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Abstract. We study the burst ratio of packet loss processes in networking. This parameter charac-
terizes the inclination of packet losses to form long, consecutive sequences. Such long sequences
of losses may have a negative impact on multimedia streams, particularly those of real-time type.
In packet networks, the burst ratio is often elevated due to overflows of packet bufters, which are
present in all routers and switches. In the article, we investigate the burst ratio in the per-flow man-
ner, i.e. individually for every flow of packets traversing a network node. We first confront all the
per-flow burst ratios with each other, as well as with the burst ratio computed for the multiplexed
traffic. Next, we study the influence of different features of the system on these burst ratios. In par-
ticular, the influence of rates of flows and their proportions, the standard deviation of interarrival
times, the capacity of the buffer, the system load and the distribution of the service time, is studied.
Special attention is paid to models with non-Poisson flows, which are not analytically tractable.

Key words: burst ratio, packet networks, sequences of losses, multimedia streams.

1. Introduction

The burst ratio characteristic, B, was proposed in McGowan (2005). It is computed by
dividing the mean length of the sequence of losses observed in a stream of interest, by
the hypothetical mean length of the sequence of losses in the Bernoulli process, i.e. in a
process with all losses being purely random, uncorrelated, and of the same probability L.

We denote the mean length of the sequence of losses observed in a stream of interest
by G, while the hypothetical mean length in the Bernoulli process by K. Therefore, by
definition:

B=G/K. ()

A trivial verification shows, that for the Bernoulli process it holds that K=00-0L)1
Hence, instead of (1), the burst ratio can be computed using:

B=(-L)G. 2)
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For illustration, let us consider an example of the following stream of 16 packets:
110111110001 111 1.Herein, 1 corresponds to a successful packet transmis-
sion, 0 to a packet loss. We check quickly that the overall loss probability (loss ratio) is
L = 4/16 = 1/4. Thus, the hypothetical mean length of the sequence of zeroes in the
Bernoulli process with L = 1/4 shouldbe K = (1—L)~! = 4/3. However, in our stream
there are two sequences of zeroes, of lengths 1 and 3, respectively. Hence the mean length
of the sequence of zeroes is G = 2, which gives B = G/K = 1.5. This means that
a sequence of losses in the stream is on average 1.5 times longer, than in the case when
the losses are independent of each other.

Experiments indicate that G is typically 1.5-2.0 times greater than K in contempo-
rary packet networks (Chydzinski and Samociuk, 2019; Samociuk et al., 2019). Therefore,
there must exist a mechanism causing the dependency between losses of consecutive pack-
ets, i.e. making the probability of losing a packet higher, if the previous packet has been
lost. In fact, this mechanism is the same mechanism which causes losses in general, i.e.
buffer overflow events in routers and switches. Namely, when the output buffer of a net-
working device is overflowed, each incoming packet is deleted. This overflow state may
last for some time, until a room in the buffer is freed. Therefore, during such an overflow
state, several packets can be lost in a row, creating a sequence of losses.

The elevated values of the burst ratio in contemporary networks and the Internet influ-
ence negatively the quality of experience provided by multimedia streams, in particular
those of real-time character. Losing occasionally a long sequence of video or audio packets
can degrade the quality of experience more than losing short sequences even if the latter
happens more frequently. This is due to human perception characteristics and codecs used
in real-time multimedia transmissions. For some types of transmissions, this phenomenon
has a precise mathematical model. Namely, on page 8 of ITU-T (2015) we can find a for-
mula which expresses the degradation of the quality of voice transmission in the Internet
telephony, as a function of the burst ratio.

In this article, we investigate the burst ratio in the per-flow manner, i.e. individually
for every flow of packets traversing a network node. We first confront all the per-flow
burst ratios with each other, as well as with the burst ratio computed for the multiplexed
traffic. Next, we study the influence of different features of the system on these burst ratios.
In particular, the influence of rates of flows and their mutual proportions, as well as the
standard deviation of interarrival times, the capacity of the buffer, the system load and
the distribution of the service time, is studied. We pay special attention to non-Poisson
models of flows, for the reasons discussed below.

