IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 7, NO. 3, JUNE 1999

293

A Framework for Robust Measurement-Based
Admission Control
Matthias Grossglauser, Member, IEEE, and David N. C. Tse, Member, IEEE

Abstract— Measurement-based admission control (MBAC) is
an attractive mechanism to concurrently offer quality of service
(QoS) to users, without requiring a priori traffic specification
and on-line policing. However, several aspects of such a system
need to be clearly understood in order to devise robust MBAC
schemes, i.e., schemes that can match a given QoS target despite
the inherent measurement uncertainty, and without the tuning of
external system parameters. We study the impact of measurement
uncertainty, flow arrival, departure dynamics, and of estimation
memory on the performance of a generic MBAC system in a
common analytical framework. We show that a certainty equivalence assumption, i.e., assuming that the measured parameters
are the real ones, can grossly compromise the target performance
of the system. We quantify the improvement in performance
as a function of the length of the estimation window and an
adjustment of the target QoS. We demonstrate the existence of a
critical time scale over which the impact of admissin decisions
persists. Our results yield new insights into the performance
of MBAC schemes, and represent quantitative and qualitative
guidelines for the design of robust schemes.

I. INTRODUCTION

T

HE traditional approach to admission control requires an
a priori traffic descriptor in terms of the parameters of
a deterministic or stochastic model. However, it is generally
hard or even impossible for the user or the application to
come up with a tight traffic descriptor before establishing a
flow. Measurement-based admission control (MBAC) avoids
this problem by shifting the task of traffic characterization from
the user to the network, so that admission decisions are based
on traffic measurements instead of an explicit specification
(cf. Fig. 1). This approach has several important advantages.
First, the user-specified traffic descriptor can be trivially simple
(e.g., peak rate). Second, an overly conservative specification
does not result in an overallocation of resources for the entire
duration of the session. Third, when traffic from different
flows are multiplexed, the quality of service (QoS) experienced
depends often on their aggregate behavior, the statistics of
which are easier to estimate than those of an individual flow.
This is a consequence of the law of the large numbers. It is thus
easier to predict aggregate behavior rather than the behavior
of an individual flow.
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Relying on measured quantities for admission control raises
a number of issues that have to be understood in order to
develop robust schemes.
• Estimation error: There is the possibility of making
errors associated with any estimation procedure. In the
context of MBAC, the estimation errors can translate
into erroneous flow admission decisions. The effect of
these decision errors has to be carefully studied, because
they add another level of uncertainty to the system, the
first level being the stochastic nature of the traffic itself.
Assuming certainty equivalence up front, i.e., assuming
that the estimated parameters are the real parameters, is
dangerous, as we simply ignore its impact on the QoS.
• Dynamics and separation of time scale: An MBAC is
a dynamical system with flow arrivals and departures
and parameter estimates that vary with time. Since the
estimation process measures the in-flow burst statistics,
while the admission decisions are made for each arriving
flow, MBAC inherently links the flow and burst timescale dynamics. Thus, the question of impact of flow
arrivals and departures on QoS arises. Intuitively, each
flow arrival carries the potential of making a wrong
decision. We therefore expect a high flow-arrival rate
to have a negative effect on performance. On the other
hand, the impact of a wrong flow admission decision
on performance also depends on how long it takes until
this error can be corrected—that is, on flow departure
dynamics.
• Memory: The quality of the estimators can be improved
by using more past information about the flows present in
the system. However, memory in the estimation process
adds another component to the dynamics of a MBAC.
For example, it introduces more correlation between
successive flow admission decisions. Moreover, using too
large a memory window will reduce the adaptability of
MBAC to nonstationarities in the statistics. A key issue
is therefore to determine an appropriate memory window
size to use. For this, a clear understanding of the impact
of memory on both estimation errors and flow dynamics
is necessary.
Because of the complex interplay of all these aspects of
the MBAC problem, most of the past work has either been
analytical but focused on only one of the aspects, or relied
primarily on simulations to evaluate MBAC algorithms. In this
work, we take a different approach. Using a simple model, we
study all of the above issues in a unified analytical framework.
The goal is to shed insight on the design of robust MBAC
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Fig. 1. Traditional admission control makes decisions based on the a priori traffic descriptors of the existing and the new flow. MBAC only uses the
new flow’s traffic descriptor, but estimates the behavior of the existing flows.

