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Abstract—Results of investigation of impact factors to
queue utilization dynamics on telecommunication network
routers were presented. As was shown by the analysis, use of
dynamic model, obtained by applying a Pointwise Stationary
Fluid Flow Approximation (PSFFA), demonstrated that the
average queue length converges to a steady state value for
some time, which can range from few to tens of seconds. It is
determined that the use of the steady state estimations when
calculating the average queue length is possible only after the
end of the transient process. Otherwise, it is advisable to use
a more accurate differential model. As the results of the
analysis, the duration of the transient process is influenced
by such factors as the flow rate, capacity of the router
interface, service discipline, etc. Within this research it was
shown that the use of non-linear differential model can
improve the accuracy of the calculation of the average queue
length, depending on the state of the interface and the
selected service discipline.
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L.

As it was shown by the analysis [1-3], the numerical
values of the main parameters of Quality of Service
(average delay, jitter, packet loss probability) is mainly
determined by the effectiveness of solving problems of
buffer resource management in telecommunication
network, i.e., queues of packets organized on the routers
interfaces. Whereas queue length changing contributes to
packet delay variation (jitter) and queue overload in
general lead to increase of the number of dropped packets.
In this context, the technological mechanisms of queue
management should have effective procedures to analyze
the state of the router interface that lead to management
decisions comply with the requirements for ensuring the
required level of Quality of Service (QoS).

INTRODUCTION

In scientific researches on the challenges for the
organization and control queues overloading on the
network routers, usually finds its application the queuing
theory [4-6], with which it is possible to estimate
analytically the impact of the interface state (throughput,
utility, and maximum size of buffer) on average queue
length, and through it to numerical value of average delay,
jitter and packet loss probability. However, the tools of
queuing theory allow to obtain an adequate estimation of
the required parameters for a steady-state interface
operation, i.e., at the end of transient processes associated
with a change in the state of interface. Given the fact that
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the processes of estimating the state of interface and
subsequent queue management are real time processes of
tens milliseconds range, obtained estimations of the
interface state using the limit values of probabilities may
differ from the values corresponding to the dynamics of
transient process in progress generally. Therefore, it is
essential in the queue management to have models
describing the dynamics of the interface state changes in
time in order to obtain more accurate estimates of the
queue length and associated QoS parameters.

II. MATHEMATICAL MODEL CORRESPONDING TO QUEUE
UTILIZATION DYNAMICS ANALYSIS

There are currently known a lot of types of
mathematical models, based on different approximations
of the dynamics of changes in state of telecommunication
network (TCN) router interface. List of approximations
used to describe the dynamics of interface state changes is
presented below [7]:

e Simple Stationary Approximation (SSA);
e Stationary Peakedness Approximation (PK);
e Average Stationary Approximation (ASA);
Closure Approximation for Nonstationary Queues;
Pointwise Stationary Approximation (PSA);

Pointwise Stationary Fluid Flow Approximation
(PSFFA);

Modified Offered Load Approximation (MOL);
Fixed Point Approximation (FPA).

The most efficient in relation to adequacy and clarity,
in our opinion, is a model based on the use of system of
nonlinear differential equations of the network state
x(#) = dx(t)/dt obtained by the Pointwise Stationary Fluid

Flow Approximation, PSFFA, where under the network
state was understood the average queue length on the
router interface. Using this model it is possible to estimate
the influence of interface state, flow characteristics and
packets service disciplines on the dynamics of router
utilization. According to PSFFA, the flow conservation on
the router interface and method of Pointwise Stationary
Approximation, PSA, are combined into single nonlinear
differential equation for the purpose of approximation of
the non-stationary models at each time interval.
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Within the chosen model there are known the
following parameters: A is the ensemble average flow
rate (packets per second, 1/s) entering the analyzed queue;
u is the interface throughput (packets per second, 1/s)
allocated to this queue; p =A/u is the queue utilization.
According to the condition of flow conservation, rate of
change of the average queue length at the TCN router
interface will be equal to the difference of flow in and
flow out [8]:

X() == four D+ fin (@) , ©)
where f;,(t)=A(t) and f,,,(¢*)=pup(t) are rates of
incoming and outgoing flows, respectively.

Then the rate of change of the average queue length at
the TCN router interface takes form:

X(t) = —up(t) + A2) - (2)

In modeling of the interface by queuing system M/G/1
(single-channel queuing system with Poisson arrival and
general distribution of service time) dynamics of average
queue length of the TCN router can be described by
nonlinear differential equation of the form:

x+1—1/x2 +2C3 +1 £ 20)
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where C Sz is the squared coefficient of variation of the
service time distribution.

Depending on the value of the coefficient CS2 may be
determined the next special cases of model PSFFA M/G/1:

M/M/1 (for C2=1), M/D/1 (for C2=0), and M/Ey/1

(for CS2 =1/k, k>1). Thus while using in approximation
different types of queuing systems (3) will take form:

o M/M/I:
x(t)=—ﬂ(ij+z, @)
x+1
o M/D/I:
)'c(t):—,u{(xﬂ-l)—\/xzﬂ-l} +A, (5)
e M/E/1:
. k(x+1) VK22 + 2kx + k2
)=- - yl
i) =4 = — P +24, ()

where parameter £ denotes the number of service stages.

