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Abstract:  This paper investigates and improves an important algorithm that is used in
the Traffic-Flow Analysis (TFA). TFA can be used for the fast and
approximate (performance) analysis of Information and Communication
Technology (ICT) systems. The method contains an algorithm for the
spatial distribution of the traffic in the system. It is shown how the error of
the spatial distribution can be measured, and the effect of the so called size
of routing unit parameter (Sgy) of the algorithm is investigated. In order to
define Sgy, the Aggregated Traffic Tree-Model (ATTM) is introduced.
Using step-by-step Discrete-Event Simulation (DES) and appropriate
statistical algorithms in ATTM a method for determination of Sy is
described. A method for the refinement of the Sgy — based on the metrics
defined for the measurement of TFA results — is introduced. A method
taking into account Quality of Service (QoS) requirements in Sgyy
refinement is also described in an example.

Keywords: discrete-event  simulation, traffic-flow analysis, information and
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1. Introduction

1.1. Performance analysis methods

Discrete-Event Simulation (DES) is a widely used method for the performance
analysis [3] of ICT and BP systems. The simulation of large and complex systems
requires a large amount of memory and computing power that is often available only on
a supercomputer. Efforts are made to use multiprocessor systems or clusters of
workstations. The conventional synchronisation methods for parallel simulation (e.g.
conservative, optimistic) [1] use event-by-event synchronisation and they are
unfortunately not applicable to all cases, or do not provide the desirable speedup. The
Statistical Synchronisation Method proposed by Pongor [11] does not exchange
individual messages between the segments but rather the statistical characteristics of the
message flow. The method can produce excellent speed-up [4] but has a limited area of
application [5].

The Traffic-Flow Analysis [6] was proposed for the rapid performance estimation of
ICT systems. Its spatial distribution algorithm was studied first in [9]. The applicability
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of Traffic-Flow Analysis for large networks and for ICT and BP systems was examined
in [7] and [10].

1.2. The Traffic-Flow Analysis

The Traffic-Flow Analysis (TFA) is a combination of simulation and analytical and/or
numerical methods. While the traditional discrete-event simulation models the travelling
of each packet through the network, TFA uses statistics to model the networking load of
applications [6], [8]. TFA works in two stages:

In the first stage, the method distributes the traffic (the statistics) in the network,
using routing rules and routing units.

In the second stage, the influence of the finite capacities (line and switching-node
capacities) is calculated.

The important features of TFA:
e The results are approximate but the absence and the place of bottlenecks is
shown by the method.

e The execution time of TFA is expected to be significantly less than the
execution time of the detailed simulation of the system.

e TFA describes the steady state behaviour of the network (there is no need for
warm-up time definition).

2. Stating the problem of spatial distribution

TFA is a general method, and can be used with any traffic model that satisfies the
requirements of TFA for the traffic model. In [6], there were proposed bit-throughput
distribution and packet-throughput distribution (practically histograms) as traffic
models to model the traffic on the lines and in the nodes, respectively.

The traffic model is always an aggregated traffic model, that is, it represents the
complete traffic of a given type of applications that are connected to the given node. For
example it represents the full traffic (in both directions) of 35 FTP applications that are
connected to a router (by switches). If static routing is used, we can handle the complete
traffic of the before mentioned 35 FTP applications (or 100 web browsers or any other
type of applications) together: we must route only one statistics package through the
network (containing the two types of histograms). However, if we have adaptive
routing, then the traffic of a given type of application should not be handled together,
rather it must be routed in multiple packets (routing units), each of which represent a
given portion of the traffic of the given type of application connected to the given node.
According to the previous definition, the number of routing units may be a number
between one and the number of the units of traffic generated during the detailed
simulation of the system.

