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Abstract: We analyze with NS simulations the aggregated packet arrival process into a
bottleneck queue generated by multiplexed TCP flows. We explain qualitatively the shape
of the packet interarrival time distribution. In particular, we provide conditions under
which the distribution of the inter packet arrivals is close to exponential and show how
this condition scales when the network capacity becomes large. In addition, we analyze the
structure of the autocorrelation function of times between packet arrivals. For the case of
a packet arrival process close to Poisson, we develop a Fixed Point based model that allows
us to compute the packet loss probability and the utilization of the bottleneck link.
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Simulations et Méthode Point Fixe pour des Connections
TCP Multiplexées

Résumé : Nous analysons par des simulations le processus d’arrivée de paquets au goulot
d’étranglement lorsque le trafic est obtenu par un multiplexage de connections TCP. Nous
expliquons qualitativement la forme de la distribution du temps entre arrivées de paquets. En
particulier, nous donnons des conditions sous lesquelles la distribution de ce temps est proche
de 'exponentielle et nous montrons comment ces conditions changent quand la capacité du
réseau augmente. De plus, nous analysons la forme de la fonction d’auto-corrélation du
temps entre les arrivées de paquets. Pour le cas ou le processus d’arrivée de paquets est
proche de Poisson, nous développons un modéle basé sur la méthode du point fixe. Ce
modéle nous permet de calculer la probabilité de perte de paquets et 'utilisation du goulot
d’étranglement.

Mots-clés : Connections TCP multiplexes. Distribution d’arrivée de paquets, Approche
Point Fix, Simulation NS.
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1 Introduction

We analyze with NS simulations [15] the packet arrival process into a bottleneck link gen-
erated by multiplexed TCP flows. Many different scenarios and parameter settings are
considered: Different file size distributions, different loads, combination of short and per-
sistent TCP connections, different link speeds, different number of access links, etc. We
explain the structure of the packet interarrival time distribution. In particular we observe
that there always exists a sufficiently small access link capacity that makes the interarrival
time distribution to be close to exponential. We show that this property scales well when
the capacity of the network increases. Still we observe that the packet interarrival times are
not independent. We explain the location of the maximum of the autocorrelation function
of these times.

For mathematical tractability, it is very important to identify under which conditions
the aggregated TCP traffic is similar to the Poisson stream at the packet level. The traffic
is closer to Poisson if we increase the number of access links that carry the TCP traffic to
the bottleneck link. The traffic is also closer to Poisson if we slow the access links. For a
given number of access links and a given speed of the bottleneck, we provide an empirical
expression for the speed of the access links that leads to an aggregated packet arrival process
at the bottleneck very close to Poisson. An interesting observation we make is that this
expression is independent of the load ! The observation that the traffic at the packet level
can be close to Poisson has been observed in another context, that of a network running
at high load [7]. It has been shown in [7] that when the load of the network increases and
due to multiplexing, the times between packet arrivals tend to be independent and their
distribution tend to exponential. Our work deals more with the impact of network topology,
especially the access links, on the packet arrival process in the core of the network.

In the case we are close to Poisson, we propose a Fixed Point Approach (FPA) which is
applicable to the scenario where both persistent and short TCP connections are present in
the network. The main idea behind FPA for TCP/IP networks is to combine a model for
the IP network at the packet level with a model for the TCP connection performance based
on some given packet loss process [4, 6, 10, 11]. By using FPA one can calculate the packet
loss probability, the utilization of the bottleneck link and the throughputs of the persistent
connections with good accuracy.

In the general case (even when the packet arrival process is not close to a Poisson process)
we indicate bounds on the packet loss probability. The M/M/1/K queuing model provides
the lower bound and a queuing model corresponding to batch arrivals provides an upper
bound. (The size of a batch is obtained by an aggregation of all packets from a source
belonging to the same congestion window.)

