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Abstract

When evaluating quantitative aspects of communication networks using simulation, one of the main
difficulties to face is the often considerable computing power required. In some specific mathematical
frameworks, different techniques have been proposed in order to accelerate the simulation process while
keeping the same precision in the result. This paper deals with one of them, the so called importance
splitting technique, applied to a general discrete event simulator used to estimate low probability values,
namely loss probabilities. We present experimental evidence that this approach can be efficient and we
point out some of the difficulties that the user can find in following it. We also show that this method

can result in accelerating factors even if the estimated probabilities are not very low.
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Abstract mentation aspects, in order to obtain the same precision

with less CPU effort (or a more precise one using the same
When evaluating quantitative aspects of communicatioomputing time). A well known approach to achieve this
networks using simulation, one of the main difficulties tobjective is the importance sampling technigue, where the
face is the often considerable computing power requirager modifies the underlying probability measure control-
In some specific mathematical frameworks, different tecling the dynamics of the model, trying to make the rare
niques have been proposed in order to accelerate the sigwent happen more frequently. Another approach is the
lation process while keeping the same precision in the gplitting technique, where the idea is completely different:
sult. This paper deals with one of them, the so called inhe simulation process makes copies of itself at appropri-
portance splitting technique, applied to a general discrete points in time, each copy evolving as a standard Monte
event simulator used to estimate low probability valueSarlo process.
namely loss probabilities. We present experimental evi-
dence that this approach can be efficient and we point outf Ne reason why these techniques have been developed
some of the difficulties that the user can find in followin#) the Monte Carlo setting and not in the general area
it. We also show that this method can result in acceleratiffydiscrete event simulation, is that for them to be effi-
factors even if the estimated probabilities are not very lo@/€nt, the problems must verify some properties that need
well defined mathematical frameworks, typically particu-
lar classes of stochastic processes. For instance, many fast
1 Introduction simulation techniques of the Monte Carlo type have been
proposed for helping the simulation of Markov models.

One of the main problems in analyzing the so called “raféther methods are designed to estimate measures associ-
events”, for instance, in estimating the probability of buffetted with standard queuing systems, etc.

overflow in some communication networks, is that the This paper explores the ability of one of these acceler-
standard procedures need a considerable amount of com- pap b y

puter effort in order to estimate these numbers with acce%%';on methods, the splitting approach, to work in the gen-

able precision. By standard procedures we mean either %I context of discrete event simulation. The idea is to see

utilization of some general purpose discrete event simuf{’ at happens when this technique is applied to the est-

tor (or a dedicated one), or the estimation performed Brg/atlc.)n of some IOW. probablhty'ass.omated with commu-
means of a standard Monte Carlo routine. that is. a rOrejg:atlon system using a generic discrete event simulation

tine implementing a standard estimator. In both situatiohgodram- We show that good accelerations can be obtained

the problem is that, by definition, a rare event needs ti ' ethIS way, and that the related software engineering prob-

. - ems can be solved in a straightforward manner.
to appear. Moreover, we must observe it many times duf- 9

ing the simulation in order to obtain a minimal precision The paper is structured as follows: after an introduc-
in the estimation. For this reason, people working in thgn to the importance splitting simulation techniques in
Monte Carlo field have developed a complete branch gction 2, we describe in section 3 the model we use to
accelerated” methods. These methods aim to modify @justrate the proposed approach. Section 4 analyses our
ther the problem or the standard estimator, or even impigchinique and how it was implemented for this particular

tSupported by the Mexican National Council of Science and Techn%]—Ode" Finally, section 5 presents simulation results and

ogy (CONACYT) and by the Centre Regional de Euvres UniversitaireSECtION 6 proposes some conclusions and directions for fu-
Scolaires (CROUS) de Rennes. ture research work.
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2 Introduction to Splitting though this method was found to work very well, more
formal studies are still being carried on to obtain general

The general framework of this technique is well reprepplication rules.

sented by the problem of estimating low probability val-

ues. In order to improve the performance of the standard . .