When determining the size of the routing unit (Sgy), we must consider the following
issues:



The larger Sgy we choose the fewer statistics packages are to be routed in the first
phase and the less traffic model addition operations are to be performed in the second
phase of TFA. However, if Sgy is too large, the spatial distribution of the traffic may
considerably differ from the one that is formed in the detailed simulation of the system
(and from the one in the real system). If Siy is small, the spatial distribution of the
traffic may be quite precise, but the larger amount of messages to be routed and traffic
models to be added slow down the analysis. The choice of Sz’ must be a reasonable
compromise (between the contradicting requirements) that is made in the knowledge of
the whole system modelled.

3. Defining the Aggregated Traffic Tree-Model

First, for the analysis in order to define Syy, let us introduce the tree model of the
aggregated traffic. The Aggregated Traffic Tree-Model (ATTM, shown in Figure 1) is a
fragment of the whole examined network model which consists of nodes and lines with
application models. The ATTM has the following features:

e The application model aj generates the aggregated traffic of all the
applications of the y-th class (e.g. VoIP, FTP, web browsing, etc.) connected
to node #,, that is aj contains all the application models of the y-th class for
node A, and aj,‘ generates the full traffic between the source and destination
node pairs (hy - hj, hy - hjy; ..., he - hjig) in both directions. (In Figure 1, the
application model a; is in a rectangle drawened with thick line, the logical
connection of aj to node 4, is represented by thick line, nodes are shown
with thick-line circles and lines of the ATTM model are drawened by thick
lines between circles.)

! Examples for the influence of the selection of different values for Sgy are described in [6].
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Figure 1. The Aggregated Traffic Tree-Model of an Application

e Other application models generate the traffic independently from aj: the
application models connected to 4, (af, ... , ay3) represent the traffic of other
classes; application models connected to other nodes (for example a°, a”, and
@ connected to nodes A, h, and h; respectively) represent the application
models of all classes. (In Figure 1, all these applications are shown with thin-
line rectangles and their logical connections to nodes are also represented by
thin lines.)

e Any other application model connected to any other node in the model of the
examined network can generate traffic for the nodes and lines of ATTM.

e ATTM contains only the nodes and lines used by the traffic generated by aj.

e The routing in the examined network is an adaptive routing with unknown
features.



e In ATTM there is only one route between the source node and a destination
node. (A route is a sequence of nodes and lines between the source node and
a destination node related to a3). If there are more routes between the source
and the same destination used by the traffic generated by aj then each route
is handled separately as if it has a different destination. For these “split
destinations”, the traffic (for each unit of the traffic) is traced and recorded
separately for all the elements of the route. Thus, it also means, that more
split destination of ATTM will represent one original, non-split destination.
(Splitting of destinations is performed according to the traffic generated by
event-by-event simulation in the examined network.)

e In the ATTM, the traffic generated by aj is observed at destination nodes 7,
hjsp, ..., g The frequency distribution of the traffic observed at destination
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node 4, is denoted by fday and shown in a rectangle drawn by thick line,
and the logical connection of which to node 4,.; is also represented by a
thick line. (The exact description of the measurement of this frequency
distribution is given in point 4. of this paper.)

4. Statistical analysis of the aggregated traffic

Now, using the ATTM, let us examine the behaviour of the aggregated traffic
generated by the application model a, connected to the node 4, (that is by aj) between
the source and destination node pairs (A, - h;, hy - hjvy, ..., hy - hj1g) in both directions at
destinations. The traffic between the node pairs is influenced by node and line
capacities, by the traffic generated of other application models and by the routing
(which is adaptive routing for now) in the examined network. All the application
models are detailed DES (Discrete-Event Simulation) models and generate the traffic
according to the event-by-event simulation method. The aggregated traffic at
destinations is examined in time intervals of T length. The 7° interval is selected of the
same length as the throughput collection interval in TFA. For the observation, in
ATTM, the aggregated traffic is recorded for each destination of a, in the subsequent 7
long time intervals.

