that concurrently employ discrete andiroeous logic.
Analytic performance evaluations of FSPN modelsirecp solution to a complex system of partialedihtial equations
whose generation and solution can easily becomaciatble. This problem occurs because the numbdiffefential
equations in the system directly corresponds tatimeber of discrete states of the FSPN model. B®NFmodels that
exhibit large state spaces, the only feasible Ewlunethod is by the use of simulations. However,dertain FSPN
models, the existing FSPN simulation methods aftevace packages do not provide a feasible solutidrich was the
main motivation to describe the simulation chalkgf certain FSPN models and explore for possilbnatives. In
this paper, two approaches for simulation of FSRdilets using process-based discrete-event simulkticguage are
presented. The two different approaches are ewluat the context of simulation speed and accurabg results
obtained show that continuous quantities in FSPMetsocan be effectively simulated using discretenev without
compromising the accuracy of the simulation outcome

1 Introduction process is due to the complexity of the mixed (eigcand

Fluid Stochastic Petri Nets (FSPN) [1-7] is a mougl continuous) state space of the FSPN models. Abethe
formalism that was introduced more than two decages Ccomplexities for providing solutions to FSPN modats
and was built as an extension to the well-estagtishthe main reason why FSPN, even though a powerful
formalism of stochastic Petri nets. The main mdidrafor ~modeling formalism, is largely avoided, especiaiy
their introduction was the requirement to representain ~ Scientific areas that are less supported by matheaha
quantities as a fluid flow, rather than discretketts, to backgrounds. This research addresses the mairsisfue
approximate token movement. It was a natural requant  €Xisting FSPN simulation methods and tools, anggses
because many physical systems explicitly contaiid fike two alternative solution approaches. Both appromche
quantities that are controlled by discrete logiGPR involve process-based (PB) discrete-event simulatio
models are mainly intended for modeling hybrid dgia (DES), but differ in the essence on how the cormtirsu
systems that possess discrete and continuous cemison quantities are simulated using discrete logic. Asaae
which evolve over time, such as traffic systems/and study, this research presents simulations and bahav
computer networks. The downside of the implementati €valuations of an FSPN model of Peer to Peer (B2&E)
of FSPN models is that analytic evaluations ofgenfance Video Streaming (LVS) system that was infeasible to
measures require a solution to a Comp|ex Systqmrmi'a| evaluate USiﬂg the existing simulation technique&t/m
differential equations of hyperbolic type. Suchusioh can software tools.
easily become intractable, except for small andl-wel The main contribution of this research can be
structured FSPN models. Nonetheless, for more ammplSummarized as: i) state of the art about existirghods
FSPN, where the state space is quite expanded,ritum@nd tools for simulation of FSPN models, ii) progiosf
solutions are impossible. This is due to the vemgt that alternative approaches for simulation of FSPN mdel
the number of differential equations in the systéractly ~Using a PB DES language, and iii) a case studyhef t
corresponds to the number of discrete states (stetee) Proposed simulation approaches used in behavior
of the FSPN model. Considering these limitations tgvaluations of a P2P LVS system. The proposed sitonl
provide analytical behavior evaluations, the siniota approaches exceed the limitations and extend the
approaches emerge as an important and uniqueﬁ“@'n Capabilities of previous FSPN simulation methodhilew
that offer rather convenient way of performing r[equired offering hlgher erX|b|I|ty, intuitive simulation tefinition,
evaluation tasks. shorted simulation programming time and increased

Since the introduction of the FSPN formalism, oaly Possibilities for generating statistical resultbéth solid
few efforts describe methods for simulation of FSPNtability of the simulation process. All the obsmtv
models. The reason for this deficit in flexible siation improvements can offer the FSPN formalism to a theoa

methods that can offer solid control over the satioph range of researchers and research areas, sin¢eSte
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formalism has a great potential for modeling variet of ordinary differential equations at each stepttoé
complex systems that are of stochastic and conurresimulation, which appears to be quite costly. Rald in
nature. models that may exhibit occurrence of an infinitenter
The rest of the paper is organized as follows.i@& of events in a finite time are not addressed sihiseissue
presents the previous related work, the motiva@snyell cannot be managed by conventional DES techniquéte Q
as the proposal of the two approaches for FSPNiatron.  similar approach is presented in the work of Grilmaand
Section 3 briefly describes the FSPN model of a P28  Sereno [10], with a main difference in the generatf
system that is used as a case study to presesittbation random deviates based on non-homogeneous Poisson
results of the different approaches. Section 4 gyige processes (NHPP). The last two simulation techmsique
technical elaboration of the two different simutati implemented in the latest version of the SPNP (&tstic
approaches that are implemented using PB DES YibraPetri Net Package) [11] tool that, besides othpabidities,
The results of the behavior evaluations, along wlitd from its version 6 from 1999, can simulate FSPN eted
simulation performance results are given in section as well. However, SPNP tool possesses severahtionits,
Section 6 concludes the paper with a summary elich as (i) the fluid flow rates between two triasi