The rest of the paper is organized as follows: In Section 2 the benchmark network model
is introduced. In Section 3 the multiplexing of TCP flows is analyzed using NS simulations.
In Section 4 the FPA model and bounds on the packet loss probabilities are presented. The
paper ends with a discussion and future research directions’ section.
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Figure 1: IP network with a single bottleneck link

2 Benchmark network model

We study the aggregated packet arrival process and applicability of the FPA on the bench-
mark example of TCP/IP network with a single bottleneck (see Figure 1). This topology
may for instance represent an access network. The capacity of the bottleneck link is denoted
by C and its propagation delay is denoted by d. The capacities of N links leading to the
bottleneck link are supposed to be large enough (or the load on each access link is small
enough) so that they do not hinder the traffic. Each of these N links has a propagation
delay d; (the difference in propagation delays also improves multiplexing) and we assume
that new TCP connections arrive on link ¢ according to a Poisson process with rate A;.
Thus, the nominal load of short TCP connections can be calculated as follows:

Eldoc.size] ™Y i
po = LSy A )

where E[doc.size] is the average document size to be transfered. We use the exponential
and Pareto distributions for the document size (with E[doc.size] = 10K bytes and Pareto
with infinite variance ) [5, 14]. We also consider a scenario with the mixture of short and
persistent TCP connections.

In the NS simulations we use the following values for the network parameters: bottleneck
capacity — {1000,100,50,10,5,1}Mbps, bottleneck buffer size — {50,200} packets, bottleneck
link propagation delay — 40ms, the number of access links — {10,50,100}, access link capacity
is the same for all accesses links and is varied between 200Kbps and 2000Mbps , propagation
delays of access links are uniformly distributed between 20 and 60ms, and the maximum
segment size (MSS) is 500bytes. As for the buffer management, we consider Drop-Tail policy.
It is still the most commonly used buffer management policy in the Internet. The buffer
sizes of the access links are chosen large enough so that losses occur only in the bottleneck
queue.

INRIA
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3 Simulation study of the multiplexed TCP flows

Let us study the input process at the bottleneck queue. In particular, we are interested under
which conditions the aggregated traffic arriving to the bottleneck queue is close to Poisson.
In the first subsection we consider a scenario with only short TCP flows. In the second
subsection we consider a scenario with only persistent connections and another scenario
with the mixture of short and persistent connections. Finally, in the third subsection we
analyze the simulation of multiplexed TCP flows in the case of high speed links.

3.1 Short TCP flows

We choose the nominal system loads py = {0.3,0.6,0.9} (see equation 1). In Figures 2, 3, 4,
5,6,7,8, 9,10, 11 we plot the distribution of the packet interarrival time for different
parameter settings. In general, we observe that when the capacity of the access links is
much smaller than the one of the bottleneck, the interarrival time distribution practically
coincides with the exponential. For example, one can see that with 50 access links (Figures 3,
6), a capacity of 2Mbps and 200Kbps respectively make the packet interarrival time to be
very close to exponential. Comparing Figures 2, 5 versus Figures 4, 7 we observe that
the distribution of the packet interarrival times is closer to exponential when the number of
access links increases. In Figures 8, 9, 10 we consider Pareto file size distribution for different
nominal loads and in Figure 11 we consider Pareto with a larger average file size (30K Bytes).
All the above observations still hold. Thus, we conclude that with enough multiplexing, there
exists such a "small enough" capacity for the access link so that the packet interarrival
time distribution becomes very close to exponential. Namely, we noticed that, if the ratio
NC,./C it is not large (around 2 in these particular settings) the distribution of the packet
interarrival times is very close to exponential.

03r - Caccess ink=2MbPS
E ---C =50Mbps
‘access link
0.21 C =200Mbps
‘access link

01 o Exponential Distribution

0.6 0.8 1 12 14 16 18 2

0 0.2

0 05 1 15 2 25 3 35 4 45 5

n
Bomgleck i §
time (sec) x10 time (sec) x10*

transmission time

Figure 2: Bottleneck 100Mbps, 100 access Figure 3: Bottleneck 50Mbps, 50 access links,
links, Exponential file size and load 0.9. Exponential file size and load 0.9
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Figure 6: Bottleneck 5Mbps, 50 access links, Figure 7: Bottleneck 1Mbps, 10 access links,
Exponential file size and load 0.9 Exponential file size and load 0.9.