To observe the aggregated traffic at destinations of a, in ATTM, the statistical
sampling approach will be applied: the statistical sampling method is used to define the

mean aggregated traffic at a destination in 7 long time intervals. There are observed
X

. . . a . . .
frequency distributions generated by a,: f, ” denotes the frequency distribution at
destination i

X
ay

" e {fl ,ff?...,fjﬂ).

The mean k, of the observed frequency distribution fl.ay is calculated by the formula:

% The influence of the selection of the value for the T parameter is analysed in [6].
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where kl-]. denotes the number units of the aggregated traffic observed in T time
interval at destination i and fij is the observed frequency of kl-]..

In using the statistical sampling method, both infinite and finite population approach
may be applied. (In case of simulation of the traffic for long-run, the observation is
characterised by a large number of 7 intervals and may be approximated by an infinite
population, but the observation of simulation of one day probably may be modelled by
using the finite population approach.)

The mean aggregated traffic, m, at a destination i can be calculated using the formula:

m; =k, £ B, m; € {my, my, ..., my} ()

where k, is the mean aggregated traffic of the sample (frequency distribution), B; is
the allowable error for determination of the mean m; at destination i.

The sample size which is necessary to define the m; with the precision B; depends on
the method of sampling too.

Let us examine the application of the simple random sampling (SRS) method which
has the advantages that requires minimum knowledge of population and free of possible
classification errors. The sample size for SRS samples without replacement from an
infinite population may be calculated according to the formula:

220'2
B2

n= 3)
where # is the required sample size, o denotes population standard deviation, z is the z
score determined for a specific confidence level and B is the allowable error.

The sample size for SRS samples without replacement from a finite population with
finite population correction factor may be determined as:
%N
n= e, “)

+02
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where N is the population size.

Let us see an example of sampling analysis of the aggregated traffic at a destination:
the aggregated traffic is measured in packets, the length of T interval is Ssec, the
required confidence level is 95% (zys = 1.96), the allowable error B = 10 packets, the
finite population sizes are N=17280 and N=120960 (according to the 1-day and 7-day
long observation intervals).

The value of the population standard deviation is determined using an estimate: using
the GAM (General Application Model) fransaction parameters of TFA [6] for a,
connected to the node 4, the range of the aggregated traffic may be determined. (The

GAM parameters which can be used for the determination of the range are: Nés/ " }(tt)



the number of packets sent or received by the application during a transaction of the
given type, Np.pp(tt,day) the number of transactions performed by an application
from the given transaction type on a given day of the week, Ir,.(tt,day,time) the
probability density function describing the time distribution of the transactions of the
given type on the given day of the week.)

For the example, the range of the aggregated traffic determined this way is 290
packets for 5 sec, thus — according to the estimation based on Chebyshev’s theorem — s
(sample standard deviation) = range/4 = 72.5 packets = o.

Thus, the sample sizes for SRS sampling from finite populations are:

Ny=17280 = 199.60 = 200 and 1129960 = 201.59 = 202 (after rounding it is the
same size as the sample size for SRS sampling from infinite population: n = 201.92 =
202). After performing the sampling according to the determined sample size, it can be
asserted with 95% confidence that the mean aggregated traffic m at the examined
destination can be calculated as m = k 4+ 10 packets, where k is the mean aggregated
traffic of the sample.

The sample sizes should be determined for each destination of @, according to the
method described in the previous example and the largest sample size should be used
for sampling:

n = sup {nl, n,, ...,nd} &)
The use of other sampling methods may also be considered:

If there is more available preliminary knowledge about the behaviour of the
aggregated traffic generated by the application model, then, for example, the stratified
sampling method may be used. Applying this method the variability of data within
strata, as well as their size may be taken into account.

The approach of sampling based on the expert judgment and on convenience — that is
on non-probability considerations — may simplify the execution of sampling. (Using the
expert judgement approach, for example, one or more typical or critical intervals for
observation are selected and the sampling is executed taking into account the necessary
warm-up intervals for the simulation. The approach using the convenience
considerations may mean, for example, using only the intervals for which data have
been collected.) The disadvantage of this approach is the occurrence of uncontrolled
bias in sampling.