schemes which can make QoS guarantees in the presence
of measurement uncertainty, without requiring the tuning of
external system parameters.
Due to the complexity of the problem, approximations are
made in the performance analysis of the MBAC schemes.
These approximations are justified by limit theorems in the
heavy traffic regime, where the system size is large and when
scaling up the size of the system, we exploit the additional
statistical regularity by increasing the system utilization while
keeping the QoS constant. This is in contrast to the large
deviations regime, where the system utilization is asymptotically constant, but where the QoS requirement is scaled
with the system size,1 The heavy traffic regime allows us
to use Gaussian approximations and compute the quantities
of interest in terms of first and second-order statistics of the
traffic processes.
The rest of the paper is organized as follows. We analyze
the impulsive load model in Section II and the continuous load
model in Section III. In Section IV, we apply the insights
gained in the analysis to study the problem of choosing
the appropriate memory window size of the estimators. In
Section V, we comment on some of the assumptions made in
our analysis. In Section VI, we discuss how our results relate
to previous work in measurement-based admission control. We
conclude the paper in Section VII.

1 A large-deviations analysis of a related measurement-based admission
control problem can be found in [21]. In general, one would expect the
large deviations approximations to be more accurate if the QoS target is very
stringent (say, 1006 to 1009 ) and the utilization low, and the heavy traffic
regime to be reasonable when the QoS target is larger (say, 1003 to 1004 )
and the utilization high. It is particularly appropriate when the number of
multiplexing flows is large.

II. IMPULSIVE LOAD MODEL
The network resource considered is a bufferless single link
Flows arrive over time and, if admitted,
with capacity
stay for a random holding time (cf. Fig. 1). The bandwidth
requirements of a flow fluctuate over time while in the system.
We assume that the statistics of the bandwidth fluctuations of
each flow are identical, stationary and independent of each
other, with a mean bandwidth requirement of and variance
An important system parameter is the normalized capacity
which measures the system size in terms of the
mean bandwidth of the flows. Resource overload occurs when
the instantaneous aggregate bandwidth demand exceeds the
link capacity, and the QoS is measured by the steady-state
(see Fig. 1).
overflow probability
To study the various issues outlined in the introduction, we
will first analyze a simpler variation of this model, in which an
infinite burst of flows arrives at time 0 and admission control
decisions are made then, based on the initial bandwidths of
the flows. After time 0, no more flows are accepted, and
existing flows stay in the system forever. We call this the
impulsive load model. This model permits us to study the
impact of the measurement errors on the number of admitted
flows and on the overflow probability, without the need to
worry about flow dynamics. In the next section, we will extend
our analysis to the fully dynamical model, where new flows
arrive continuously.
is the largest integer
The number of admissible flows
such that

(1)
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is the bandwidth of the th flow at time (Recall
is the total capacity of the link.) For large system
number of admissible calls will be large, and by
limit theorem

Thus, if the parameters and
are known a priori, then the
to accept should satisfy
number of flows
(2)
is the ccdf of a
Gaussian random variable.2
where
Because the AC has perfect knowledge of the statistics, the
actual steady-state overflow probability

parameters. Also, the scheme considered here is an example
of a memoryless MBAC, since the admission control decisions
are made based on the current bandwidths only.
We now want to approximate the average overflow probability

in steady state (i.e., for large) and compare it to the target
To do this, we first find an approximation for the distribution
the number of flows admitted.
of
For large capacities, by the law of large numbers, the
and the
estimated mean will be close to the true mean
will be close to the true variance
A
estimated variance
more precise approximation of the deviation of these estimated
quantities from the true values is given by the central limit
theorem

satisfies the QoS requirement. For reasonably large capacities,
is well approximated by
it follows from solving (2) that
(6)
(3)
and
denotes a term which grows
where
Note that is the number of flows that can be
slower than
carried on the link if each has constant bandwidth Thus, the
in the above expression can be interpreted
term
as the safety margin left to cater for the (known) burstiness
of the traffic.
Now consider the situation when a MBAC does not know
and a priori, but relies on an estimation of these parameters
from the initial bandwidth of the flows and uses the estimates
in a certainty equivalent fashion. Invoking again the central
limit approximation for large systems, the number of flows
the MBAC admits should satisfy
(4)