approach which basically consists of directly simulatir@ An appllcatlon example

the dynamics of the system, many sophisticated estima-

tors have been used for a long time in different scientifiet us consider the problem of having a number of au-

fields. One of the most important techniques in this area® sources sharing network resources among them and

sometimes called importance splitting. It can lead to vewjth other traffic. Real time applications such as voice and

reduced simulation times and it has the particular propeMigleo are rather restrictive to the end to end delay and de-

that it is quite simple to implement. In the communicatior8y variations fitter) they may accept, while they can toler-

area, variations around this idea are receiving a consicie some packet losses. However, best effort service based

able attention from the research community, in particulgfcket switched networks like the Internet, introduce ran-

after the publication of the Restart method (Repetitive Siflom delay variations in the information they transport. To

ulation Trials After Reaching Thresholds) in 1991 [12, 13F0ope with this variability, the receiver may buffer incom-

A similar technique was studied later by researchers frdf@ packets and defer their delivery for a given amount of

IBM and Columbia University under the name of Splittingme called theplay-out delay or play back point [3, 8]. If a

[4, 5]. packet arrives later than its play-out delay, its information

As with the importance sampling approach, the splittiri§ Of no use anymore and the packet is discarded.

techniques try to make a better use of the computer timeFor interactive applications, the play-out delay can not

avoiding to waste resources Simulating the System WHéqalarbitrarily |Ong: a limit of 400 msec is often considered

the event of interest is not very likely to happen. To do tha@cceptable for interactive voice [8, 10]. While some appli-

the basic idea is to keep the simulator most of the timeGations use a fixed duration play-out delay, recent propos-

states which are “close”, in some way, to the event of intedls show adaptive mechanisms that cope with the dynamic

est. This helps the simulated paths to hit the rare area of ¥aéiations of network delay [2, 8].

state space. More specifically, the state space of the undefFor the experiments, we work with the model depicted

lying stochastic process is partitioned in some appropridfiefigure 1. It represents a two-hop network transporting

manner, and multiple independent and statistically ideifie voice traffic. Noded represents the access router in

tical paths are simulated each time a partition is enteré@me local area network, shared by the voice sources and

If the partition is well chosen, all the effort is distribute@ther traffic. Its link rate is 2.048 MB/sec (1.920 MB/sec

equally over the different levels and the same precisiongffective rate) and it has a buffer size of 128 KB. Node

achieved for all them, which can be shown to lead to opf? represents the backbone network with effective link rate

mal gains [4]. This should be opposed to the situation tHt3.840 MB/sec and a buffer size of 512 KB. Both nodes

occurs frequently when a standard estimator is used: sifé¥e a First Come First Served service policy.

the event of interest is rare, most of the effort is done on

states that are far from the “interesting” ones. Therefore

we obtain a very precise estimator for the region we are no )

interested in and a bad estimator for the relevant one. Th% N N .

main advantage of splitting over importance sampling éo) Node A Node B ©—>

that the parameters that control the simulation process ar / T

much easier to set. For this reason, it seems more app J

ing to consider the former for its incorporation in a general

simulator.

We want to show here how the splitting approach can be Figure 1:two-hop network model analyzed.

applied to successfully estimate probabilities in the area of

network modeling, even if no strong mathematical hypoth- Packets generated by the voice sources traverse both

esis are assumed. We also illustrate how interesting gainsles before reaching their destination. Background cross-

can be obtained with a low implementation effort, and weaffic in each node enters the network and leaves it imme-

give some insight on how the technique can be applietiately. Background traffic in nodé is about 10% of the

We do not exactly use the Restart algorithm, nor Splittintink capacity while in nodeB it varies from 60% to 80%:

the variation we implemented is more general because m@leB is thus the bottleneck node in the model.

accept that more than one level can be crossed in one tranA/e use a popular On-Off model to represent the audio

sition and that hits can be produced from all levels. Asources [9, 10].0n and Off periods have mean durations