contribution. firings, or until hitting a bound in a fluid placare only
linear, (i) the guards and the flows can depeng on the
2  Motivation and related work discrete marking, the bounds of fluid places amesiholds

The first effort that suggests a method for simafaof  in fluid places (and not on the whole state sp&(@g)the
FSPN models is proposed by David and Andrew [8js Thcumulative measures to be computed cannot mvolem
effort was based on CSIM toolkit [13] where thewsiation ~ Place as they are computed by the sum of the measur
is carried out by the interaction of light-weighréads the current state multiplied by the time to thetrewent (a
called “processes”' much alike the methodology psqj flrlng of a transition or a fluid event, l.e. a mabis hit in a
in this research. Intriguingly, since its introdoatin 1995, fluid place).
process-based simulation of FSPN did not receivehmu  In 2002, Horton [12] proposed a novel approach for
attention in the following years. The proposal 8] [ simulation of Stochastic Petri Nets (SPN) usingRhexel-
presents an FSPN simulator capable of generatiitg quBased (PXB) approach. The reason for this propoesal

adequate statistical output, presented in Table 1. to leverage the accuracy of the experimental clifss
simulation techniques, such as DES. The main adgant

Table 1 Statistical Output of FSPN Simulator Depetbin [8] ~ Of the PXB method is that it does not employ random

. Maximum, average and current numbef Ofnumb_ers, nor it do_es set up a system of differbntia
Discrete tokens equations. Actually, it dynamically describes anliofvs
places Average waiting time for a token the flpw _of probability among the_states of the eldd a
very intuitive manner. Because this method workh e
: Maximum, minimum, average, and state-space of the model, as well as all othermé@téstic
Fluid places ; :
current amount of fluid approaches, it suffers from state-space explogatual
N Total, mean and percentage of firing timeslmplementanor}s of this approach to simulate FSRdats
Transitions - are not determined.
and the number of firings . o . . .
It is quite interesting to note that in presenteinthere

o o . ) exist a large number of tools for simulating Petet
The crucial limitation of this simulator is thatWwas models in general, such as TimeNET [14], QPME [d5]
developed before a number of extensions to thedatdn p|pg2 [16], to name a few. The researchers at The

FSPN formalism were introduced in later years, sash pepartment of Informatics, Faculty of Mathematics,
Non-Markovian FSPN or FSPN augmented with flush-oyhformatics and Natural Sciences at the University
arcs. Besides the satisfying produced output, aéveHampurg, have compiled a list of even 85 Petri net
statistical values are not provided, such as theatlen  simulation tools that are publicly available at][But, two
place is filled to the maximum. In simple wordse thain  guch tools for FSPN simulation. First, these tools
possess similar problem of fixed range of input angf supported input/output parameter values, thatilte
confined output values. These characteristics tjrec yith declined tool capabilities. Second, none & listed
influence the ﬂeX|b|I|ty of the simulation proce&Bd the tOOIS, nor any other formal tool except SPNP' S[my

capabilities of the simulation tools. means to simulate FSPN models.
Ciardo et al. [9] proposed a DES methodology for