Here,
and can be interpreted as
for large
the scaled aggregate bandwidth fluctuation at time 0 around
the mean. Similarly, the estimated standard deviation can be
written as
(7)
is Gaussian. These two approximations imply that
where
the deviation of the estimates from the respective true quanNow, as mentioned earlier, if the
tities is of order
estimates were exactly equal to their true values, then the
would be precisely
This
number of flows admitted
suggests that we can approximate the distribution of
by a linearization of the relationship (4) around a nominal
(i.e., the operating point under
operating point
perfect knowledge)

where

(5)
The criterion (4) is the same as (2), but with the true mean
and standard deviation replaced by the estimated mean
and standard deviation
respectively.3 Note that the number
admitted under the MBAC is now random,
of flows
depending on the random bandwidths of the flows at time
0. This is a consequence of the fact that the admission control
decisions are made based on measurements, rather than known

m

2 Note that here, as in the sequel, we are ignoring the fact that
3 is an
integer and therefore (2) cannot be satisfied exactly in general. In the regime
of large capacities, however, the approximation is good and the discrepancy
can be ignored.
3 Observe here that the estimation is based on
flows. In a more precise
model, the estimation should be based on
0 flows, the number to be
admitted. However, in a large system,
and the
0 will be close to
discrepancy in replacing 0 by in the estimators are small.

M

n

M

M

n

n

Expanding the left-hand side, using (2), we get

and, hence
(8)
Thus, we see that the effect of estimation error is an order
Gaussian fluctuation around
the number of sources
admitted under perfect knowledge (cf. top part of Fig. 2). Note
also that the randomness in the number of flows admitted is
rather than
due mainly to the error in estimating the mean
the error in estimating the standard deviation
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(a)

(b)
Fig. 2. Uncertainty due to fluctuation in the number of flows (a) and in the aggregate bandwidth (b) for an admission controller with perfect knowledge
(left) and for an MBAC (right).

Substituting (3) into (8), we get
size

in terms of the system

Applying this lemma, the aggregate load at time
approximated by

can be

(9)
(10)
A precise statement of the result is as follows. The proof (of
Theorem III.1) can be found in Appendix II.
be the random number of flows
Proposition II.1: Let
Then the
admitted under the MBAC when the capacity is
converges in
sequence of random variables
distribution to the random variable
We now proceed with an explicit approximation of the
overflow probability. The randomness in the aggregate traffic
load at some future time is due both to the randomness in the
number of flows admitted, as well as the randomness in the
bandwidth demands of those flows. This can be approximated
with the help of the following lemma, which is an extension
of the central limit theorem for a sum of a random number
of random variables:
Lemma II.2—[3, p. 369, problem 27.14]: Let
be independent and identically distributed (i.i.d.) random variand for each positive let
ables with mean and variance
be a random variable assuming positive integers as values;
’s. Let
it need not be independent of the
Suppose as
converges to 1 almost surely.
Then as

converges in distribution to a

random variable.

and can be interpreted as an approximation
Here,
for the scaled aggregate bandwidth fluctuation at time
(11)
Intuitively, (10) means that the fluctuation of the aggregate
load is approximately the linear superposition of two effects:
the random number of flows, together with the random bandwidth fluctuation around the mean. Substituting (9) into (10),
we get

Thus, for large

the overflow probability at time

is

This expression gives us an interpretation of how overflow
occurs in a MBAC system: it is a combination of an aggregate
and a
bandwidth estimation error at admission time
at time after
fluctuation of the aggregate bandwidth
the flows have been accepted. Contrast this with the case with
perfect knowledge, where the overflow probability at time is
due to bandwidth fluctuation at time
simply
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To get the overflow probability in steady state, we set
in which case
is independent of
Therefore, the
is a Gaussian random variable with mean
difference
The overflow probability is therefore
0 and variance
(12)
We summarize this result more formally in the following
proposition:
Proposition II.3: Suppose the target overflow probability
Let
be the actual average steady-state overflow
QoS is
probability using the certainty equivalent MBAC for capacity
Then as the system size grows