Background
Traffic
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respectively equal to 0.352 sec and 0.650 sec. During thg it ummanegeable. One of our goals was to obtain rea-
On period, fixed length packets are periodically generatednable gains without an elaborate detailed analysis of the
as if they were produced by a 32 KB/sagaptive differen- model, for obvious efficiency reasons. Therefore, we de-
tial pulse code modulation (ADPCM) codec; packet sizescided to consider “simple” partitions, that is, partitions of
of 64, 128 and 256 bytes plus 40 bytes of RTP/UDP/IRe state space generated by a set of non overlapping inter-
header overhead are considered in the simulations. vals of a specific model’s variable. Some of the obvious
Concerning the exogenous traffic, packet sizes are dandidates for this were the occupancy level of each queue
rived from a discrete distribution that intends to match tl@d the measured delay of the successive voice packets.
mix of “small” and “big” packets observed in various In-Our election was the packet level at the second queue, be-
ternet measurements [1, 10, 11]. Packets of size 40, 5¢@use in the model this node is the bottleneck of the sys-
1500 and 9180 bytes are generated with probabilities 0t&n. This variable, as a function of time, usually varies
0.25, 0.24 and 0.01 respectively. The arrival process is amre smoothly than the delays and that's why it was pre-
sumed to be Poisson and the mean interarrival rate is vaifieted. The losses are correlated with the level of the queue
to provide different network loads. because a higher level of the queue makes more probable
that a packet arrives late. On the other hand, a small level
does not imply that losses cannot occur since large delays
4 The implemented accelerating can be experimented in the first queue. If we had taken
: the delay as the control variable, a similar problem would
technlque have occurred: even if there are short delays, losses can
. i till happen (for example because the buffer size is small).
In order.to estlmate probabllltle§ for the mode! under stu Flowever in some instances of this problem the second op-
a fast ;lmulatlon methpd was incorporated |n'Fo an aval'fc')n might make the gains higher.
able discrete event driven simulator. Our main concern . . .
were the speed of the simulation, the coding effort and the et us explain t.h'e mthod with more detail. Each qf the
o , n sets in the partition will be named; or merely leveli.
calibration of the method’s parameters. . ;
As was stated in the introduction. to estimate with prT_herefore, for our partition structurd,; contams the states
' "8% the model where the second gueue level is between two

cision the packet loss probability, it is desirable that dur'gﬁefixed thresholds (the limits of the interval). A maximum

tmhedswlnl:rI]anon, ;hsse Irozses gcocl:ur rt'nore flr(e?ud(?ntly;dlir:l sl]‘rlinulation timeT", when a single simulation will stop, is
odel, they can be produced due 1o packet discardiNgdile . - | order to estimate the variance (and thus, to

any of both queues or due to late arrival to the destlnatlolglu”d the confidence interval) of the calculated loss proba-

We present now the essence of the accelerating algﬁfty, the period[0, T'] will be simulated many times. The

rithm: to begin with, thre;holds for thg chqsen Sp"ttir,'gimulation begins normally with a first path starting from
variable are fixed. The splitting of paths is going to be trigr ctate belonging td,. Eventually, when this path enters

gered when fraversing them. The simulation begins N®e first subsett;, the simulation state will be saved. Us-

mally, as a standard Monte Carlo one. When the splittifig, ;s sayeq state, multiple paths are cloned and contin-
variable up-crosses one level, the discrete event simul

from that point in space and time. These new paths are

acts in a non-standard way: it makes replications of its ig, 210 independently until they finish. They will fin-
ternal variables and continues the simulation of each CORN either when they go out from the starting level or when
in parallel. Each one is simulated using the same code maximum simulation time is reached. More precisely:

with mdepe-nder?t sequences of random numbers N; paths begin from levelwhen a former path enters that
After having simulated every path, the results from all b\ | from leveli — 1: if one of these new paths hits level
them are collected and adjusted to reflect the change in zthﬁl, it generatesV;  , splitted paths; otherwise it finishes

way the simulation was conducted. The variation in thé,op, it goes out of the starting levietowards level level

hitting probability and running time depends on the COf-_ ; || the paths in the simulation share that common