simulation of FSPN models addressing several ahgdle
for systems with no unstable behavior. Each elermiethte
simulation is defined by the modeler, including the
generation of random numbers for transition firings
Mainly, this DES approach requires a solution gystem
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The elaborated limitations of the previous simolati where:Vy, is the amount of fluid in the peer’s buffer,
methods were an inspiration to explore for an aggindor  andVgyr yax is the buffer’'s maximum capacity.
effective simulation of FSPN models, thus the aptio )
consider the usage of PB DES language emergedadaki Consequently, since one more stream that drains the
into account the previous experiences on the pesslys peer’s buffer is introduced in the modeling frameydhe
to simulate hybrid (discrete and continuous) lodiis condition for achievingJniStreamin this FSPN model is
research hypothesizes that FSPN models can §ren in eq. (3).
successfully simulated with the employment of diter
events paradigm. The outcome of this investigatias WO = Tppay + TconTrOL (3)
that, besides surpassing the outlined limitatidns@vious
developed methods, the PB DES approach offers high The performance of the system can be obtainedéy th
flexibility and virtually endless capabilities ofhe calculation of the Probability fddniStream(Punistrean).
simulation process. All the improvements are sugglor
with the intuitive manner of model definition, irersed The FSPN model of a P2P LVS system (Figure 1)
simulation programming speed and various ways efccounts for:network topologypeer churn scalability,
gathering statistical results. The next sectiobafates the peer upload bandwidth heterogeneitideo buffering
FSPN model as a case stydy to evaluated its bahasing  control traffic overhead admission control for lesser
the proposed simulation approaches. contributing peers and sudden disconnection for
unidentified reasogiven by the flush-out arésymmetric
3 FSPN model for performanceanalysisof  network settingsare assumed, where peers have infinite
aP2P LVSsystems download, but limited upload bandwidths, while aine
delay, peer selection strategies and chunk sizectrtaken

The whole modeling is based on the work of Kumar &gt0 account. The considered P2P LVS system adopss
al. [17], where two important P2P streaming dimensi N€twork topology, where peers are randomly orgahize
are defined. The first one is the maximum achievate N0 Swarm groups or swarm neighborhoods, and each

that can be streamed to each individual peer iea gjime, 9roUp member communicates with all his neighbors
presented in eq. (1). exchanging video chunks. Peers’ upload bandwid) (U

heterogeneity is implemented by classifying pesis two
n classes, high contributing peers (HP) and low douting
Feervert Zr oEER | peers (LP) based on their UB capabilities.
i B The presented FSPN model comprises two main parts:
SERVER n the discrete part and the continuous (fluid) pathe net.
Single line circles represent discrete places that
(1) accommodate discrete tokens. The tokens, whiclesept
where: 1, . — maximum achievable streaming ratef€ers, move via single line arcs to and out ofdiserete
rservier — Upload rate of the serveg;; ; — upload rate of Places. Fluid arcs, through which fluid is pumpede
the i™ peer; n — the total number of concurrently drawn as double lines to suggest pipes. The faguimped
participating peers. Clearly, .y is a function that depends through fluid arcs and is streamed to and out efuique
ON Tspryprs Toppr ¢ ANAN. fluid placePgyr, which represents a single peer’s buffer.

The second important dimension defined is th&h® rectangles represent timed transitions with
Universal Streaming UniStrean), that refers to a exponentially distributed firing times, and thentishort
streaming situations when each participating peegives lines are immediate transitions. Peer arrival,enagal, is

the video stream with bitrate no less than thewidee, described as a stochastic process with exponsntiall
and in [17] it is achieved if and onlysf, 1y = Topay- distributed inter-arrival times, with meanilivhere 4

For the purpose of completeness, the FSPN model | resents the arrival rate. Another assumptiomasie
P2P LVS system (Figure 1), introduces two additiondnal: after joining the system, peers’ sojourn &riiy are
dimensionsroyrro. rEPresenting the network exchangéilso exponentially distributed. Clearly, since epeler is
of control messages among the participating peegtee 'mmediately served after joining the system, weehav
stream functiony() which, instead of the maximum, dUeuing network model with an infinite number afvees

represents the actual streaming rate to any inaivigeer 2nd exponentially distributed joining and leavirages.
at a given time. The boundariesydj are given in eq. (2). The mean service timeis equal to J_d,_v_vhlch transferred
to FSPN notation leads to the definition of the atgre

r =minyr

MAX

rate asp multiplied by the number of peers that are

_ Muaxs 1 Ve <VBUF_ MAX concurrently being served. represents peers’ arrival in
YO = +r if V. =V general, but the different types of peers do natethe
PLAY * 7 CONTROL BUF " BUE (2) same occurrence probability,( andp,). This occurrence

distribution is defined by the immediate transitdi ,p
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andT, ;» and their weight functions, andp,. HP arrive
with ratein = pu + 4, and LP arrive with raté, = p_+ 4,
wherep, + p, = 1. In this particular case; = p, = 0.5,
but, if needed, these occurrence probabilities ban
altered. In this manner, the model with peer chign
represented by two independ&ffivi/cc Poisson processes,
one for each of the different types of peers. Therage
number of peers that are concurrently being sededides
the size of the system as a wh@gA4) and is derived from
the queuing theory as in eq. (4):

