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ABSTRACT

We consider a dynamically recon�gurable network environment where dynamically changing tra�c is

o�ered. Rearrangement and adjustment of network capacity can be performed to maintain Quality of

Service (QoS) requirements for di�erent tra�c classes in the dynamic tra�c environment. In this work,

we speci�cally consider the case of a single, dynamic tra�c class scenario in a loss mode environment. We

have developed a numerical, analytical tool which models the dynamically changing network tra�c envi-

ronment using a time-varying, 
uid-
ow, di�erential equation that can be used to study the impact of an

adaptive capacity adjustment control scheme. We present the results for a simple, blocking-based capacity

adjustment, control scheme. In particular, we show that a purely blocking-based capacity adjustment

control scheme can be very sensitive to capacity changes, and can lead to network instability.
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1. INTRODUCTION

Network tra�c tends to show dynamic behavior due to time of the day factor, burst in tra�c due to

a failure and so on. An important issue is how to maintain the quality of service in the dynamic tra�c

environment. An approach, for this case, is to engineer the network for a given QoS by allocating capacity

for the highest load over a time window (e.g. 24-hour period). The down side of this approach is that

the capacity may be vastly underutilized when the load is signi�cantly below the peak load within the

time window. With the advent of dynamically recon�gurable networking idea and the virtual network

concept, it will be possible to allocate and de-allocate capacity from the underlying transport network for

di�erent virtual networks to respond to network tra�c changes so as to meet and continue to meet QoS

requirements. For instance, virtual networks may be de�ned for di�erent service classes and di�ering QoS

requirements. Thus, if the tra�c is low for a particular service class, at a certain point of time, then, as

long as QoS is met, some capacity may be de-allocated for use by other services or assigned to a shared

pool for use by other services. Similarly, the reverse situation is also possible. In addition, if network

resources are a�ected due to a component failure in the virtual network for a certain tra�c class, then

even additional capacity to maintain acceptable QoS under the failure situation may be requested from

the transport network. Such dynamic capacity adjustment, in response to or in anticipation of changes in

tra�c, can lead to better use of network resources, since idle capacity for a service class can be de-allocated

for use by another service class.

While the idea of dynamic adjustment of capacity to address dynamically changing tra�c is appealing,

there is limited work on understanding how the system behaves, and/or how often to perform updates,

and/or what speci�c control strategies should be used for updating. Towards this end, we have considered

a system with a single tra�c class that has dynamic (time-based) tra�c and tra�c arrival is considered

at the level of the connection/call arrival. The QoS parameter considered is the connection/call blocking

and we assume that the virtual network for this tra�c class operates in a loss system; i.e. if a connection

does not �nd capacity, the connection is blocked and cleared from the system. While there is some work
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that proposes update control schemes, there is virtually no work that models the system behavior along

with update strategies, especially to observe network performance, even for a single tra�c class system.

In this work, we present a numeric, �rst-order, di�erential-based, 
uid-
ow model that captures the tra�c

dynamics and where various adaptive capacity adjustment strategies can be implemented. We then provide

computational results on the behavior of the system, and speci�cally, show that under a speci�c control

scheme the allocation may lead to an oscillatory behavior.

It is worth noting that, a network operating in a connection-blocking environment where capacity

allocation/de-allocation is possible, it may be tempting to request additional capacity from the transport

network as soon as a new connection for this tra�c class does not �nd capacity within its currently

speci�ed, allocation of bandwidth for this tra�c class. This situation will usually require the generation of

a set of signaling messages to request additional capacity from the transport network and execution of an

update function and at the same time, the speci�c connection request will still be waiting to be connected.

This wait for the virtual capacity update function will lead to additional increase in the connection set-up

time over the normal procedure. Thus, in our system, we consider the case where the capacity adjustment

is done independent of the arrival of a speci�c connection; rather, it is dependent on the overall arrival

and change in tra�c.