rect placement of the thresholds. An ?mportant deCiSionﬂéhaviour. When a rare event is produced the multiplica-
then, how to structure the sets that will generate the spli§S, iverse of the cumulated splits applying to that path

since the obtained gain will depend on this election. Ifs 5qqed to the probability estimator (see below), and the
tuitively, this structure, which we will call partition, helpspath continues without any change

to attract the state of the simulation to the region whereAS the simulation could end prematurely —before the
rr:otre hits (pa;:lzﬁt IOSSOTSI) are pr?d'uge.c: ' tl)n tohur case Egﬁeduled tim& — the last path of each spfiiis permitted
staté space ot Ine model was hot Infinite but hUge, Mag-eontinue after going out from its starting level, as is done

1As a software engineering detail, it is worth noting that the differeft Restart. Then the continuation of Ie\t'erbath acts as if

paths are not needed to be run at the same time; for instance our simulatar
runs them sequentially instead, using recursion. 20r any one since they all have the same properties.
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it were a leveli — 1 path. That is, it may split again onit. Because hits can be produced from all the levels, we

entering level or otherwise it will finish when going out estimatell as the sum ofl;, wherell; denotes the esti-

from leveli — 1, unless it were again the last one of thosaator for the number of hits produced from level The

paths. denominator posses no problems in its estimation and was
At this point, it's natural to ask how many copies shoulcalculated with standard simulation as the total produced

be done at each split and in which way the limits of thegackets over the total simulation time.

intervals that form the partition should be picked out. It To calculate the hits from each level, we must adjust the

was derived in [13] that (some of) these techniques are gpandard estimator with the number of splits made. More

timal when the probability; of being in leveli + 1 con- hits than usual were produced, and then the correct adjust-

ditioned to the model being over leveis close toe 2. If ment to make it unbiased consists in dividing it by the cu-

that is not possible for the model, then at least it is conv&ulated number of splits made in levels belbwThe for-

nient that the number of generated paftisat each split mulais:

of level i is close to one divided by;. A consequence

of this rule is that the number of levels mustbé Inp, p . 1 Mo Ne poooo

being the probability we are estimating, or as near as possi- Iy, = T Z Z ﬁ,

ble. When the order of magnitude of the probability to be io=1  ip=1 0Tk

estimated is known, the number of levels can be selec'\tﬁzﬁe

. . . . reL;, ..., is the number of packet losses that occurred
before the simulation. In our case, we did not know it and etk T . . - S
. . . In path numberip, . .., i) or O if that path did not exist in
a pre-simulation was required.

the simulation.

Taking into account the last result and the structure o . .
> : The number of splitsV; might be made dependent on
the partition already established, the number and place- . : .
; . ) e path that generated them and this permits us to choose it
ment of the actual intervals were chosen in a straightfor-". : . L .
ring the simulation. This in turn, allows; to be picked

ward way using pre-simulation (for another example of . . X

. . . . utin arandom way in order to get closer to the mentioned
pre-simulation used with Petri Nets models see [6]). We . X i

- ) . ecommendation. Frequently this receives the name of ran-
used a divide and conquer algorithm and interpolated the

conditional probability of being one level higher for thg omized splitting. We omit this dependency in the formula

X - or clarity reasons.
different values the control variable could take. The algo- : . . .
9 The continuations of the last paths make the indexing

rithm found the optimal partitions of the queue levels for

each instance of the model. The number of splits was fi)@é’re complicated becagse the path.lndlces can be repeated
after them. Note that this does not introduce any problem

to 7, the required constant for the optimality. X ) : A
. . . even if two paths with the same index co-exist in the same
After having determined all the parameters, the incorpo- ot
. L : . imulation time.
ration of the method to the existing discrete event simulafor S . . .
In fact, in this model it is possible that a transition trans-

had to be done. We needed to control the new paths, the in L .
ts the system more than one level up. This is treated in