Ssize = A/u 4)

Toeryen TeLay
;

TPI.AY

CONTROL

T,

CONTROL

>
'H TFLLSH

Figure 1 FSPN model of a P2P LVS system with adlmiss
control and sudden disconnection

Ta is a timed transition with exponentially distribdt
firing times that represents peer arrival, and ufiong
(with rate 1) puts a token ifPcs Pcs (representing the

take one token out of the discrete place to whiy tare
connected.

r.SERVER

+ #PHPU et (#P wt l)lj LP
#PHP+#PLP+1

+r
CONTROL

G

L2

VIDEO

()

Concerning the fluid part of the model, video lzte
represented as atoms of fluid that travel throughftuid
pipes (network infrastructure) with rate dependamthe
system’s state (marking). Beside the stream funci® a
derivative of several parameters, three sepanaitk filows
(streams) that travel through the network with ediét
bitrates are identified. The main video stream espnts
the video data that is streamed from the sourtieetpeers
that is referred to as thedeo rate(ry;pgo). The second
stream is the play stream which is the stream athwdeach
peer plays the streamed video data, referred toegday
rate (rp.4y), and the third stream is the control traffic
overhead, referred to antrol rate (rconrroL), Which
describes the exchange of control messages neadtbf
logical network construction and management.
mentioned earlier, transitiorl 1p andTp e are enabled
only when there are tokens in the discrete plé&sesand
P.r respectively and beside the fact that they consume
tokens when firing, when enabled, they constanti;mp
fluid through the fluid arc to the fluid place. Rlaates of
w() are piecewise constant and depend on the nuofber
tokens in the discrete places and their uploadhities.
Continuous placePs, represents single peer’s buffer,
which is constantly filled with rate() and drained with
rate ¢(pray + Tcontrow)- Veur is the amount of fluid iRPsur

As

control server) checks the type of the token angndVisur waxis the buffer's maximum capacity. Transition

immediately forwards it to one of the discrete pERqp
or Qip (P.p). Discrete placeBnp andP p accommodate the
different types of peers in the P2P live streansggtem

Tsrrver Fepresents the functioning of the server, which is
always enabled (except when there are no tokeamsyirof
the discrete places) and constantly pumps fluichtavthe

model. Qir on the other hand, represents queuing statigfontinuous placePsyr with maximum upload rate of

for LP, which is connected tB.p with the immediate
transitionT, that is guarded by Guard functionG.

Tsgrver- lransition TeLay represents the video playout,
which is also always enabled and constantly dréind

The Guard function G is a Boolean function whosgom the continuous plad@sur, With raters, ay. TeonrroLs

values are based on a given condition. The expresdia
given condition is the argument of the Guard fumrciand
serves as enabling condition for the transifionlf the
argument of G evaluates to trig,is enabled. Otherwise,
if the argument of G evaluates to fal$ejs disabled. For
a model where admission control is not taken ictmant

G is always enabled, but when we want to evaluage t

that represents the exchange of control messagesgam
neighboring peers, is the third transition tha@lways
enabled, has the priority ovés, 4, and constantly drains
fluid from Pgyr with ratergonrroL- FOr further analysis,
the rate ofronrror 1S derived from [19], where it is
defined that ifinearly depends on the number of peers in
the neighborhood, and fey,,;,0f 128 kbps, the protocol

performance of a system that incorporates admissigierhead is about 2% for a group of 64 users, wWeiatis

control we should set the argument of the guardtfan as
in eq. (5).

TransitionsTp wp and Tp_1p are enabled only when
there are tokens in discrete plaégs andP.p. These are
marking dependent transitions, which, when enalblade
exponentially distributed firing times with rates$tR:r and
w-#Rp respectively, wherétP,p and #P.p represent the
number of tokens in each discrete place. Upondfitirey

to a bitrate of 2.56 kbps. For the performanceysesl it is
assumed that peers are organized in neighborhatusmnv
average size of 50 members whetgyrroL 1S 2 kbps.
TransitionTy, ;55 connects the flush-out arc that represents
sudden unintentional disconnection that can happerto

various reasons such as power drop for examplethieor
sake of convenience and chart plotting, the avenptgad
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rate of the participating peers 8$zracr IS also defined, purpose the SimPy simulation library was employed,

which is given in Eqg. (6): which is a PB DES package based on standard Python
programming language. It is quite simple, but yet
Mverace = P wF ot P LOF 5 extremely powerful DES package that provides the