We now brie
y discuss the existing literature. Analyzing network performance under non-stationary

tra�c has been addressed for a queuing system using a 
uid-
ow-based approach4;11. A good summary

on 
uid-
ow approach for di�erent queueing systems with non-stationary tra�c can be found in Wang et.
al.12. These works do not address control schemes. In Qian et. al.9, admission control with non-stationary

tra�c is addressed using Chapman-Kolmogorov's equation for a multi-rate loss system. None of this sited

research however, considers the dynamic adjustment of available capacity. Research has been done which

proposes connection blocking, capacity adjustment, based on changing tra�c conditions1;5;8;10 . From

a network dimensioning perspective, it has shown that the overall network capacity requirement is less

under a dynamic tra�c condition using the dynamic virtual path concept in ATM networks as compared

to static allocation7 . To our knowledge, models to study the dynamic tra�c case, under a dynamically,

recon�gurable, capacity environment, have not received much attention.

2. MODEL

In order to study the e�ects of dynamic capacity adjustment under a dynamic tra�c scenario, we

consider a non-stationary, o�ered load to a single-link, loss system where the capacity adjustment is

time-dependent. The dynamic o�ered load is the ensemble o�ered load, a(t) erlangs, at time t. The

connection holding time is assumed to be exponentially-distributed, with mean, 1=�. Thus, �(t) = a(t)�

is the ensemble arrival rate at time, t, and follows a time-dependent, Poisson process. The connection

arrivals �nd the capacity, at time, t, to be C(t), expressed as discrete integer values. If there is enough

available capacity allotments, out of the present value of C(t), to accommodate the connection arrivals,

then the connections are accepted and used as an unit of bandwidth. Otherwise, the connections are

blocked and cleared. C(t) is time-dependent and represents the adjustable capacity in the network link

but is independent of the o�ered load, a(t). This allows us to update or adjust C(t) based on a speci�c

time-dependent, control scheme. Thus we have a time-dependent loss system M(t)=M=C(t)=C(t).

Let x(t) represent the average number of connections that are present on the link at time, t. Interpreting

the \
ow" of connections made to the link, fi(t), and the "
ow" of disconnections from the link, fo(t), as
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a dynamic, 
uid-
ow model3;11 , we can describe the average rate of change of the number of connections,

with respect to t, as a �rst-order, di�erential equation,

dx(t)

dt
= �fo(t) + fi(t)

Let �0(t) denote the probability that there are no connections at time, t, and �C(t)(t), denote the

probability that a connection is blocked at time t, given the capacity of the system C(t). Then fi(t), is

the arrivals that were not blocked and is given by

fi(t) = �(t)(1� �C(t)(t))

and connections that are completed, fo(t), is given by

fo(t) = �(1 � �0(t)):

Computing exact solutions for �0(t) and �C(t)(t) in the non-stationary case is extremely di�cult. We use

the point-wise, stationary approximation method11;12 to relate the ensemble number of connections in the

system, x(t) to the stationary o�ered load, a, by the relation

x(t) = a[1� E(a; C(t))]

(where E(�; �) is the Erlang-B loss formula) which can be rewritten as

a =
x

1�E(a; C(t))
:

This �xed point equation can be solved to obtain the o�ered load which is dependent on x(t). Thus,

the stationary load is denoted by a(x(t)). Here, the stationary values of �0(t) and �C(t)(t) for this gives

stationary load a(x(t)) are then given by

�0(t) =
1PC(t)

k=0
a(x(t))k

k!

and

�C(t)(t) = E(a(x(t)); C(t)) =

a(x(t))C(t)

C(t)!PC(t)
k=0

a(x(t))k

k!

:

fo(t), in the stationary case, is equivalent to �a(t)[1�E(a(x(t)); C(t)](shown in the Appendix). Thus, the

point-wise, stationary, 
uid-
ow approximation (PSFFA) of the system is given by

dx(t)

dt
= ��a(t)[1 �E(a(x(t)); C(t))] + �(t)[1� E(a(x(t)); C(t))]:

We solve this di�erential equation using the Runge-Kutta-Fehlberg numerical method2 , where the step

size parameter is optimized based on prescribed tolerance values.