We would like to note that even in the case of slow access links the packet interarrival
times are correlated (see Figure 12). In particular, we observe that the number of lags
corresponding to the maximum value of the correlation is equal to the ratio between the
access link transmission time and the average packet interarrival time at the bottleneck
node. The interpretation for this is that the correlation is introduced by packet pairs sent
in the Slow-Start phase from the same access link.

Let us now explain in more detail the case depicted in Figure 2. The same thinking applies
to the other figures as well. In the case of slow access links (C,. = 2Mbps) the interarrival
time distribution practically coincides with the exponential. With the increase of the access
link capacity the packet interarrival distribution starts to deviate from the exponential one.
In particular, one can see the appearance of steps in the distribution function. In the case
of access link capacities smaller than the one in the bottleneck (see C,. = 50Mbps) there

INRIA
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Figure 8: Bottleneck 100Mbps, 100 access Figure 9: Bottleneck 100Mbps, 100 access
links, Pareto file size and load 0.9 links, Pareto file size and load 0.6
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Figure 11: Bottleneck 100Mbps, 100 access
Figure 10: Bottleneck 100Mbps, 100 access links, Pareto file size, load 0.9, average file size
links, Pareto file size and load 0.3 30KBytes

is only one step corresponding to the transmission time of the access link. We can explain
this again by the fact that packets come in pairs during the slow-start phase. When the
access link capacity is greater than the bottleneck link capacity (see C,. = 200Mbps and
2000Mbps) there are two steps. The first one corresponds to the transmission time of the
access link and the second one corresponds to the transmission time of the bottleneck link.
This second step can be interpreted as a typical time interval between two pairs of packets
coming from the same access link. The above observations prompt us to approximate in the
case of high access link the input process at the bottleneck queue as a batch arrival process
(see Section 4 for more details).
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Figure 12: Correlation function of the packet arrival process:Bottleneck 100Mbps, 100 access
links and C,. = 2Mbps

3.2 Persistent and Short Connections

First let us analyze the multiplexing of only persistent connections. In Figure 13 we consider
a bottleneck of 10Mbps, 10 access links and one TCP persistent connection on every access
link. In Figure 14 we consider 100 access links also with one TCP persistent connection per
each access link. We would like to note that there is a clear difference between the cases
of only short and only persistent connections. In the present case we observe that for large
enough number of access links the interarrival time distribution is always relatively close to
the exponential regardless the value of the capacity of the access link.

0.3fF CSCCSSS hnk:ZMb 4 *r access an:é?;"\:b
/ - =50Mb T

200Mb 1 02r
=2000Mb

‘access link

0.1f3d ° Exponential distribution
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access link
Exponential distribution

C

Caccess k™

. C =
access link c

o]

02 04 06 08 1 12 14 16 18 1 2 3 4 5
time (sec) -3 time (sec) -5

Figure 13: Bottleneck 10Mbps, 10 access links, Figure 14: Bottleneck 100Mbps, 100 access
Persistent connections links, Persistent connections

Despite the closeness of the interarrival time distribution to exponential, it is worthwhile
to mention that as long as the capacity of the access link increases, so the loss probability
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does. In our particular setting (Figure 14), the loss probability is three time as larger for
Coc = 50Mbps,200M bps,2Gbps than for C,. = 2Mbps. This can be explained by stronger
correlation in the three former cases than in the later (see Figure 15).

=2Mbps

‘access link
L C =2000Mbps
‘access link

s A
£ “
g o,
5 .
s " P,
g bty
g 004 e w s
e
g o5 -
g om & oy
&)ﬁ QD%M M
0 &mmww

-0.02

0 10 20 30 40 50 60 70 80 90 100
lags

Figure 15: Autocorrelation function for the same scenario as in Figure 14

Next we add to the above scenario short pareto distributed TCP connections. We con-
sider two different settings. In the first one (Figure 16) the nominal load for short TCP
connections is 0.8 and in the second one it is of 0.2 (Figure 17). Comparing Figures 16
and 17 with Figure 8, one can see that persistent connections smooth out the burstyness of
the slow-start phase of short TCP flows.