stants of creation and the terminations. Also, the behavi : )
when hits were produced had to be modified to reflect t ¢ same described way. the system d.e tects that the new
change in the estimator. For the control of the new pat %\,’el was entered a.n.d generates aqd swpulates the cl'oned
a component that has the capability of cloning the simul aths. _It can be ve.rlfled th_at even with this generalisation,
tor state at a given time was added. For path control t estimator remains unbiased.
only change that we did, was adding the splitting logic to
the main control loop of the simulator. That logic consis . . .
only of detecting when new paths need to be started add Simulation eXpe”mentS
when existing paths had to be finished. In the first cage,
new states are cloned and the simulator is invoked reciifé consider only the stochastic queuing delay experienced
sively. When the later occurs, statistics are updated and fhéhe network nodes. Other components of the overall de-
path is simply discarded. lay such as the propagation delay, coding, decoding and
The estimator used for the loss probability is the quotieR@Cketizing of voice samples and switching delay, are not
between the expected number of losses in a time unit dAgluded explicitly in our models; they are globally en-
the expected number of packets emitted in the same perfgPassed by limiting the play-out delay to values up to

300 msec.
I We ran different scenarios varying the number of voice
p= 7 sources, the packet size, the background load and the

play-out delay threshold, and collected statistics about the
The numerator counts rare events and for that reasoneeket loss, end to end delay and delay jitter. Below we
applied our accelerated simulation technique to estimatesent some of our results.
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Figure 2 shows the packet loss observed under several o1 ‘
conditions: we varied the number of voice sources from 50 x
to 250 and the background load of noflefrom 60% to '
80% of the link capacity. The payload size was 64 byte
and the play-out delay 200 msec.

0.01

Splitting Estimated Loss PréBability

0.1 S
/ 0.001 F E
> /
2 oo1f ‘ ]
o * ) a payload 64 B —+—
a / i ,/ 0.0001 payload 128 B —-x—
§ 0.001 ¢ s % ; . 7 N ‘ jpayload 256 B ------
° % a 2
o y v E o 0 50 100 150 200 250
£ ooo01 F K o i Number of ON-OFF sources
E 2 * / "
= X S al
£ 10.05 | * W 80% —— | ) o )
& x : [ Figure 3: loss probability vs. number of sources for dif-
o oo e ferent packet sizes and a constant precision of 2% in the
le_06 Il Il Il Il Il 1 Il Il Il

40 60 80 100 120 140 160 180 200 220 240 relative error of the estimator.

Number of ON-OFF sources

be in the order o105, we have high gains. As expected,

Figure 2:1oss probability vs. number of sources for differ- When the number of sources grows, the loss probability
ent intensities of background traffic and a constant preci- begins to grow too (see the last series represented in figure
sion of 2% in the relative error of the estimator. 2). and the gain is not as good as before.

Observe how the packet loss grows exponentially with 200
the number of sources for a given background load (the 180
vertical axis is logarithmic). As expected, we can see 160 | g
how for a given loss target, the number of competing au§ 140
dio sources is inversely proportional to the intensity of the;, ,,,
background traffic. g 100 1 |

In figure 3, we plot again packet loss against number of
voice sources this time for different payload sizes: 64, 12§
and 256 bytes. The play-out delay is fixed to 100 mseé
and the background traffic accounts for 70% of naétie 40 T
capacity. 20 1

We can note that for a given packet loss, the number o : : : : : : ‘

. . . 150 160 170 180 190 200 210 220 230 240
of competing sources can be increased by augmenting the Number of ON-OFF sources
guantity of coded information stored in a single packet.
With a bigger packet size the header overhead is reduced,
thus increasing the network efficiency: at 64 bytes of palfigure 4:0bserved gainsdueto this accel eration technique
load the header constitutes 38.5% of overhead, while itfe the setting with 60% background load, packet payload
reduced to 13.5% when the payload is 256 bytes. Hogize of 64 bytes and timeout delay of 200 msec. The range
ever, a bigger packet size also means a bigger packetizifighe loss probabilities for the points represented in this
delay, which in turn increases the overall end to end deléigure goes from 10~6 to 1071,
In defining an optimal packet size, these factors should be
weighted. Recall that the type of acceleration technique considered

Figure 4 shows the gains that were obtained using timethis paper aims to obtain a gain in efficiency in the case
method for a setting where 60% background load, packdtrare events. When those interesting events are not rare,
payload of 64 bytes and timeout delay of 200 msec wettee splitting techniques (and also the importance sampling
used. For this chart, the gains were calculated dividing teehemes) are not effective. However this is not a problem,
simulation time needed for a 2% precision using a standaidce the standard method is efficient enough to deal with
estimator by the accelerated one. At the left of the grajghpse situations. Nevertheless, we were able to observe
where the number of sources makes the loss probabilitiggd gains even when not very low probabilities arose.