5. Determining the size of the routing unit

Now, let us formulate the requirements for Siy. Let us use TFA application models in
the ATTM: the aggregated traffic in the examined network is generated by the GAM of
TFA. Let Szy be the size of the unit of the traffic that can be handled together for the
given type of applications connected to the given node. If the Sgy is increased then the
amount of the necessary computations will be decreased but the resolution of the traffic
is decreased thus the uncertainty will be increased and the reliability of the results will
be decreased.



How to find a compromise? Let us call for help the chi-squared test for “goodness of
fit”.

The calculation for the y?-test is expressed by the formula:

T

2 (kj-n*pj)?

X = E Crel ©)
Jj=1

where k; is the observed firequency in class j, p; is the expected hypothetical
probability for class j, n is the number of observations, r is the number of classes, the
grade of freedom is r-1 and of course Y.j_;p; = land Y7_; k; = n".

According to the logic of the test, a hypothesis is evaluated: for example if the value
of the test statistic is large enough (at a determined level of significance) to lie in the
critical region of the test the null hypothesis is rejected and it is concluded that the
theoretical expected distribution is not a good fit to the observed distribution.

The necessary sample size — in order to have a good approximation to a chi-squared
distribution — may be determined according to the inequality np; = 10 (which is well
known from statistics) where p; is the minimum of the expected theoretical probability.

For further consideration, let us use the frequency distributions observed at
destinations during the ATTM DES work sampling described in the previous point.

X

The observed DES-sampling frequency distribution at destination i 1is fiay
X X X X

(fl.ay € {flay, fzay, s fday }), the sampling mean aggregated traffic at destination i is m;

(m; € {ml, my, .., md}) Let us calculate the expected probabilities using the observed
DES-sampling frequency distributions taking into account the number of classes for the
expected hypothetical distribution. The probability of class j calculated this way at
destination i is Pij» bi; € {pil, Di, » ...,pir}. Now, let us use these probabilities to

determine the necessary sample sizes. The minimum probability at the destination i may
be expressed as:

inf {pi1: Diy» - Dij» ---;Pir} (7

Thus — using the inequality n* p; = 10 (that is n*pi]. > 10) — the necessary sample
size at destination i may be expressed as follows:
10 * * * * .
}, n; € {nl, nz,...,nd}, G=12,..,7) ®)

ny = -
inf [pil,piz,-..,pi ...... Pir
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Now, taking into account the observed means of the aggregated traffic at destinations of
a3, the number of required RUs for aj may be determined using the following formula:

1

d
a§ inf {pil'piz ""'pij lllll pir}25=1‘ﬂ‘Ls
N, = sup; - )




where m; € {ml, mz,...,md}, (i=12..4d).

ax
In Nm); is taken into account — because of the definition of ATTM — the weight (m;)
and the shape (n;;) of every route for aj destinations.

The required Sgy for the given type of application a, connected to the node 4, in
ATTM may be calculated according to the inequality:

x ay
a N.
y u
SR u — a; ( 1 0)
NRU

ax
where Nuy is the amount of traffic (measured in packets or in bits) that has to be
transferred in transactions generated by a,.

6. Refining the routing unit size determination

The traffic model is always an aggregated traffic model, that is, it represents the
complete traffic of a given type of applications that are connected to the given node. In
the aggregated traffic model of TFA, the traffic of all application models of the same
class — that is the traffic of the same class — connected to the given node is modelled
together.

In order to refine the determination of Sgy, let us examine the determination of Siy
together with the classes of traffic of TFA.