The control scheme used to implement capacity adjustment using the PSFFA model is based on network

performance measures, which are calculated at each time interval t. These performance measures include,

x(t), the number of connections in the system, and b(t), the blocking probability at time t.
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As a starting place for investigation, we have implemented a capacity adjustment scheme that relies

solely on the objective blocking range and no other conditional constraint. At each time value t, after the

initial start-up period, the PSFFA model calculates a set of network performance measures. A conditional

statement is tested based on QoS speci�ed blocking range, �b�b� . If capacity adjustment is warranted, the

adjustment is made by altering the capacity, C(t). The capacity is never allowed to drop lower than a value

that can handle the current number of connections on the link. This ensures that current connections are

never lost and is also needed for the solvability of the �xed point equation. The scheme determines if the

blocking is not within the range of the objective blocking. The capacity is then increased or decreased by

a pre-set value k. The scheme can be summarized as

C(t) = C(t)� k if b(t) < �b� b�

C(t) = C(t) + k if b(t) > �b+ b�:

3. RESULTS

The implementation of the PSFFA model involves user supplied objective network conditions and an

initial start-up period. For the purposes of this study, we establish, average o�ered load, â = 15; the

service rate � = 1; and the objective blocking range �b � b� = 0:02 � 0:01. Runs were done for t = 0 to

80 with the �rst 10 time units as the start-up period. The initial capacity of the system, immediately

following the start-up period, re
ects the user supplied objective network conditions. In other words, if
�b is speci�ed to be 0.02, the capacity of the system, after the start-up period, will re
ect a value which

accommodates a blocking value of not greater than 0.02, i.e. in our case here, Cstart = 23. A sine function

is used to represent the periodic, dynamic, o�ered load a(t) = â+ 3 sin(0:01(t+ 20)). Fig. 1a and Fig. 1b

show performance-measure output using the PSFFA model without capacity adjustment. Fig. 1a plots

the number of connections in the system, x(t), versus time, t, where � = 1, and â = 15. The graph re
ects

dynamic tra�c 
ow. Fig. 1b plots blocking versus time for the same user speci�ed input as Fig. 1a. The

blocking shown in Fig. 1b is consistent with the dynamic tra�c 
ow shown in Fig. 1a and ranges from a

minimum value of 0.0016 occurring at t = 28:1 to a maximum value of 0.0486 occurring at t = 58:8. The

weighted average blocking, bavg, with respect to the load, is 0.0208. Because capacity adjustment is not

implemented in this example, the capacity remains constant at C(t) = 23. Fig. 1b shows the potential

for the implementation of capacity adjustment when the blocking falls outside of a QoS speci�ed blocking

range, �b� b� = 0:02� 0:01, or, when b(t) < 0:01 or b(t) > 0:03.

Now let us look at the results in which capacity adjustment is performed if blocking is not within �b� b�.

In our example case, the capacity allotment is increased or decreased by k, where k = 1; 2, and 3. The user

supplied objective network conditions are the same as above and Cstart = 23. Fig. 2 shows the output for

blocking versus time for k = 1 and k = 2. We carefully walk through the plotted results in Fig. 2. Notice

that after the start-up period, blocking reaches the minimally allowed value of 0.01 when t = 14:1 and as

a result of the capacity adjustment scheme, the capacity allotment is decreased by 1 to C(t) = 22. At

t = 14:2, the decreased capacity allotment shoots the blocking up to a value of 0.0166. As the tra�c load

continues to decrease, the blocking decreases until once again, blocking reaches a minimally allowed value

of 0.01 when t = 17:1. The capacity allotment is then, decreased by 1 to C(t) = 21, and the blocking value

increases to 0.0166. This continues during the duration of the decreasing tra�c load. As tra�c starts

to increase, somewhere around t = 28, capacity adjustments are not made until blocking has exceeded

a maximally allowed value of 0.03 at t = 36:9. The capacity allotment is increased by 1 and blocking is

lowered to 0.0182. This process of reaching minimum and maximum blocking values, which in turn, leads
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to a capacity modi�cation by �1 is repeated throughout the course of the tra�c 
ow. For the duration of

the run, the capacity is adjusted 14 times. For this period, bavg is 0.0190. For k = 2, also shown in Fig. 2,

the capacity allotment is increased or decreased by 2 when b(t) < 0:01 or b(t) > 0:03. For k = 2, bavg is

0.0192 and capacity is adjusted 7 times. Notice that at t = 14:2, the blocking increased to 0.0272, versus

0.0166, due to the larger capacity decrease, compared with k = 1.