(6) modeler with simulatiorprocesseshat can be used for
active model components (such as customers, meseage
vehicles) i.e. transitions in the FSPN model, sggburce

4  Simulation solution to the FSPN model facilities (resourceslevelsandstoreg, which are used for

4.1 Simulation challenges and issues passive simulation components that form limitedagity

Conducting performance evaluations of the behanfior congestion points like servers, counters, and tsnme.

a P2P LVS system using the FSPN model presenteddiscrete places in FSPN notation. SimPy also pesvid

Figure 1, requires a rather complex approach. i thmonitor variables that help in gathering statistigsile the

following lines the issues that arise if aforemenéid random variables are provided by the standard Rytho

simulation solutions are employed to solve the FSPNndom module.

model given in Figure 1 are presented.

a) The model exhibits state space explosion. Since tde2  Simulation of the discrete part of the FSPN

number of peers from a certain class that are ptése modd
the system follows a Poisson probability distribatia The simulation of the discrete part of the FSPNgisi
good approximation of the maximum number of peergiscrete-events simulations comes quite naturajaRéng
from a single class that could concurrently be gmes the representation of the FSPN model in SimPy
in the system is twice of the average. For a syst#m terminology, all the timed transitions are desafibes
an average of only 50 peers for each of the twesels, SimPy active components, i.e. processes that amh up
the state space of the model would count approxiyat predefined and exponentially distributed firing ¢isn
10 000 possible states. This implies that an aicalyt
solution is clearly impossible. Table 2 Pseudocode of some places and transitions
b) The simulation method proposed in [12] does not in SimPy terminology
appear to be feasible as well, since this methatksvo _ -
with the state-space of the model meaning thaffess SimPy definition of the place,pandPayr
. . efine Py, as Resource:
from the state-space explosion in the exact same esource type = Level
manner as the analytic solution. 3 initialBuffered = 0 (enpty)
c) If we are interested in the total time a certaindfiplace |4  enabl e content nonitoring = True
is_ fiIIed_to the maximum, we sho_uld not adherehte t lL define Par as Resource:
simulation solution presented in [8] because this resource type = Level
method does not provide such performance measure3 initialBuffered = 0 (enpty)
d) The approach proposed in [9] requires a solutioa tof* __€nabl e content nonitoring = True
system of ordinary differential equations at eaep sf
the simulation. The presented FSPN model, depending SimPy definition of transitions & y»andTp
on the presumed average system size, can exfalet sty gerine 7, ., as Process:
space expansion in the order of millions of state$ss |2 while sinulationTine < end:
the simulation approach appears quite costly to life  put one token in Level Py
employed. 4 wai t exp_var_ti me: Ax*py
e) In the FSPN model, the stream functip() does not [0~ 9° to line 3
depend on the discrete marking only, but on thelfluly gefine 7,,, as Process:
marking of the fluid placé>. as well. Therefore, the 2 while sinulationTime < end AND Py, not enpty
solution of the model and the behavior estimation3 get one token from Level Py,
cannot be performed using the simulation methgl  wait exp_var_time: pux#Py,
presented in [10]. 5 _gotolines3

f) The tools presented in [18] (except SPNP [9]) db no

offer any means to simulate FSPN models.

The places (regardless of whether they are disarete
Considering all these limitations it was only expec continuous) are described as passive SimPy comfonen

to search for an alternative approach for solviagylex -€- resource facilities of the type Level. Tabler2sents
FSPN models for which analytic solution or the presd pseudocode of the definition of transitions ancceaas
simulation methods appeared to be infeasible. Eoh s SIMPY elements. . .

FSPN models, the usage of PB DES language impased a Bes_ldes the functional logic, the discrete p_arltmf

a promising alternative. PB DES languages are génef0d€! is used to count the number of peers presehe
simulation technologies, but it appeared that theyld dUeueing statioR, , at the end of each simulation run, thus

feasibly be used for simulation of FSPN models. thig € _average number of peers that are forced to isait
derived as an average among the total number of
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simulation runs, while it is also used to calcul#ieir Table 3 Categories of possible system states
waiting times. IF ‘ THEN
4.3 Simulation of the fluid part of the FSPN CASE 1
model

For the simulation of the continuous part of thededo Vour _AK’S’ L YO = Tvinzo ¥ Teontro
two simulation approaches are presented. It isequit 7. = 1ipeo + TeonrroL TrLay = TvipEo
interesting to note that the simulation of contusio
guantities using discrete events raised questibwhether CASE 2
the simulation would suffer from certain inaccuesgithus,
two approaches were tested to realize the simuolasisk. 0 < Vgur < Vaur max V0 = Tyax
While both simulation approaches employ the same AND AND
discrete logic explained so far, they essentiaffedin the Tmax < Tvipgo + TcontroL TpLay = TVIDEO
manner of simulation of the fluid part of the FSPNdel.