The traffic in TFA may be expressed using the following formula:
T'=U2, Ul To (11)

where V is the number of nodes, Q is the number of traffic classes, Ty, is the traffic
generated by the application model ag, and T is the whole traffic generated by the GAM

of TFA. To increase the number of RUs for traffic Ty, (NEZ”) means the change of the

Sru parameter of the application model ag generating the traffic of class g for node v

T _ 5.%q
(NRZ - NRU )

6.1. Introducing metrics for evaluation

To be able to determine good enough values for Sgy that take into account the traffic
classes too it is necessary to introduce tools to measure the features of a given spatial
distribution of the traffic in TFA.

The capacity matrix K = [k;] describes the capacity of nodes and lines in the
examined network. The capacity matrix is a V'*J matrix, where V is the number of nodes
in the examined network. Matrix element &;; is the routing capacity of node i (measured
in packets per second), and matrix element k;, where i# is the transmission capacity of
the line from node i to node j, measured in Mbit/s. If there is no transmission line from
node i to node j then k; = 0.



The results of the TFA are described by the traffic matrix T = [t;]. Matrix element ¢;
describes the result of TFA for node i: both the packet-throughput distribution (P;;) and
the delay distribution (D;;) of TFA resulted in node i, and matrix element ¢; describes the
result of TFA for the line from node i to node j: both the bit-throughput distribution (P;)
and the delay distribution (D;) of the line from node i to node .

To evaluate TFA distribution procedure from the point of view of utilisation of the
network elements, let us determine the utilisation matrix U = [u;] that gives us the
evaluation of the load of every node and link:

u; = (the average number of packets - defined by the arithmetic mean of the load in
the steady state - for the node i)/ &;; ,

u; = (the average number of Mbits - defined by the arithmetic mean of the load in the
steady state — for the line from node 7 to node j)/ k;; .

For the evaluation of the uncertainty of results of the given spatial distribution, the
sample evaluation matrix S = [s;] is introduced. Matrix elements may have the
following values:

Si S5 =3, small sample, if the number of RUs through a given or line < Sj

S, Sy = 2, medium sample, if the number of RUs through a given node or line is
between Sg and S;, Sg < the number of RUs < §;

i, 85 =1, large sample, if the number of RUs through a given node or line > §;

The matrix element s; = 0 for an application if there was no RU sent through line
from node i to node j and s; = 0 for all applications if there is no line from node i to
node j as it is sure that there is no traffic on a non-existing line.

For the S matrix to be used, the /imits Sgand S; should be determined for applications:
S; may be got from the RU defining procedure described in the previous points, the
value Sg may for example be determined according to the sample size to be a small
sample for sampling (30).

6.2. Increasing the number of routing units
Let us examine some typical conditions where it is necessary to increase the number

Tgw
of RUs for traffic Tg,, (Wp,, ).

Condition of high uncertainty (HU) of traffic distribution: after evaluation of the S
matrices, it may be found that:

i GSiicrgy) = 3) V iz Sijery,) = 3) (12)

which expresses that there has been measured small sample in the distribution of
traffic Tyy.

Condition of uncertain utilisation (UU): after evaluation of the U matrix and the S
matrices, it may be found that:

Fii (Wi > Unoae A (31, (Su(ry,) = 2) V 31y, Stmaznyagm = 2))V
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V 3y (Wij > Unine A 3, (Sucry,y = 2) V 31, Sinaeny@y,) = 2 ) (13)

which means that the /imit defined for utilisation of the network elements has been
exceeded (limit for nodes U,y or limit for lines Uj,.) together with a medium sample of

Tqv in the network.

Condition of uncertain delay (UD): after evaluation of the T matrix and the S
matrices, it may be found that:

31,0 (Prgy > Diimit(ryp) N Crgn Sii(rgn) = 2V 31 Sijanp(ry) =2) (14

which expresses that the delay limit defined for Tg,, (D limit(Tyy)) has been exceeded
together with a medium sample of Ty, in the examined network.

6.3. Routing unit determination with the analysis of traffic classes

Now, let us examine an example of the routing unit determination based on the
analysis of traffic classes. In the example, the capacities of a network should be
examined from the point of view of capacity needs of different classes of traffic
generated by IP communication services on the network, taking into account the QoS
(Quality of Service) requirements for IP communication services.