Now we compare the plotted output in Fig. 2 with the plotted output in Fig. 3. Fig. 3 is a plot of the

blocking output using the same objective network conditions as in Fig. 2 and the same capacity adjustment

scheme, except k = 3. At t = 14:1, the capacity allotment is decreased by 3 to C(t) = 20 when the falls

below the objective range. However at t = 14:2, since C(t) is decreased to C(t) = 20, the blocking increases

to 0.0440 causing the adjustment scheme to increase C(t) back to 23. Again blocking falls below 0.01 and

C(t) is adjusted to 23 at t = 14:3. This capacity adjustment oscillation from C(t) = 20 to C(t) = 23 back

to C(t) = 20 causes a thrashing e�ect on the network blocking as shown in Fig. 3. The weighted average

blocking with respect to the load, when k = 3, is bavg = 0:0184. the number of capacity adjustments made

is 169.

Fig. 4 plots the output of the number of connections in the system versus time, for k = 1; 2, and 3,

using the capacity adjustment scheme and objective network conditions described above. It is interesting

to note, that even for the case of k = 3, it is not apparent that a thrashing e�ect of the blocking has

occurred, because the output for all three plots signi�cantly overlap.

4. SUMMARY

We consider a dynamic virtual network environment where dynamically changing tra�c is o�ered. In

this work, we consider the case of a single, dynamic tra�c class scenario, in a loss mode environment. This

study shows the utility of our numerical, analytical tool for modeling a dynamic network tra�c environment

using a time-varying, 
uid-
ow, di�erential equation, PSFFA model. A simple capacity adjustment scheme

was tested using the numerical network model. Investigation of the output of the capacity adjustment

scheme shows us the importance of understanding the full implication of capacity adjustment control

schemes and their sensitivities. It can be inferred from the results that a purely blocking-based, capacity

adjustment control scheme can work very well in some cases but can also be very sensitive to capacity

changes and can lead to network instability. The results also show us that network capacity adjustment

thrashing may not be evident from examination of the 
ow of connections into the system as shown in

Fig. 4. We have been conducting further work on the impact of several capacity adjustment schemes that

condition on multiple network parameters instead of solely on a blocking range constraint; this work can

be found in a separate technical report6. We plan to continue work in this area to explore robust and

optimal capacity adjustment schemes.
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6. APPENDIX

Flow out of the multi-server loss system in the stationary case can also be represented as:

fo(t) = ��1 + 2��2 + 3��3 + :::+ C(t)��C(t)

= �

�
a(t)�0 +

2a(t)2

2!
�0 +

3a(t)3

3!
�0 + :::+

C(t)a(t)C(t)

C(t)!
�0

�

= �

�
a(t)�0 + a(t)2�0 +

a(t)3

2!
�0 + :::+

a(t)C(t)�1

C(t)� 1
�0

�

= �a(t)�0

�
1 + a(t) +

a(t)2

2!
+ :::+

a(t)C(t)�1

(C(t)� 1)!

�

= �a(t)�0

C(t)�1X
k=0

a(t)k

k!

= �a(t)�0

2
4C(t)X
k=0

a(t)k

k!
�

a(t)C(t)

C(t)!

3
5

= �a(t)

2
4
PC(t)

k=0
a(t)k

k!PC(t)
k=0

a(t)k

k!

�

a(t)C(t)

C(t)!PC(t)
k=0

a(t)C(t)

k!

3
5

= �a(t)[1� E(a(t); C(t)]:
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Fig. 1a: Number of connections vs. time without capacity adjustment
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Fig. 1b: Connection blocking vs. time without capacity adjustment
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Fig. 2: Connection blocking vs. time with capacity adjustment when k = 1 and k = 2
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Fig. 3: Connection blocking vs. time with capacity adjustment when k = 3
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Fig. 4: Number of connections vs. time with capacity adjustment when k = 1; 2; 3
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