As it will be shown in the next section, so far the burst ratio literature has been devoted
mainly to analysis of the multiplexed traffic. However, it is easy to understand that burst
ratios in individual flows are even more important. Indeed, the quality of multimedia per-
ceived by an end user depends on the burst ratio in the multimedia flow of this user only,
not on the burst ratio in the multiplexed traffic.

Note that it is very difficult to predict if the burst ratio of a particular flow should
be smaller than, greater than or equal to the burst ratio of the multiplexed traffic. This
is because two different phenomenons, playing against each other, can be thought about.
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First, a sequence of losses in the multiplexed traffic can be composed of losses from a
few flows, so the subsequence of losses in each particular flow can be shorter. That said,
a sequence of packet losses in a flow may happen even if there is no such sequence in the
multiplexed traffic. Consider, for example, the following sequence of 8 packets belonging
to2 flows:01 01010 1. Let every odd packet in this sequence belong to the first flow,
while every even packet belongs to the second flow. Obviously, in the first flow there is
a sequence of 4 packets lost consecutively, but in the multiplexed traffic no sequence of
losses can be noticed.

The mathematical analysis of the per-flow burst ratio in the general model, with non-
Poisson flows and general service time distribution, is extremely hard. It is not an over-
statement to say that we cannot expect to have an analytical solution of such model in a
foreseeable future. This follows from the fact that a much simpler model, i.e. the G/G/1
queue with a finite buffer, has no exact analytical solution so far, even though it has been
studied by many researchers for many years. The G/G/1 model has only one arrival stream
of general type. In the model considered herein, there are N such streams, each perhaps
with a different interarrival time distribution. This makes it far more difficult than the un-
solved G/G/1 model. On the other hand, it is well known that the network traffic is usually
non-Poisson, and the error made when using the simplified Poisson model in the perfor-
mance evaluation can be huge (Leland ef al., 1994; Paxson and Floyd, 1995). Therefore,
it is important to use a model with the general interarrival time distribution for every flow.

For these reasons, the individual burst ratios are studied herein by means of the
Omnet++ simulation framework, OpenSim Ltd. (2019). This is a modern, discrete-event
simulation framework of modular architecture, which allows for programming, directly in
C++, simulators of very high performance. In our simulator, tens of millions of packets
were simulated in each simulation run, which was enough to eliminate random fluctua-
tions of the results. At the same time, we were not restricted to any type of the interarrival
time distribution within each flow.

The remainder of the paper is divided into five sections. Namely, in Section 2, the
related work is characterized. In Section 3, the model of the queueing system, as well as
the mathematical notations, are introduced. The known results for the Poisson traffic are
recalled in Section 4. Then, the new results on the per-flow burst ratios, including several
non-Poisson scenarios, are shown and discussed in Section 5. The final conclusions are
drawn in Section 6.

This article is an extended version of paper by Chydzinski and Adamczyk (2022), pre-
sented during 10th World Conference on Information Systems and Technologies, 12—-14
April, Budva, 2022.

2. Related Work

Notice first that to compute B by means of (2), we need to know L. The loss ratio is
not only required to calculate the burst ratio, but is also a fundamental parameter of the
loss process on its own. Therefore, it was studied extensively in many papers, using direct
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packet loss measurements, (e.g. Bolot, 1993; Coates and Nowak, 2000; Duffield et al.,
2001; Benko and Veres, 2002; Sommers et al., 2005; Lan et al., 2019), or theoretical
models (e.g. Yajnik ef al., 1999; Sanneck and Carle, 1999; Yu ez al., 2005; Hasslinger and
Hohlfeld, 2008; Chydzinski and Adamczyk, 2012; Jelassi and Rubino, 2018).