Note that for the AC with perfect knowledge, the overThis is because the aggregate
flow probability is exactly
bandwidth fluctuation stems only from the fluctuation of the
individual flow bandwidths (cf. lower left part of Fig. 2). On
the other hand, in the measurement-based case, the variance
of the aggregate bandwidth is doubled because the number
of flows also fluctuates due to measurement error (cf. lower
factor is, therefore, the effect
right part of Fig. 2). The
of measurement error, and has quite a tremendous impact on
For example, if
the overflow probability
then the actual performance in the MBAC system would be
a difference of two orders of magnitude. In
using a MBAC in
other words, if we want to achieve
this impulsive load model, then we have to adjust the target
overflow probability under certainty equivalence

does not vanish as the system size becomes large, even though
the estimates become more and more accurate. Fourth, for a
large system, the degradation in performance of the certainty
equivalent scheme is due mainly to the estimation error in the
mean of the bandwidth distribution and not to that in the
standard deviation
To get more insight into the last two phenomena, let us
perform the following deterministic sensitivity analysis. Define
the following function:

which is the overflow probability when there are
flows in
Suppose
the system each with mean rate and variance
but that
is known exactly.
first that we measure only
depends on the measured
The number of flows admitted
and is given by the certainty-equivalent admission
value
criterion [compare with (4)]
(14)
for a given
Note that the actual overflow probability
is
The sensitivity of the overflow probability
from its
with respect to the measured is the deviation of
if deviates slightly from its target value
target value
For small deviations, we can simply use the derivative of
with respect to

Using (14), this derivative can be computed as
or
Using the approximation
where is the pdf of

(13)
for small
we see that

Thus, we see that to achieve a target in this setting, we need
to set roughly to be the square of the target probability. This
conservatism leads to a loss in system utilization compared
to the scheme with perfect knowledge of the statistics. The
average utilization (in terms of bandwidth) for the certainty
instead of
is given
equivalent scheme using parameter
or
as implied by (8). The average
by
utilization for the perfect knowledge scheme, on the other
or
as inferred from (3).
hand, is given by
to be
this translates to a loss of
Thus, if we pick
utilization of
Proposition II.3 has several surprising aspects. First, it is
a universal result in the sense that the performance of the
certainty equivalent scheme does not depend on the stationary
distribution of the flow nor its mean and variance. Second,
although the estimators are unbiased, the net impact on the
performance of the system is negative. Thus, there is an
inherent asymmetry between the effects of over-estimation
and underestimation. Third, the impact of the estimation error

Similarly, the sensitivity with respect to measured
known, is given by

assuming

Now observe that the sensitivity of the system performance
on the knowledge of the standard deviation does not depend
on the system size. Therefore, increasing the system size—and
therefore improving the quality of the estimator —results in
a diminishing net impact on the overflow probability. On the
increases with the system size,
other hand, the sensitivity
while the variance of the estimator
approximately as
decreases approximately as
This suggests that the net
impact of the uncertainty in the mean bandwidth estimate does
not diminish as the system size grows, and also explains why
from the target overflow probability
the deviation from
is asymptotically independent of : both effects cancel out.
The increased sensitivity to the mean estimate arises because
when there are more flows in the system and, therefore,
more statistical regularity in the aggregate bandwidth, the
system is driven closer to full utilization, which makes it more
susceptible to admission mistakes.
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III. THE CONTINUOUS LOAD MODEL
In the impulsive load model, arrivals only occur at time 0
and admitted flows do not depart from the system. We shall
now consider a dynamical model, where flows arrive continuously over time and stay for an exponentially distributed
We assume a worst-case scenario,
holding time with mean
where the effective arrival rate is infinite, i.e., there are always
flows waiting to be admitted into the network. Thus, admission
control decisions are made continuously at all times. Clearly,
the performance of any admission control algorithm under a
finite arrival rate will be no worse than its performance in this
model. Another advantage of this model is that we need not
worry about the specific flow arrival process which may be
denote a
hard to model in practice. Furthermore, we let
flow’s autocorrelation function, where

Fig. 3. The relationship between the current estimate of admissible number
of flows Mt and the actual number of flows Nt : The time scale T~h is the
typical time for the system to recover from admission errors.