III. INVESTIGATION OF QUEUE UTILIZATION DYNAMICS ON
THE ROUTER INTERFACE

With the selected model (1)-(6) was performed the
analysis of transient processes corresponded to queues
utilization on the telecommunication network router in
terms of the influence of the interface state on the duration
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of these processes and accuracy of estimates of the
average queue length. It is obtained that time of
convergence is influenced by following factors: interface
throughput, flow characteristics (intensity, packet size),
and the type of packets service discipline. Taking into
account these factors was carried out with the use of the
following queuing systems: M/M/1, M/D/1 and M/Ey/1,
which accurately describe real flows in modern
multiservice TCN [8].

For illustration represented the next example. Suppose
that the VoIP call stream need to be transmitted. Let us
consider that it is used the ITU-T G.711 codec for audio
companding. Some codecs use compression in order to
reduce the bandwidth required for a VoIP call, which
inevitably results in the loss of detail of the original signal,
hence in general the better the call quality required, the
more bandwidth that will be required per call. VolP
codecs generally produce a constant bitrate stream, with
bandwidths as shown in Table I [9].

TABLE L ITU-T G.711 VOIP CODEC CHARACTERISTICS
IP Packet IP
ITU-T Codec Bitrate . .
Codec Type (bps) Size Bandwidth
(bytes) (bps)
G.711 PCM* 64000 120 96000
G.711 PCM 64000 200 80000
G.711 PCM 64000 280 74659

2 pulse Code Modulation, PCM.

Results of investigation performed are shown in
Table II, where queuing systems M/M/1, M/D/1 and
M/E/1 analyzed for different packet sizes and consequent
IP bandwidth. Queuing utilization dynamics was studied
according to different number of flows: one VoIP stream,
two and three concurrent VoIP streams. Parameter
characterized the dynamics is the time of convergence of
the average queue length to its limit value.

TABLE IL INVESTIGATION OF QUEUE UTILIZATION DYNAMICS FOR
VoIP FLows
Queuing System | M/M/1 | M/D/1 M/E/1
Packet Size 120 B
ueue Number .

UttQ'liza fion of Flows Convergence Time, s
£=64/96 1 0.4 0.28 0.42
p=128/192 2 0.2 0.13 0.17
p=192/288 3 0.16 0.09 0.13

Packet Size 200 B
ueue Number .

UttQ'liza fion of Flows Convergence Time, s
£=64/80 1 2.1 1.3 1.76
£=128/160 2 1.3 0.65 0.87
£=192/240 3 0.9 0.47 0.58

Packet Size 280 B
ueue Number .

UttQ'liza tion of Flows Convergence Time, s
p=64/75 1 6.3 3.4 4.8
p=128/149 2 3.5 1.9 2.67
p=192/224 3 2.8 1.2 1.83
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Within the analysis by the average flow rate A
understood the bitrate of the VolP stream, and x is an IP
bandwidth consumed by this flow both transformed into
units of 1/s. Then it was calculated the queue utilization as
o =A/u, which varies for different sizes of packets in
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VoIP flow and equal to 0.67, 0.8, and 0.86 for 120 B,
200 B, and 280 B packet size, respectively.

On Fig. 1-3 convergence analysis of average queue
length shown for the case of packet size equal to 120 B for
different queuing models of router interface. This case
considered to be the best in terms of convergence time
according to obtained results (see Table II) for all packet
sizes possible in G.711 standard VolIP call streams.

As it can be seen from Fig. 1, with initial data
A=66.7 1/s and p =100 1/s if the interface is modeled by
queuing system M/M/1, the value of the average queue
length converges to its limit value (2 packets) with
different number of VoIP streams transmitted at different
rates. Namely, when p=64/96 and one VoIP stream
transmitted convergence time equals to 0.4 s, while at
p=128/192 it is 0.2 s, and at p=192/288 it is 0.16 s with
two and three concurrent streams transmitted, respectively.
Which means that the greater number of concurrently
transmitted flows, the less time needed to convergence of
average queue length to its limit value, i.e. convergence
time is reduced by 2.5 times even during transmission of
three VoIP concurrent streams. Thus, flow aggregation has
the positive impact on the dynamics of changes in router
interface queue utilization. However, if the queue
management is performed with a period of 100 ms, for
example, the average queue length is approximately 0.2
packets that is significantly (up to 10 times) differ from
the average queue length of 2 packets in the steady state.
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Fig. 1. Convergence analysis of average queue length to the limit value
for M/M/1 queuing system with packet size 120 B.