The burst ratio was introduced in McGowan (2005). It was then analysed in Rachwalski
and Papir (2014, 2015) by means of a simple Markov model with two states. In these stud-
ies, an abstract random process (the Markov chain) was exploited to imitate the stochastic
structure of the loss process, while the real reason of losses, an overflowed buffer, was not
present in the model.

Then, the burst ratio was studied in Chydzinski and Samociuk (2019), Chydzinski et al.
(2018b), Chydzinski (2022) using as model an overflowed buffer. In these studies, B was
derived for a few kinds of Poisson streams. In particular, the multiplexed burst ratio for
single Poisson arrivals was found in Chydzinski and Samociuk (2019), while for batch
Poisson arrivals in Chydzinski et al. (2018b). The per-flow burst ratio for Poisson arrivals
was derived in Chydzinski (2022). Moreover, in Samociuk ez al. (2019) the multiplexed
burst ratio was studied experimentally in a real networking environment, i.e. in an aca-
demic network of a large university, which operated normally during the measurements.

It is perhaps worth mentioning that the structure of losses can be characterized by
means of other characteristics as well. For instance, in Cidon et al. (1993) the probability
of having m losses in a block of n consecutive packets was calculated. In Bratiychuk and
Chydzinski (2009), the distribution of the length of the first sequence of losses was anal-
ysed. However, the burst ratio seems to have the simplest and most intuitive interpretation
when characterizing the inclination of losses to occur one after another.

Finally, in a few papers the possibility of decreasing the burst ratio value in TCP/IP
networks has been studied. One of the approaches to achieve this goal is to exploit active
queue management in the buffers of networking devices. Application of AQM is advo-
cated anyway, for other important reasons, by Internet Engineering Task Force, Baker and
Fairhurst (2015). There is a variety of proposed AQM methods and algorithms (see e.g.
Nichols and Jacobson, 2012; Khoshnevisan and Salmasi, 2016; Wang et al., 2017; Kahe
and Jahangir, 2019; Feng et al., 2017; Hotchi et al., 2020), but having mitigation of the
burst ratio in mind, the algorithms based on the dropping function (Chydzinski et al.,
2018a; Patel and Karmeshu, 2019), can be particularly beneficial.

3. The Model

We deal herein with the following model of the queue. The packets from N separate flows
arrive to the output interface of a router, where they are placed in a buffer of capacity b,
see Fig. 1. All these packets are kept in the buffer before further transmission, which is
conducted in the arrival order (FIFO), regardless to which flow a packet belongs to. If an
arriving packet finds the buffer full, it is lost (deleted). We adopt the convention that the
service position is included in b.

The service time of a packet has some distribution, which is not specified and can
assume any form. Its distribution function is denoted by F, the mean service time by
E(F), the standard deviation of the service time by D(F).
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Fig. 1. The model of the queuing system.

An i-th flow has its own interarrival time distribution, with the distribution function
denoted by G;, which can assume any form. The mean interarrival time of the i-th flow
will be denoted by E(G;). The rate of the i-th flow will be denoted by:

1
Ai = .
E(Gi)

3)
The burst ratio of packet losses of an i-th flow will be denoted by B;. The burst ratio
for the whole multiplexed traffic will be denoted by B. Analogously, L; will stand for the

individual loss ratio of an i-th flow, while L for loss ratio of the multiplexed traffic.
We will use the following notation throughout the paper. The total arrival rate, A, is:

N
A= Z,\k, 4)
k=1

the load of the queue:

o
p=)\/ tdF(t), (%)
0
the residual arrival rate for the j-th flow:

5= ©

4. Analytical Background

If all flows are Poisson, then it is possible to derive the burst ratio for the multiplexed
traffic, as well as for individual flows. In this section, we assume that there are N Poisson
flows of rates Aq, ..., Ay, respectively. Thus the multiplexed traffic is also Poisson.