Hence, if we let
time interval

A. Memoryless MBAC
We first look at a memoryless scheme that only bases
admission decisions on estimates of the mean and variance
based on the current bandwidths of the flows. Assume that
the system starts at time 0. Our goal is to find the overflow
which
probability at an arbitrary time particularly at
yields the steady-state overflow probability. We do this by first
analyzing the dynamics of the number of flows in the system.
At any time the MBAC estimates the admissible number
As in (4),
is given by
of flows

be the number of flows departed in
then
(18)

On the other hand, for any
(19)
is the number of flows admitted during
where
Thus, we conclude from (18) and (19) that
(20)

(15)
where

(16)
Observe that
bandwidths
by (8)

is random and depends only on the current
’s of the flows. An approximation is given
(17)

is a stationary zero-mean Gaussian process with
where
(that of an
unit variance and autocorrelation function
individual flow), and can be interpreted as the scaled aggregate
bandwidth fluctuation of the flows around the mean.
in the system at time
The actual number of flows
is no less than
since there are always flows waiting to
can be strictly greater
be admitted. On the other hand,
as flows that were admitted earlier stay for a certain
than
cannot perfectly track the fluctuations of
duration and thus
(see Fig. 3). To compute
first observe that if
is the
last time at or before time that flows were admitted, then the
number of flows in the system at time is precisely the same
i.e.,
as number of flows admissible at time
Between time
and time
no new flows were admitted.

It is clear from Fig. 3 and (20) that flow departures have a
repair effect to past mistakes made by the MBAC. Equation
(17) tells us that the the fluctuations of the estimated number of
around the perfect knowledge operating
admissible flows
is of the order of
Thus, it takes of the order
point
flows to depart to rectify past errors in accepting too
of
many flows. How much time on the average is needed for this
to occur? Since the flow departure rate is of the order of
this “repair time” is on the order of
We call this the critical time scale
of the dynamical system:
admission errors at time have little influence on the future
as many flows would have been departed
much beyond
is the natural time scale
by then to repair the errors. Thus,
to analyze the full dynamics of the system. To make such
analysis more convienent, let us scale the flow holding time
so that the critical time scale
can be viewed
as fixed as grows large.4 Under this scaling, the number of
can be approximated as
flows departed in time
(21)
4 It should be emphasized that in reality, the system size n and the average
flow holding time Th are independent system parameters. The scaling of Th
as n is done solely to enable us to study both the effect of traffic fluctuation
and flow departures in the asymptotic analysis. If the holding time Th were
fixed as n grows, the critical time scale would approach zero, leading to an
asymptotic model where any admission errors can be immediately restored by
flow departures.

p

GROSSGLAUSER AND TSE: FRAMEWORK FOR ROBUST MBAC

299

Such linearization is valid for large
such that we are
focusing on the time scale during which only a small fraction
) of the flows depart from the system.
(order
Combining (17), (20), and (21) yields an approximation for
in the system at time The following
the number of flows
limit theorem makes such an approximation precise.
be the process describing the
Theorem III.1: Let
evolution of the number of flows in the system. Assume
for each
condition B.6 is satisfied. As
converges in distribution to

where
is defined as above.
The proof uses the machinery of weak convergence and is
given in Appendix B. Condition B.6 contains mild technical assumptions on the individual flow processes; these are
also stated in the appendix. These assumptions hold for a
very broad class of models. For example, they hold if each
individual flow is a Markov-modulated fluid
we can immeOnce we obtained an approximation for
at
diately deduce an approximation for the aggregate load
time and, hence, the steady-state overflow probability
using the same argument as for the impulsive load model.
be the aggregate load at time
Proposition III.2: Let
and
be the overflow probability at time As
converges in distribution to

process
on a moving boundary
While there is no known closed-form solution to this problem,
an approximation can be obtained by applying results due to
Bräker [13], [14] on hitting probabilities of locally stationary
Gaussian processes, extending the results by [7] for stationary
processes. Define
to be the variance of
(recall that
has zero mean
and unit variance). Assume the single-sided derivatives of
at
exist and are finite, let
be the right derivative
5
at
Then an approximation to the
of the function
hitting probability is given by