The traffic classification used in the example is similar to the classification described
in IP Capacity Planning (IPCP) Framework [2] — the traffic is classified depending on
the degree of delay tolerance — with the difference that the class for real-time traffic has
been divided into two classes for the examination, according to the traffic volume level
that has to be propagated:

Traffic class T; — high-volume real-time traffic (e.g. video services)
Traffic class T, — low-volume real-time traffic (e.g. voice)

Traffic class T3 — low-delay tolerant traffic (e.g. web browsing)
Traffic class T, — high-delay tolerant traffic (e.g. FTP)

In the TFA modelling, the traffic classes 7; and T’ are examined with the condition of
high network availability (because of their strict delay requirements) and traffic classes
T; and T, are examined with decreased available network capacities (providing the
network is capable to manage the situation). The fulfilment of QoS requirements
(specified by the ITU (International Telecommunication Union) for each service class)
is examined through the allowable delay for the traffic class using the resulting delay
distributions of TFA.

The examination starts with the statistical determination of Siys, decision about S
and S; values and determination of U and D limitations (the capacity of the network is
defined by the K matrix). The following steps of the TFA examination (Step-1 - Step-4)
are not precise descriptions of the examination steps but they tend to be an illustration
for the use of routing unit number-decisions in the process of examination:

Step-1
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TFA examination of the network with traffic load Tgep—q = UY_1 Ty, (i.e. the high-
volume real-time traffic)

Execution of the spatial distribution: Sk decisions with the examination of HU, UU
and UD conditions

Delay evaluation according to QoS requirements
Step-2

TFA examination of the network with traffic load Tgtep—o = Uézl uv_, Tqv (i.e. the
high-volume and the low-volume real-time traffic together)

Execution of the spatial distribution: Sk decisions with the examination of HU, UU
and UD conditions

Delay evaluation according to QoS requirements
Step-3

TFA examination of the network with traffic load Tssep-3 = UY_1Tsp (i.e. the low-
delay tolerant traffic)

The decreased available network capacity for the traffic class T3 is calculated as
follows:

Kii(rsiep-) = Kii (1 @5rep-)> KijTseep-s) = Kij 1-Uij (Tgep-2)) (15)

Execution of the spatial distribution: Sk decisions with the examination of HU, UU
and UD conditions

Delay evaluation according to QoS requirements
Step-4

TFA examination of the network with traffic load Tgep—s = UY_, Ty, (i.e. the high-
delay tolerant traffic)

The decreased available network capacity for the traffic class T, is calculated as
follows:

Kii(rseep-s) = Kiirseep-s) 1 UiiTsrep-3) D> KijTstep-a) = Kij@srep-3 1-UijTsrep-s) )(10)

Execution of the spatial distribution: Sk decisions with the examination of HU, UU
and UD conditions

Delay evaluation according to QoS requirements

Remark: Of course, a better utilisation of the network may be achieved with the same
QoS parameters if the traffic in the network (with all the traffic classes) is handled
together.

12



7. Conclusions

We have defined a tree model of the aggregated traffic (ATTM) in the examined
network and based on this model, a statistical algorithm — which serves for the
determination of the size of the routing unit of TFA — has been introduced.

We have introduced formal description for the networks and traffic conditions such as:
capacity, cost, traffic and utilization matrices as well as metrics for the difference of the
traffic and utilization matrices.

On the basis of the statistical constraints on sample size, we have introduced the sample
evaluation matrix, the elements of which express if the number of RUs are high enough
for a given node or line.

We have shown how the Spy can be dynamically controlled during the spatial
distribution phase of TFA.

We have also shown on an example how the QoS parameters of traffic classes can be
taken into account in determining Sgy.

We conclude that with our results on the appropriate choice of the Sgy of TFA, these
methods have been matured for implementation.
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