4.1. Multiplexed Traffic

Denote by ay the probability of having k new arrivals, from all flows, during one service
time, i.e.:

o0 ,—AU k
ak=/0 %dﬂu), k> 0. )
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Define also two sequences, Ry and ry:
k

1
Ry=0, Ri=—, Rei=R(R-) anRi), k=1, ®)
ao i=0

1 1
ro=1, rp=——1, Fk+1 :a—o(rk—Za,»Hrk_i—ak), k>1.

ao
)
The following theorem holds true.
Theorem 1. The multiplexed burst ratio is equal to:
b—1 r
B = k=0 Ig (1), (10)
[1— g+ p Y02y re) 1= Z
where
b
Ro—kag1 — Y v_) Rp—1- KA+l

Zk o Ro—kax — Zk ()Rb 1—k 0k

This theorem was proven in Chydzinski and Samociuk (2019). It can be easily used to
obtain numerical values of B.

4.2. Individual Flows

Let di(j, I) denote the probability that in a group of k packets, [ packets belong to the j-th
flow. If all the flows are Poisson, then we have:

K\ /N 78\ K
o= () ()

where §; is defined in (6). Moreover, define the following sequences:

Sn(J)—< )( :XE ) 13)

8 n
yu(j, D) = Zakdk—n(jv D, xn(j, 1) = (7]) yu(j, D, (14)
k=n
Oo(j) =0, 01(j) = —
ao
k PN
Ok1(j) = Ql(j)[Qk(j) - Zai—&-l(%) Qk—i(j)], k>1, (15)

i=0
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and

1, ifn=m,
Inm = {O, ifn #m. (16)

The following theorem holds true.

Theorem 2. The burst ratio for the j-th flow is equal to:

B — 1= p(Hw(,0) v(j) — p(Hv(j) + p(jHw(j) 27(1) Tk
’ I=p()  1=v(,0)+ p(Hv(i,0) = p(Hw(i, 0) 1+ p ¥ b=tn’
(17)
where ry is defined in (9), while:
b . .
() = Y onet Qo—k (i (j) — A Ly Qb k(J)Sk(J) (18)

Op— 1(])+1b1——’[Qb 2(J)+1b 1,1]

. S ot Qv k(DX 1) — 7 S0t Qpo1—k(Dxk (s l)
w(j,l) = (19)
[1—pDINGs-1()) +Ip1 — —(Qb 2(j) + Ip—1, 1)]
b . S8 Aj
(1) = Y oi=1 Qo—k (N2 (G, D~ k 1Qh 1-k(Dze(J, D+ h](]’l)’ 20)
(1 —-p(MDICpr-1(j) + Ip1 — —(Qb 2(j) + Ip—1,1)]
Y Ry (o D) — Zkzl Rp_1-kyk(j, D)
Rp_1+1p1 —Rp2—1Ip_11

hn(]’ l) = (Rb—n—l + Ib—n,])

b—n
> Rpnani( D), 1)
k=1
) n—1 S k
Zn(J,l)—anak[l < ) :|dk n(J, l)+k 1Clk|: (A) :|hbn+k1(]»l),
(22)
Ry is defined in (8) and
V() =Y lvG D, W) =Y Lw(, D). (23)

This theorem was proven in Chydzinski (2022). Despite its rather long formulation,
the theorem is straightforward in numerical calculations.

Finally, it is worth mentioning that for pure Poisson model, all individual loss ratios
are equal to each other, no matter if the rates of flows are different or not. This is simply
a consequence of the PASTA theorem (Wolff, 1982). According to this theorem, each
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Poisson flow, no matter of what rate, sees the full buffer with the same probability, Py,
which is also the full buffer probability at arbitrary time. Thus it must be:

L]=~~~=LN=L=Pb. (24)

5. Experiments’ Results and Discussions

Unfortunately, as it was discussed in Section 1, the traffic in networks is often far from
Poisson, and there is little hope to find analytical solutions for the non-Poisson model.
Therefore, the results presented in this section were obtained by means of Omnet++ sim-
ulation framework. We are especially interested in the results obtained for non-Poisson
flow models. Sometimes, however, results for Poisson flows are shown as well, to demon-
strate the differences between the two types.