(24)
is the
probability density function. The
where
integrand above can be viewed as an approximation to the first
hitting time density at time integrating over all yields the
probability that hitting occurs at all. This is an approximation
the ratio of the left-hand and
in the sense that as
the right-hand sides approaches 1. Hence, this approximation
is small.
is good when
While this yields an approximation that can be computed
numerically for general autocorrelation functions, we would
like to get more analytical insights. To that end, consider the
specific autocorrelation function
(25)

and the overflow probability

converges to

For brevity, we will define the important parameter
(22)

is
With this choice of the autocorrelation function,
the well-known Ornstein–Uhlenbeck process. The parameter
governs the exponential drop-off rate of the correlation
function, and is a natural correlation time scale for the burst
dynamics of the traffic. Substituting this into the approximation
(24) and rescaling the time variable, we get

The steady-state overflow probability can then be approxin Proposition III.2 and using
imated by taking
to get
stationarity of
(26)

(23)
Interestingly, one can interpret the limiting overflow probability at time as that of the length of a certain queue at time
exceeding
The queue is one which has a constant service
with the amount of work arriving in time interval
rate of
given by
B. Analysis of Overflow Probability

where

One can think of as the separation between the flow and burst
is the scaled holding time. If we
scales, although note that
then
make a time-scale separation assumption, i.e.,

Our next step is to analyze the approximation to the overis
flow probability given by (23). Since the process
stationary and symmetrically distributed around 0, we can
rewrite (23) as

(27)
Note that the first approximation is via

This can be interpreted as the hitting probability of a Gaussian

5 That

is,

v+ (0) :=

limt

!0

2

( (t)

0 2 (0)=t):

for
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C. MBAC with Estimation Memory

Fig. 4. For the memoryless estimator, the overflow probability depends on
the ratio of the correlation time scale Tc and of the critical time scale T~h :
An estimation memory window of length Tm reduces the variance of the
bandwidth estimator, and also smoothes its fluctuation to a time scale of
Tm :
roughly Tc

We see that the memoryless scheme suffers from two
problems. First, the estimation error at a specific admission
time instant is large, and in fact has impact which is of
the same order of magnitude as that due to the statistical
fluctuations of the bandwidths when the correct number of
flows are admitted. Second, the correlation time scale of the
estimation errors is the same as that of the traffic itself; thus,
in the regime when the flow holding time is much larger than
the traffic correlation time scale
the probability
of having a large underestimation of mean bandwidth at some
is high. A strategy which, as we
time during the time scale
will see, counters both these difficulties is to use more memory
in the mean and variance estimators.
To be more concrete, let us consider using the first-order
auto-regressive filter with impulse response

+

It is interesting to compare this overflow probability for
the continuous-load model with the corresponding result for
the impulsive load model under long flow durations, given in
Proposition II.3. To do this, we first use the approximation
and rewrite (27) in terms of the flow
parameters as

to estimate both the mean and the variances. (Here,
is
the unit step function.) Thus, in place of the memoryless
estimators in (16), the MBAC would use

(28)
For the impulsive load model, the overflow probability
Equation (28) tells us that in
is approximately
the regime of separation of time scales, the corresponding
overflow probability can be much worse in the continuousload model. This is because while in the impulsive load
model estimation errors can occur only at a single point
in time (time 0), whereas in the continuous load model,
before time
estimation errors can occur up to roughly
to have a significant impact on the number of flows at
the
time The shorter the traffic correlation time scale
faster the memoryless mean bandwidth estimates fluctuates,
and the larger the probability of having an underestimation
at some time in the interval. Hence, the overflow probability
in the continuous-load model increases with the separation
For example, note the multiple peaks
of time scale
within the interval of length
in
(underestimations of
Fig. 4: each of these peaks could potentially cause overload
The lesson is that it is not
within the critical time scale
only important to consider the estimation error at a single time
instant, but also the chance of making error any time in the
interval defined by the effective flow holding time scale
Note also that since
decreases as
where
is the
actual mean holding time, the overflow probability decreases
roughly as
We can also write the above approximation as (using again