The first approach is realized by the implementatb CASE 3
Temporal-DiscretizatiorfTD), where the simulation time
is divided into short time intervals and in eacteimal a 0 < Vgyr < Vpyr_max YO = Tmax
process performs an action that checks the systamand AND AND
applies a fluid volume change (FVC)Ryg,» according to "ax Z Tvioeo ¥ TeontroL TpLay = Tvipgo
the current fluid flows (), 7pLay, TconTroL)- The main
issue that raises using the TD approach is theracguf CASE 4
the results, because the shorter the time stepdasnore
accurate the results are expected to be. Vags =0 V0 < fax

The second approach performs quite differentlyiand| . .. = . torar < Toipgo
does not suffer from inaccuracies, compared toTibe
approach. It is afEvent-Driven(ED) approach, which is
based on the calculation of FVC in the pl&gg, for the 0 CASE1
timeframe between the last two events, and it ivaed
every time an event ocurs. It works similarly a® th AV, (1) _ ¥0 = Toeo ~Feonrmo. CASE2
solutions proposed in [9, 10], except that the duar dt W0 =00 ~Teonrmo, CASE3
functions can depend on the combined discretefuootis
state of the model and the cumulative measureseto b 0 CASE4 7)
computed can involve a fluid place. While TD sintiga
approach can be considered adistretesimulation, ED  gince UnStreamhappens in three of the four system

approach is gontinuousone, or it can at least be definedsiate cases, it is much easier to calculate theabled

as a hybrid simulation, in the same manner as FSR{rvice Probability (DSP), and afterwards calculate
models are hybrid (discrete and continuous) madels  p . a5ineq. (8).

For gathering the results the frequency theory of

probability is used, wherg,, ;s:ream 1S COMputed as the Pynistream = 1 — DSP @)
amount of time the system spendsUniStreammode
against the total simulation time. For this purpose eq. (3) is modified, thus in the

ThediscreteTD approach is applied by the definition presented FSPN model of P2P LVS system the DSP is
of a so-called tracker process (or processes) ihat 5chieved if and only if eq. (9) is satisfied.
activated in short time intervals (time step). When

activated, the tracker process calculates thersthesaction VO < Tppay + TeonTROL (9)
w() based on the system state and applies the pondig

change to the volume of fluid/¢ur) in the fluid placésur. The continuous ED simulation approach uses the
All the possible system markings are categorizetbim  sysiem conditions between the last two eventsthieslast
distinct system state cases, given in Table 3. event that activated the ED calculations and itecpding

) ) ) ) ] event. After each event, the changes of the volofnfleid
The rates at which fluid builds up in the fluid gda i the fluid place is calculated for the periodviaegn those
Psur, in each of these four cases, can be describédtét o events only. The maximum amount of FVC that can
equations that are given in eq. (7). happen in the continuous place (not taking int@antits
limited capacity) is given by the following eq. {10

AVBUF = (‘/j() oy T rCONTROI.) At (10)
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WhereAt = t; — t, is the time that has passed betweegathering statistics, the tremendous control ouvee t
the two last events, ard/, ;- is the total amount of change simulation process that SimPy offers enables tinded
in the volume of fluid iNPg . statistical output that satisfies any user requa@mThe
performed behavior evaluations are based on thenioig
The instantaneous rate of change in the fluid pladeput parameterSizz, gz = 700 kbps, 1,p = 700 kbps,
would be the first derivative of eq. (10), giveneig. (11). 7., = 100 kbps. Tp ysy fires with rateAy; gy = 5.5 *
1075, i.e. it fires, on average, every 5 hours. In most
dv,,. _ common caseg;, ;s Would fire once or twice during the
— =0 Ty T conrror 10 hours of simulation time. The 10 hours of sirtiota
dt (11) duration are set for a single simulation run, hort the
calculation of a single point on the performancarthan
Similarly as with the TD approach, the DSP is onlyyerage of 75 simulation runs is obtained. Thedirates
-a(?hleved if eqg. (9) .|S -Sat|Sf|ed. |-n such Scenaﬁlhli‘re the of TD?HP andTD?LP are marking dependent’ where they are
initial amount of fluid in the continuous placeflween two  ~5|culated as the departure rae) multiplied by the
consecutive events, is already known, the exact @ nymper of tokens in the corresponding discreteepliids