In every simulation run, 50 million packets were simulated. If not stated otherwise,
the buffer capacity was 50, the queue was fully loaded (p = 1), and the service time was
exponential. Exceptions are clearly indicated and concern the cases when the impact of
the buffer capacity, the variance of the service time and the load were studied.

5.1. Flows of the Same Type

In the experiments described in this subsection, all flows were stochastically the same, i.e.
they had common interarrival time distribution, and as a consequence, common rate.

In the first scenario, N Poisson flows with rates Ay = --- = Ay = 1/N were used.
For N = 2, we obtained B = 1.96 and B = By = 1.67, for N = 5 we got B = 1.96
and By = --- = Bs = 1.41, while for N = 100 it was B =1.96and B| = --- = Bjgg =

1.08. As we can see, the multiplexed burst ratio is the same in every case, due to the
fact that the multiplexed traffic is the same — merging several Poisson processes creates
another Poisson process. The per-flow burst ratios were, however, less than B in every
case. Moreover, the more flows were involved, the smaller each B; was. Every mentioned
value of B and B; obtained in simulation, was positively verified using Theorem 1 and
Theorem 2, respectively. This confirmed correctness of the simulator code and made it
ready for non-Poisson simulations, in which such verifications were not possible.

Next, we moved to non-Poisson flow models and checked, how the number of flows
influences the per-flow burst ratio in such cases. We used two flow types, with a small and
a large variance, respectively.

Namely, in the second scenario N flows having the interarrival time uniformly dis-
tributed on the interval (N — 1, N 4+ 1) were used. For N = 2, we obtained B = 1.59
and B) = B, = 1.39,for N = 5 we got B = 1.61 and B] = --- = Bs = 1.23, while for
N =100itwas B =1.89and By = --- = Bygo = 1.09.

In the third scenario, N flows having N - I'(0.01, 100) distribution of interarrival time
were assumed. (We use I' (k, 6) notation of the gamma distribution, with the mean of k6
and the variance k92.) For N =2itwas B =11.76 and B| = B, = 11.61,for N =5
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we got B =11.10and B; = - -- = Bs = 10.81, while for N = 100 it was B = 9.33 and
By =---= Bjgg = 8.77.

As we can observe, all the burst ratios were greater, when the variance was greater,
but the individual burst ratios were less than the multiplexed one, regardless of what this
variance was. Moreover, in every case the per-flow burst ratio decreased with the number
of flows.

5.2. Flows of the Same Rates but Distinct Distributions

In this set of simulations, flows of the same rate, but distinct distributions of the interarrival
time were investigated.

Firstly, we multiplexed two flows with very different variances of the interarrival time
(0 and 20). Namely, in the first flow a constant interarrival time of 2 was used, whilst in the
second flow, it was distributed I" (0.2, 10). The resulting burst ratios were quite surprising:
B =2.69, By = 1.32 and B, = 2.73. Specifically, the first individual burst ratio is less
than the multiplexed one, but the second individual burst ratio is greater than the two of
them, i.e. Bj < B < B,. This can be interpreted as a result of the interplay of the two
phenomenons discussed in Section 1 — the one making B; smaller than B, while the other
making B; larger than B. Apparently, in this experiment the latter phenomenon prevailed
in the case of the second flow. It is also worth mentioning, that the loss ratios behaved
in a similar way. We obtained L = 0.033, L1 = 0.015 and L, = 0.050. Therefore, L,
is significantly larger than L; and it holds L; < L < Lj. This is not possible in the
all-Poisson model, in which itis L1 = --- = L; = L in every case (see (24)).