(29)

Note that the estimates are obtained by an exponential weighting of the past bandwidths of the flows. The parameter
governs how the past bandwidths are weighted; it can be
thought of as a measure of the estimation window length. The
and the memoryless estimator
relationship between
is simply
where is the convolution operation.
Corresponding to Theorem III.1 and Proposition III.2 in the
memoryless case, we can show:
let
be the
Theorem III.3: For the system of size
process describing the evolution of the number of flows in the
system. Assume condition B.6 is satisfied. If we scale the flow
where
is a fixed constant,
holding time as
for each
converges in
then as
distribution to
(30)
and
is a zero-mean unit-variance
where
stationary Gaussian process with autocorrelation function identical to that of an individual flow. The overflow probability
at time converges to

One can interpret
as the error in the filtered estimate
The steadyof the mean bandwidth of a flow at time
state overflow probability under the MBAC with memory can
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therefore be approximated by

This is again a hitting probability of a Gaussian process
on a moving boundary, and an approximation
of such a probability is given by [13], [14]

the smaller pre-factor
in the first
in the memoryless
term of (33), replacing the factor
case. This can be interpreted as increasing the correlation time
the estimation window length.
scale by
we always have exactly the right
In the limit for large
number of flows in the system, and the overflow occurs due
only to the fluctuation of bandwidth requirements of flows in
the system, and not to the fluctuation of the number of flows
in the system. This is now given by the second term in (33).
IV. ROBUST MBAC

(31)
where

In this section, we discuss how our results can be used to
make MBAC robust. We use simulations with synthetic and
actual traffic sources to verify these insights. The details of
the simulation setup are described in Appendix A.
A. Robust MBAC with Known

Now, under separation of time scales
approximation that

we have the

in which case the above integral can be explicitly computed as

(32)
To compare this result to the memoryless case, let us first
to rewrite (32) in
use the approximation
and also the flow parameters
terms of

In this section, we assume that the correlation time scale
is known to the MBAC. Our goal is to verify the validity of
the formulas presented in the previous section. Equation (33)
can be used to choose the memory size and to adjust the target
in the MBAC, such that the overflow
overflow probability
and
probability meets the QoS requirement, i.e., choose
such that
The shorter
the more
has to be, resulting in a loss
conservative the choice of
of bandwidth. This loss of utilization can be quantified. The
average utilization (in terms of bandwidth) of the system is
where
is the (stationary) number of flows
given by
in the system at time Equation (30) allows us to approximate
is used as the target overflow probability
this when

Since the other terms do not depend on
and
difference in utilization in using

we see that the
is simply
(34)

(33)
Comparing (32)–(27), we can explicitly see the effect of
memory. Let us look at the first term in (32), which corresponds to (29). The exponent is
which is
when there is no memory (as we had in
the memoryless scheme), monotonically increasing with
and reaching a value of 1 for infinite memory. This effect
can be explained by the fact that the variance of the mean
is
and decreases
bandwidth estimate
monotonically to 0 with more memory. Thus, the inaccuracy
in the estimates and, hence, the inaccuracy in the number of
flows accepted decreases (cf. Fig. 4). Furthermore, increasing
the amount of memory has an additional effect of smoothing
the mean bandwidth estimates; thus, not only are the individual
bandwidth estimates more accurate, they also fluctuate less so
that the probability of having an underestimation at some time
is reduced. This is reflected in
over an interval of length

This allows us to quantify the impact on the utilization on
using a more conservative target overflow probability.
We now describe the simulations we have performed to
verify that our formulas can be used to perform robust
measurement-based admission control. We proceed in two
obtained
steps. First, we compare the overflow probability
through simulation to the value predicted by theory. Second,
we invert (32) to obtain an adjusted target overflow probability
such that
We then simulate the
system with this adjusted target overflow probability in order
really is close to
to check if the overflow probability
regardless of the other
the target overflow probability
parameters.
as a function of
Fig. 5 shows the overflow probability
The most striking aspect of
the memory window size
the
this figure is that for small memory window size
can be orders of magnitude larger
overflow probability
This confirms that the
than the target overflow probability
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Fig. 5. The overflow probability pf as predicated by theory (32) and obtained by simulation (Th = 1000; Tc = 1:0; p0q = 1:0e