which the fluid place goes empty and the degraded@®  5ssumed that the average sojourn fihie45 minutes, thus
starts can be calculate using the following eq).(12 = 3.7« 10~* [peers * sec1].

AL = Vaur o 5.1 Behavior evaluation of the modeled P2P
EMPTY — ‘//() —r —r LVS system
PLAY CONTROL (12) In the following figures, several performance chart

representing different aspects of the system’s\ehare
whereVgyp o is the amount of fluid inPg,- at the presented, but it must be noted that much more
beginning of the last calculation period, gy is the performance measures can be obtained dependingeon t
condition of theP,» at the moment event that happeneghodeler intentions and the model requirements. reigu
before the last event, and it is used as a staitipgt presents the probability founiStream for systems of
variable for the calculation of the changes thaipea in  different magnitudes. Surprisingly, from all theepented

the timeframe between the last two events. charts the main conclusion is that both simulation
approaches perform nearly identically. The perforoseof
i Atgyyory < At the P2P LVS system rises linearly with the systqm u

than the time that the system Spe”d§caling,
in degraded service mode, for the period betweerlast
two events is given in eq. (13), but otherwise @B not
happened yet.

but only up to a certain point whenpg, <
TAVERAGE -

As 1ypp0 CONtiNues to riselyistream MOre and more
steeply declines with system growth. This meantidénge
systems, i.e. systems with many concurrently caedec
peers, exhibit better overall performance and pl@vi
DS'?lME_lNTERVAL SEAY AN . (13) higher quality of user experience compared to thaller-

sized systems.

Figure 3 and Figure 4 present the average number of

In this manner, the calculations are repeated enyev | ributi that f dt i+ dot
event occurrence, which imposes certain questibosta jow contributing peers that are forced to wa rance

the simulation processing durations, but, sinceekact 1?1 tr;e s;(/js_';fem, ?S W?” as_thelrlﬁveragte _wa!tlngri;sl;mf(?[r
timeframe that the system spends in degraded senacle thet ?hur : _et_rent_sys e_mtﬁlzz_sf.f IS ?w etlnwlnzg_ 0 no_te
is calculated without any compromise to the acoyrdee at the waiting times in the ditierent system siaee quite

ED simulation approach imposes as a quite valuab?ém'lar’ while the ”““?ber_Of walting peers Iarg_dljfe_zrs
alternative. among the systems with different system magnitwtiéch

is certainly an expected behavior. Neverthelegsyiting

5 S lati It d f times are about 14 minutes, while the average numwibe
mulation resulisand pertormance peers that can be found in the queueing placeastabt

Using the previously elaborated simulation appreach ¢, ihe smallest system and about 170 for the &irge
the presented FSPN model is simulated while custo

stem.
tailoring the required output. Even though the SymPg@/
simulation package offers some built-in functiores f

~7 ~
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Figure 2 Performance of the P2P LVS system foditfierent average system magnitudes:
a) average magnitude of 100 peers; b) average ntadaiof 200 peers
c) average magnitude of 500 peers; d) average ntadeiof 1000 peers
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Figure 3 Average number of peers waiting and wgitimes for small to medium systems
a) average magnitude of 100 peers; b) averagenihade of 200 peers
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a) b)
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—2—TD - Average waiting time (min) —2—TD - Average waiting time (min)
ED - Average number of peers waiting ED - Average number of peers waiting
== ED - Average waiting time (min) =¥ ED - Average waiting time (min)
Figure 4 Average number of peers waiting and wgitimes for medium to large systems
a) average magnitude of 500 peers; b) averagenihade of 1000 peers
5.2 Performance comparison of the different which was used to obtain important conclusions
simulation approaches concerning both simulation approaches.