Next, we checked a scenario with three flows, each having a different, but moderate
variance of the interarrival time. Namely, the interarrival times distributions were expo-
nential with the parameter 1/3, uniform on (2, 4) and I'(3, 1), respectively. The following
results were obtained: B = 1.77, By = 1.53, B, = 1.28, B3 = 1.36. As we can see,
not necessarily one or more of the per-flow burst ratios must be larger than B, even when
the distributions of interarrival times are substantially different. In scenarios with distri-
butions of interarrival times having small or moderate variances, we can expect per-flow
burst ratios to be less than the multiplexed burst ratio.

What is even more interesting, even in the case when some flows have large vari-
ances of the interarrival time, all the per-flow burst ratios can be quite small and less
than the multiplexed one. It happens, however, when the number of flows is not small
and no flow with a large variance dominates the mix. This effect was observed in the
scenario with N = 10 and the interarrival service times distributed as: I'(100/1, 1/10),
I'(100/4,4/10), I'(100/9,9/10), ..., I'(100/100, 100/10). The distributions were cho-
sen in such a way that Ay = --- = X190 = 1/10, but the standard deviations of the in-
terarrival times were 1,2,3,...,10 in flows 1,2, 3, ..., 10, respectively. The resulting
multiplexed burst ratio was 1.81, while the per-flow burst ratios are depicted in Fig. 2.
As it can be observed, all per-flow burst ratios are significantly smaller than B, and not
very different from each other, even though the variances of the flows differ by far. The
per-flow loss ratios behave in a similar way, as is depicted in Fig. 3 — there are relatively
small differences between them.
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Fig. 2. Burst ratios for 10 flows of the same rates but standard deviations growing from 1 to 10.
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Fig. 3. Loss ratios for 10 flows of the same rates but standard deviations growing from 1 to 10.

At this point, the following essential questions emerge: can all per-flow burst ratios
be larger than the multiplexed burst ratio? Or all equal to B? These problems are so far
unresolved. We were not able to devise scenarios producing such outputs. On the other
hand, the possibility of having such results is difficult to exclude analytically.

5.3. Flows of Different Rates

In the next group of experiments, we tested flows of different rates, but with distributions
of the interarrival times of the same type.

Firstly, two Poisson flows were exploited, with variable proportions between their rates.
In particular, the rate of the first flow was equal to r, whilst the rate of the second flow
was 1 — r. The value of r was then increased from 0.01 to 0.99. The results, i.e. By, Ba
and B versus r, are presented in Fig. 4. (They were also confirmed via Theorems | and 2.)
As we can observe in Fig. 4, the multiplexed B is constant, but the individual burst ratio
depends severely on the flow rate, in a monotonic way. The larger the rate, the larger B;.
For small rates, B; approaches 1, while for rates near 1, B; approaches B.

In the second scenario, we used two non-Poisson flows of different propor-
tions. Namely, the interarrival time was distributed I'(1, 1/r) in the first flow and
I'(0.01, 100/(1 — r)) in the second flow. Thus we had again A; = r, A, = 1 — r, but this
time for non-Poisson flows. The resulting burst ratios are depicted in Fig. 5.
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Fig. 4. Burst ratios versus the rate of the first flow. Poisson flows, A =r, A0 =1 —r.
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Fig. 5. Burst ratios versus the rate of the first flow. Non-Poisson flows, A{ =r, Ay =1 —r.

As it can be observed, the figure is quite different than in the all-Poisson case. First of
all, we have B, > B for every r. This can be assigned to the larger variance in the second
flow. Secondly, By and B; do not vary as much in Fig. 5, as in Fig. 4. On the other hand,
B varies much more in Fig. 5, than in Fig. 4. Moreover, the B, and B curves intersect
around r = 0.66. This demonstrates the possibility of having exactly the same multiplexed
burst ratio and the per-flow burst ratio in one of the flows. The examples with B; < B and
Bj > B were already given in the previous subsection, but they are also visible in Fig. 5,
for r < 0.66 and r > 0.66, respectively.