S‘plitting bain -

D

0 | .
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6 Conclusions [4] P. Glasserman, P. Heidelberger, P. Shahabuddin, and

T. Zajic. Multilevel splitting for estimating rare event
The main objective of this paper is to show that some probabilities. Technical Report RC 20478, IBM, New
techniques used to accelerate the simulation of a system York, 1996.

represented by specific stochastic processes (for instance,
Markov mode's)’ may also give good results when apLS] P. Glasserman, P. Heidelbergel‘, P. Shahabuddin, and
plied to a general discrete event simulator. These tech- T- Zajic. A large deviations perspective on the effi-
niques, namely the importance splitting methods, make ~ciency of multilevel splitting.|EEE Transactions on
sense when the event of interest is rare. This leads to diffi- Automatic Control, 43(12):1666-1679, 1998.

culties when trying to analyze it using standard techniqu
due to the often important execution times or sometimes
the fact that the model is untractable.

We give some ideas about how this acceleration tech-
nigues can be implemented. The method we used does
not need any particular mathematical assumption about tg] T. Kushida. The traffic measurement and the empiri-
model, hence it can be included into a general discrete cal studies for the Internet. iEEE GLOBECOM 98,
event simulator. We point out that there are two main dif-  pages 1142-1147, Sydney, Aus, November 1998.
ficulties in this task: the difficulties for calibrating such a
tool and an obvious software engineering aspect, becaud S- Moon, J. Kurose, and D. Towsley. Packet au-
of the characteristics of the splitting approach. The paper dio playout delay adjustments: Performance bounds
shows that even using a simple calibration criteria, impor- ~and algorithms ACM/Springer Multimedia Systems,
tant gains can be obtained, even if not so rare interesting 2:17-28, January 1998.
events turn out. ]

Moreover, the example used in the paper illustrates thé?
the method can be useful in important areas such as the
forthcoming new mechanisms currently being proposed by
the diffserv working group of the IETF, where quite low
delays and packet losses are expected. [10] R. Puigjaner. Performance modelling of ATM net-

The two areas of most interest for further research ef- works. In XXII Conf. Latinoamericana de In-
fort are, from our point of view, the software engineering  formética, pages 3—7, June 1996.
aspects, in order to obtain efficient simulators, and the cal-
ibration of the tools, that is, the problem of choosing apt1l K. Thompson, G. Miller, and R. Wilder. Wide-area
propriate values for the parameters that control the perfor- Internettraffic patterns and characteristi€EE Net-
mance of this type of estimators. This last task appears to Work, 11(6):10-13, November 1997.
be quite complex in a setting as general as the one consj ]
ered here. It is probably excessively optimistic to expect to
reach optimal values in a very generic framework, but it is
of interest to look for reasonable criteria being able to help
the designer in concrete classes of problems.

i‘;] C. Kelling. A framework for rare event simulation of

stochastic petri nets using restaPtoceedings of the
1996 Winter Simulation Conference, pages 317—-358,
1996.

R. Nagarajan, J. Kurose, and D. Towsley. Approxi-
mation techniques for computing packet loss in finite-
buffered voice multiplexerd EEE J. on Select. Areas

in Commun., 9(3):368-377, April 1991.

J. Villen Altamirano and M. Vikn Altamirano.
Restart: a straightforward method for fast simulation
of rare events. IrProceedings of the 1994 Winter
Smulation Conference, pages 282-289, San Diego,
CA, 1994,

of [13] J. Villen Altamirano and M. Viknh Altamirano.
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