With the same initial data A and u if the interface
modeled by queuing system M/D/1 (Fig. 2), the average
queue length converges to its limit value (1.33 packets) for
different number of transmitted VoIP streams at different
rates too. That is to say, when p=64/96 and just one stream
transmitted convergence time is equal to 0.28 s, while at
p=128/192 it is 0.13 s and at p=192/288 it is 0.09 s with
two and three concurrently transmitted streams,
respectively. Whereby with transmission of three streams
the convergence time is reduced by about 3 times, and the
average queue length at an interval of 100 ms control will
be at about 0.1 packet, which is more than 13 times less
than the average queue length in the steady state.
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Fig. 2. Convergence analysis of average queue length to the limit value
for M/D/1 queuing system with packet size 120 B.

In modeling the router interface through the queuing
system M/Ew/1 (Fig. 3) also used the same initial
parameters A and g as before. The value of the average
queue length converges to its limit value of 1.68 packets.
When one stream transmitted and ©=64/96, the
convergence time obtained is 0.42 seconds, and when
p=128/192 with two transmitted streams, then we have
convergence time as 0.17 s, and with transmission of three
concurrent streams and p=192/288 this period is equal to
0.13 s. It should be noted that with the transmission of
three VoIP call streams convergence time is reduced by
roughly 3.2 times, and the average queue length at an
interval of 100 ms control will be about 0.2 packets, which
differs from the steady state value of the average queue
length for more than 8 times.

As it can be seen the queuing model M/Ey/1
considering packet size of 120 B shows results similar to
M/M/1 model of router interface, but in relation to
convergence times the M/D/1 model demonstrates the
better results and lesser periods of transient process to the
steady state. Moreover, the same tendencies observed for
modeling with packet sizes 200 B and 280 B.
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Fig. 3. Convergence analysis of average queue length to the limit value
for M/Ei/1 queuing system with packet size 120 B.
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Based on the investigation, can be distinguished the
next main factors of influence to the time of convergence
of the average queue length to the limit value in steady
state:

1. It has been shown that a significant influence on
the convergence time of average queue length to
the limit value has a packet size within the
transmitted flow. And there is the minimum
convergence time observed with a smaller packet
size. In this case, the queue utilization of the router

interface had the smallest value among examined.

It should be noted the impact of the distribution law
of flows service time on the network router
interface. Among the used queuing models the best
performance has a model M/D/1, compared with
the models M/M/1 and M/Ey/1, with the same
initial data (bitrate and IP bandwidth consumed). In
the case of using M/D/1 with the lesser value of
queue utilization convergence time of the average
queue length is of the order 0.1-0.3 s, while the
other models have a longer transient process to the
steady state during 0.13-0.42 s. In general, with
different packet sizes, and accordingly, varying
queue utilization, using the model M/M/1 observed
the longest transient process (up to 6.3 seconds).

The study showed that the aggregation of data
flows (VoIP streams in represented research)
allows reducing the duration of the transient
process, despite the fact that queue utilization on
the router interface does not change its value. It
was demonstrated that the convergence time of
average queue length to its limit value with
increasing number of concurrently transmitted
flows from one to three decreases on average in
2.5-3 times.

IV. CONCLUSION

Due to the high dynamics of changes of the interface
state in the estimation of the average queue length and the
related key indicators of Quality of Service in a number of
important cases it is required the use of dynamic model,
obtained by applying a pointwise stationary fluid flow
approximation PSFFA and representation of state by the
nonlinear differential equation, where the state was
understood as the average queue length.

As was shown by the analysis, the analytical
calculation of the average queue length at the router
interface is an important step addressing to the main tasks
of queue management. The higher accuracy of calculation
of the average queue length, the more informed decisions
on the volume of discarded packets from it, and the more
accurately, in turn, can be predicted the value of the
average delay and packet loss probability at the router
interface. Using expressions to calculate the average queue
length for the steady state often gives a very rough
approximation of the true values. While using dynamic
nonlinear model was able to show that the average queue
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length converges to a steady state value for some time,
which can range from few to tens of seconds.

Based on the obtained results, it is determined that the
use of the steady state estimations when calculating the
average queue length is possible only after the end of the
transient process. Otherwise, it is advisable to use a more
accurate differential model. As the results of the analysis,
the duration of the transient process is influenced by such
factors as the flow rate, capacity of the router interface,
service discipline, etc. And it was found that the higher the
interface throughput, the duration of the transient period is
lower. From the set of considered service disciplines it
was found that in the case of using the model M/D/1
average queue length convergence to the limit value in the
steady state is faster than for other models. Within this
research it was shown that the use of non-linear
differential model can improve the accuracy of the
calculation of the average queue length, depending on the
state of the interface and the selected service discipline.

Besides, the main factors of influence to the time of
convergence of the average queue length to its limit value
in steady state were concluded. It was shown that the
smaller packet size flows demonstrate the faster transient
process. Moreover, with the same initial data appropriate
choice of queuing model can reduce the time of
convergence. Within the research it was shown that the
aggregation of data flows allows reducing the duration of
the transient process with the same value of queue
utilization on telecommunication network router interface.
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