In the last scenario in this group, we tested three non-Poisson flows of rates different
by an order and two orders of magnitude. Namely, flows with the distributions of the
interarrival times I"(0.11235955, 10), I'(1, 10), and I"(10, 10) were used, which resulted
in the rates of 0.89, 0.1 and 0.01, respectively. The results were as follows: B = 3.92,
B; = 3.94, B, = 1.22 and B3 = 1.01. Therefore, all the flows had different burst ratios,
with the very high burst ratio of the first flow. However, it must be stressed that the very
high Bj is not caused by the high variance of the first flow only. It is caused by its high
variance and high Ai. This is easy to see if we observe that the second flow has an even
higher variance than the first flow, but B; is rather small, due to small A;.
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Fig. 6. Burst ratios versus the buffer capacity.

5.4. Influence of the Buffer Capacity

In the next scenarios, we checked how the buffer capacity influences the individual and
multiplexed burst ratios. In particular, three flows having the distributions of interarrival
times I'(0.3, 10), exponential with the average of 3 and uniform on (2, 4), respectively,
were assumed. Hence the flows had a common rate, but significantly different variances.
The buffer capacity was increased from 1 to 100. The results, i.e. By, By and B versus the
buffer capacity, are presented in Fig. 6.

We can notice in Fig. 6 that the capacity of the buffer had the same influence on every
burst ratio. When the buffer was very small, every burst ratio got close to 1. Apparently,
a small capacity of the buffer makes the loss process less correlated, regardless if we
consider the losses in an individual flow or in the multiplexed traffic. We can also notice
in Fig. 6 that all the burst ratios grew with the capacity of the buffer, but not forever. At the
capacity around 40, the curves became flat and the burst ratios did not change anymore,
regardless of how big the buffer was.

5.5. Influence of the Service Time

In the next experiment, we tested the influence of the distribution of the service time on
the burst ratios.

The same three flows, as in the previous subsection, were assumed (gamma, expo-
nential, uniform). The distribution of the service time was I'(p, %), where p > 0 was
a parameter. In this way the mean service time was equal to 1, regardless of the value
of p. On the other hand, the standard deviation was D(F) = ﬁ. Therefore, manipulat-
ing p, we could obtain an arbitrary value of this standard deviation. The results obtained
for D(F) € (0, 10) are shown in Fig. 7.

As it can be seen in the figure, the standard deviation of the service time had a strong
influence on the burst ratios. Note that extreme values of B; and B were reached — about
30 for the multiplexed traffic and about 10 for single flows. What is worth emphasizing,
all the per-flow curves are rather close to each other. This means that the influence of the
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Fig. 8. Burst ratios versus the system load, b = 20.

service time distribution was so strong, that it attenuated to the differences in per-flow
results caused by quite different interarrival time distributions among flows.

5.6. Impact of the Load

In the last set of experiments, we studied the dependence of the burst ratios on the load
of the queue. The same 3 flows, as in Section 5.4, were used, i.e. all with the rate of 1/3,
but different variances. The service time was I"(1/25, 25) distributed, scaled additionally
by the factor p, where p varied from 0.5 to 2.5, i.e. from a strong underload to a strong
overload. Two buffer sizes, 20 and 50, were used.

The resulting burst ratios for b = 20 are depicted in Fig. 8, while for » = 50, in Fig. 9.
As can be seen in these figures, the load has a much weaker influence on the burst ratios
than the variance of the service time or the buffer capacity, discussed above. This influence
gets stronger when the buffer capacity grows — we can see more variability in Fig. 9 than in
Fig. 8. This is only true, however, for small or moderate buffers. For large buffers, the burst
ratios stabilize and do not change anymore when the buffer grows, as it was demonstrated
in Fig. 7.
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Fig. 9. Burst ratios versus the system load, b = 50.