Eo.s
a
0.4
Caceess link=2MbPS c =2Mbps
-- =50Mbps 1 03 ‘access link
‘access link ---C =50Mbps
- Cascess ink=200Mbps access link_
=2000Mbps i 0.21 —= Coccess h"k—ZOOMhps
‘access link C =2000Mpbs
Exponential distribution accesslink = "
01 o Exponential distribution

112 14 16 18 2 01 02 03 05 06 07 08 09 1
time (sec) x107* time (sec) x10™

Figure 16: Bottleneck 100Mbps, 100 access Figure 17: Bottleneck 100Mbps, 100 access
links, Persistent and short connections. 80% links, Persistent and short connections. 80%
of load due to short connections of load due to short connections
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4 Fixed Point Approach

For the case of small ratio NC,./C we develop a Fixed Point Approach to compute the
packet loss probability and the network utilization.

We recall that TCP is a protocol for reliable data transfer. Lost packets are retrans-
mitted by the TCP until they are well received by the destination. Taking into account
retransmissions, the actual load on the bottleneck link caused by short TCP flows is given
by the formula [2]

Po
1-p’
where po is the nominal load corresponding to the short TCP flows. In order to take into
account the effect of persistent connections, the load can be modified as

p:

1 T, ©)

r=1_,

where T'(p) is some expression for the average sending rate of a persistent TCP connection [1,
12, 16] and M is the number of persistent connections. In particular, one can use a new
expression for the high speed TCP sending rate [9], whose asymptotic might be different
from the square root formula that models the sending rate of current TCP implementations.
As for the buffer management, we consider the DropTail policy. This latter policy is
still the most commonly used buffer management policy in the Internet. Our model can be
easily extended to other policies as RED. Assuming that the packets of the aggregated TCP
traffic arrive to the bottleneck queue according to a Poisson process and the service time
is exponentially distributed, one can use the classical M/M/1/K queuing model. We take
the assumption about the exponential service in order that our results will be analytically

tractable. Thus, we have
_ pK(l - p) (3)

Py

where K is the buffer size in packets.

Proposition 1 If pg < 1 and T'(p) is a continuous non-increasing function of p, the system
of equations (2) and (3) has a unique solution.

PRrROOF: We substitute the expression for the packet loss probability (3) into (2) to get

po(1—p"*h) M (pK(l - p))

+_T 1_pK+1

p= 1—pK C

p(1 —p") 1—pf M (p*(1-p)
- 1_pK+1
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or, equivalently,

1 1-pK M (pK(l—p)):pO_ )

1— _ el
1+p+p2+..+pK 1—pK+1 C 1— pK+l

Let us consider the third term on the left hand side of the equation (4). The function
T(p®(1 — p)/(1 — p&*1)) is non-increasing in p, since it is a composition of the increasing
function pX (1 — p)/(1 — pE*!) and non-increasing function T'(p). Next, we note that (1 —
) /(1 — pE+1) is a decreasing function in p. To show this, we prove by induction that the

numerator of the derivative is less or equal than zero: —K + p(K + 1) — p(E+1) < 0. The
induction step goes as follows.

—(K+1)+p(K +2) — pt**2) = (K +1) 4+ p(K + 2) — pp D) <
S—(K+1)+p(K+2)—p(-K+p(K+1))=—(K+1)(1—-p)2<0.
Hence, as a product of the positive decreasing and positive non-increasing functions, the

function
1-p% M (p"(1-p)
1—pK+16 1— pK+1

is positive non-increasing. Furthermore, since (1 — p®)/(1 — pEK*1) ~ 1/p as p — oo,

1-p% M_ (p"(1-)p)
71—pK+IET(71—pK+1 —0, as p— oo.

The second term on the left hand side of the equation (4) also goes monotonously to zero
as p goes to infinity.

Thus, we conclude that the left hand side of (4) is a non-decreasing function for p € (0, c0)
with a horizontal asymptote y = 1. Hence, if pg > 1, there is no solution, and if py < 1
there is a unique solution.

The system of nonlinear equations (2) and (3) could be solved by any standard numerical
method.