Simulation performance mainly depends on the
approach applied for the simulation of the contimipart , ) ) ° :
of the FSPN model, since the simulation of thereisrpart ~ Simulation approach for various system magnitudestame
is identical in both simulation approaches. The benof step of 2 sec. for the TD approach

Table 4 Average number of expected FVC calculagi@ns

performed FVC calculations at the TD approach ddpen| © E S &

on the predefined time step, and it is exact. @nafher | & | © S > S S
hand, the number of FVC calculations at the ED aggit 58 | % & c £a | £a
depends on the number of the events occurred #itriled S % o _ & o =4 | =L
transitions, regardless whether they are arrivals p 832 | o © 2 = ER-NEER-
departures. This fact for the ED approach impleg the 82 | E = = g K S K S
number of FVC calculations would be different fack 55 | g s 3 T3 | B8
ED simulation run with same input values, but Widlat £ g g B 2 2
around the average. What is more interesting te isadhat n z = 2

it is expected that the ED simulation durations ldou

increase with the system up-scaling, since the rurob 36000 o)

occurring events is much higher for systems of tgrea

magnitudes. In Table 4, the expected mean numbdetadf 36000 27 1333 1233 2567 18000

FVC calculations for both simulation approaches, d0 | 36000 13.5 2667 2467 5133 18040
0
0

667 617 1283 1800

()]
A

single simulation run, are presented. The dataigsphat
using the continuous (ED) simulation approach mseti | 36000 | 5.4 | 6667| 6167 12833  180(
beneficial only for smaller system magnitudes, w/tidr 36000 27 13333 12333 25667  180(
the larger systems it can be quite processingsiten
Table 5 presents a comparison of the actual simoalat
durations of the two approaches and the differgstem
magnitudes. It appears that the expected numbENGf
calculations highly influences the performance bé t
simulations. Of course, the intensity of calculasidor the
fluid part differs among the different approachésis for
the system of a magnitude of 500 peers, even thiugh
expected for the ED approach to be processed m
quickly, the simulations last longer than expecte
Nevertheless, the main reason to use ED approaslith@a
accuracy of the processing of the continuous gtiesiti

Concerning the TD approach, the main expected issue
was how it would deal with the accuracy, becauseas
expected that is would depend on the time step. As
mentioned earlier in the paper, it is expected that
shorter the time step is the more accurate thétsesauld
be. The time step for a certain simulation sho@driuch
Osﬁgorter that the average time that passes between t
Gconsecutive peer arrivals.
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Table 5 Performance of the different simulationrapghes and addition, simulations using PB DES language offers
system sizes various means of gathering statistic results.

S ) _ g,_ - § .5 The integrity of the proposal is sup_porte_d by aecas

o g9 o P 5 = study of an FSPN model simulation using SimPy fpra

Fox =" 23 o 5 o =) that is used to analyze the performance of a P2B LV

g $8 el = § 2, 2 S system. The presented simulation results imply &t

L2 22 S ? o= § 2 a DES languages can be feasibly used to simulate leamp

S 35 =9 o9 @ T 0, FSPN models. In this manner two different simulatio

5 S < o Pt () =] . .

= & g = o3 £ £ approaches are explored. The first (TD) approach is

n < ~ n discrete approach where simulation of fluid quéssitis
performed using temporal discretization, while tiber

D 100 0.037 27 2 1387| (ED) approach can be considered as a continuous one

ED 100 0.037 27 / 639 Comparison of the r_esults obtained conflrms_thath bo
approaches offer solid performance and provide Iypear

D 200 0.074 135 2 2472| identical results. The main difference between tive
approaches are the processing durations that depend

ED 200 0.074 135 / 1828 . ;
mainly on the number of the discrete events thauoc

TD 500 0.185 5.4 2 6916 during the simulation process for the ED approaal, the
predefined time step for the TD approach.

ED 500 0.185 >4 / 8325 Considering the possibilities of the presented

TD 1000 0.37 2.7 2 17030 simulation approaches, as well as the modelinghibtpes

ED 1000 037 57 / 26701 of FSI_DN paradlgm, we can expect to bring the FSPN
formalism to a wider range of researcher profilége

_ ) _ believe that the discipline of FSPN modeling andlysis
As given in Table 5, the system with an averaggf systems can be introduced in even more reseaeds
magnitude of 100 peers has a solid difference lmiviiee  of various scientific fields which deal with modéfet are

average time to peer arrival and the time stepTir of stochastic, dynamic and concurrent nature.
simulations, thus high accuracy of the resultsiobthwas

expected. But, the TD simulation of the large systéith References
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