Finally, we can observe local maxima in Figs. 8 and 9, both for multiplexed and indi-
vidual burst ratios. These maxima occur for some p > 1 in the case of b = 20, while for
b = 50 they get close to p = 1, but are not exactly at 1.

6. Conclusions

In this paper, we studied the burst ratio of packet losses at a TCP/IP network node. The
main contribution of the paper consists of:

e a simulation model of a multi-flow queueing system, in which the burst ratio can be
obtained separately for every flow passing through the network node. The important
thing is that the model incorporates an arbitrary interarrival time distribution for every
flow and an arbitrary distribution of the service time;

e acomprehensive set of simulation results, which characterize the behaviour of the per-
flow burst ratio depending on system parameters (number of flows, flow rates, interar-
rival time distributions, buffer capacity, service time distribution, system load).

In particular, the following observations were made in the simulations.

The burst ratio of a particular flows was smaller than, greater than, or equal to the
multiplexed burst ratio, depending on types of involved flows. Most often we had, however,
B; < B forevery j. Bj > B happened when the flow of interest had a large variance of
the interarrival time and occupied a large portion of the total load at the same time. Many
flows of very different or even large variances did not lead to B; > B, if all the rates
were small. It is unknown whether a scenario with B; > B for every j is possible, or a
scenario with B; = --- = By = B. We could not devise such scenarios. On the other
hand, the possibility of having such results is difficult to exclude analytically. This is one
of the possible subjects of future work.

In the scenarios with all flows being stochastically the same, every B; was smaller
than B. Moreover, every B; decreased with N. In the scenarios with flows having different
interarrival time distributions, the per-flow burst ratios could differ by far, even if all the
flows had the same rate.
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The individual burst ratio was easily affected by the variance of the distribution of the
interarrival time. The greater was this variance in one or more flows, the larger the indi-
vidual burst ratios were. Moreover, the individual burst ratios were susceptible to changes
of the buffer capacity. When this capacity was small, every B; approached 1. Then every
Bj grew fast with the capacity of the buffer, but not forever. At some moderate buffer
capacity, the burst ratios stopped growing and stabilized. The service time variance had
a deep influence on the individual burst ratios, deeper than all the remaining studied fac-
tors. Finally, the load of the queue had a mild impact on the per-flow burst ratios, even
when considered in the range from a severe underload of p = 0.5, to a severe overload of
p = 2.5. This impact was even weaker in a scenario with a small buffer.

When comparing scenarios with Poisson and non-Poisson flows, several significant
differences were noted. Firstly, B; > B was never observed in a pure Poisson model.
As it was demonstrated, such a case is possible in a non-Poisson model. Secondly, in a
pure Poisson model, all the per-flow burst ratios are the same when the rates are the same.
The per-flow burst ratios can differ by far for flows of the same rates, but different, non-
Poisson types. Thirdly, in a pure Poisson model, all the loss ratios are equal to each other,
even if the rates are different. Such a case is rare in non-Poisson models, in which all the
loss ratios are usually different from each other, even if the arrival rates are the same. These
observations indicate that the pure Poisson model, for which the analytical solutions are
available, should be applied very carefully and only when the statistical characteristics of
flows are not far from Poisson.

An interesting future work would be the per-flow analysis of the queueing delay (wait-
ing time), instead of losses. We have seen here that loss characteristics (burst ratio and loss
ratio) may differ significantly among flows, depending on system parameters. The same
can be suspected about the distribution of the waiting time perceived by packets belonging
to different flows.

Another recommendation for future work could be the per-flow analysis of losses
(and perhaps delays) in an extended model, incorporating active queue management at
the buffer. Herein, we dealt only with the classic, tail-drop buffer management. It is intu-
itively clear that AQM must have a deep impact on the per-flow characteristics, but further
research is needed to study this effect in detail, depending on the type of AQM used.
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