For the general case, when the aggregated traffic can not be modeled by the Poisson
process, we propose two bounds for the packet loss probability. In the most extreme case
all packets from the same round can be considered as a single batch. Thus in this extreme
case the distribution of the batch size is given by the distribution of the congestion window
size. We compute this distribution assuming the session does not experience any loss and
that it will remain always in Slow-Start phase. This will give us an upper bound on the
batch size. Conditioning on the number of rounds the probability of having a window of size
w; € {1,2,4,8..} is, P(W = w;) = 372 1og (w41 7 (F(2) —1) = F(27" — 1)) where F(j)
is the distribution function of the file size in terms of packets. The expression |log(w;) + 1]
corresponds to the number of rounds which are needed in order to reach the congestion

RR n° 4749



12 Ayesta et al.

window w;. Because of the monotonicity of the congestion window evolution during slow
start, the probability of having window size w; given the session lasts j rounds is simply
equal to 1/5. Next assuming the batches arrive according to a Poisson process and the
service time is exponentially distributed we form the transition matrix of the corresponding
Markov process and compute the steady state distribution m;, ¢ = 0, ..., K, where K is the
bottleneck buffer size. Then we compute the packet loss probability p as follows:

K oo
1
p=—=Sm > (wj— K +0)P(W =uwy).
E[W] =0 w;=K—i+1 ’ ’

In Figure 18 we plot the above packet loss probability for the batch model as a function
of load in the case of short TCP flows. In the same Figure we also plot the packet loss
probability given by the M/M/1/K model (3).

10°
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X

—— M/M/1/K model
- . Batch model
=2Mbps

access link ™~

access Iink_SNIbpS
=50Mbps
=200Mbps|

access link
!

access link

0000

X
o
A
o

Figure 18: Bounds on packet loss probabilities

All points obtained from NS simulations correspond to the following set of nominal loads
po = {0.9, 0.925, 0.95, 0.975}. The M/M/1/K and the Batch models provide indications
for lower and upper bounds for the packet loss probability, respectively. We observe that for
a value of NC,./C around 2 (i.e. packet arrival process close to Poisson) the loss probability
is close to the lower bound provided by the M/M/1/K model.

5 Discussion
We analyze in this paper the performance of a bottleneck link crossed by TCP traffic. We

give a particular attention to the packet arrival process at the input of the bottleneck link.
The campaign of simulations we run showed that this process is close to Poisson when the

INRIA
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number of access links is large and when the speed of these links is slow. This observation
scales well with the bandwidth of the bottleneck and is insensitive to the distribution of file
sizes. For a certain number of access links, we find that there is some speed of access links
that makes the packet arrival process very close to Poisson. We give an empirical expression
for this threshold speed.

Motivated by the Poisson property of packet arrivals, we propose a model for the bot-
tleneck link using a Fixed Point Approach. The buffer in the bottleneck router is modeled
by a M/M/1/K queue and the TCP traffic is modeled using only its average rate. We in-
troduce a generic function that models the throughput of long-lived TCP connections when
the average queue size and the packet loss rate in the bottleneck router are given. Qur sim-
ulations show that this model for the network provides good results when the packet arrival
process is close to Poisson. When we are far from Poisson, the traffic is bursty and the
model underestimates the packet loss rate in the bottleneck. For this purpose, we propose
an upper bound on the packet loss rate, obtained by using a batch model for the packet
arrival process.

Our work can be extended in different directions. One direction is to consider other buffer
management policies than Drop Tail, for example RED. Another direction is to consider real
distributions for packet sizes, for example deterministic or multimodal. Also more research
is needed to understand the interaction between short and persistent TCP flows. Some UDP
traffic can also be considered in addition to the TCP traffic. The presence of TCP traffic
may improve the multiplexing of packets in the bottleneck router. The result of the model
in terms of packet loss rate and average queue size can be used for network dimensioning
issues. One can plug the result in a expression for TCP latency and dimension the bottleneck
router so that the average latency is less than a certain value. The dimensioning can also
be done so as to guarantee some Quality of Service for multimedia applications.
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