0 3)

:

Fig. 6. The simulated overflow probability pf for the synthetic traffic model using the adjusted target overflow probability pq0 :

memory window size
is a crucial parameter in achieving
a desired QoS target. If it is chosen too small, then the
performance of the MBAC can degrade dramatically. We
observe that the overflow probability predicted by theory is
slightly conservative with respect to the simulated value. We
attribute this offset to the assumptions in our model, such as
ignoring the discreteness of the number of flows. However,
the shape of the graphs correspond very well; in particular, the
beyond which using
knee, corresponding to the value of

a longer memory window size has little additional benefit, is
well matched. Fig. 6 demonstrates that our formulas can be
used to perform robust measurement-based admission control.
We see that with an adjusted overflow probability target, the
actual overflow probability is slightly smaller than
over the
whole range of parameters (cf. Fig. 6). It is important to note
the adjusted target overflow probability
that for small
can be very small
with respect to the target
of
overflow probability
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Fig. 7. The overflow probability
the correlation time scale Tc :

pf
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obtained by numerical integration of (31), as a function of the normalized memory window size

B. Robust MBAC with Unknown
So far, we have assumed that the correlation time-scale
and the flow holding time
are known to the
parameter
can
MBAC algorithm so that an adjusted QoS parameter
be computed. In practice, it is not difficult to obtain a good
of flows. On the other
estimate of the average holding time
and, more generally, the
hand, the correlation time scale
correlation structure of the traffic is hard to estimate reliably.
Therefore, we would like to design the MBAC such that its
We
performance is good over a wide range of values for
claim that this can be accomplished by choosing the memory
on the order of the critical time scale
window length
For concreteness, let us pick the window size
to be
and examine the performance of the system for a range
of
First, assume
is small with respect to
This is the
separation of time-scale regime and formula (33) applies and
Using the fact that
we get
holds for all
the further approximation
(35)
In this regime, the effect of
which is of the order of
the estimator memory effectively smoothes the fluctuations
of the traffic and obtain a reliable estimate of the mean
traffic rate. Although this result is derived using the simple
exponential autocorrelation function (25), it can be easily
shown that in this regime, the detailed correlation structure
is not relevant and a similar approximation holds for other
autocorrelation functions. We call this the masking regime
because the memory window size masks the impact of the

~ and of

Tm =Th

parameter
on the overflow probability
the fluctuation
time scale of the mean estimator is determined by
alone
(cf. Fig. 4).
Next, let us consider the other extreme, when
is much
longer than
In this case,
and we
have the approximation

Substituting this into the general formula (31) and evaluating
the integral, we get

which definitely meets the target QoS, since
in this
regime. In contrast to the masking regime, the time scale of the
estimator fluctuation is dominated by
The memory window
is effectively useless in this regime, as it does not reduce
estimation errors. However, the fluctuation of the estimators
around their mean is at a time scale longer than the critical
time scale. This is precisely the regime where the repair effect
makes overflow unlikely. Therefore, we call this the repair
regime.
For
in between the two extremes, there is no closedform expression for the overflow probability, and we resort
to a numerical integration of the formula (31) to study the
performance of the MBAC. This is shown in Fig. 7, where
and
we plot the overflow probability as a function of
We see that while for small
the performance is not
robust, the QoS is satisfied over a wide range of
once the
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Fig. 8. The simulated pf over the same parameter range as in Fig. 7.

memory window size is chosen to be a significant fraction of
This is further corroborated by simulation results shown
in Fig. 8.
The above analysis and simulations are based on a traffic
model with correlation at a single time scale. In practice,
traffic fluctuations may occur at multiple time scales. In
particular, several studies of various types of network traffic
have found phenomenon of long-range dependence (LRD)
[18], [8], [1], [6]. However, based on the intuition gained
from the single time-scale model, we expect that a memory
is again appropriate here.
window size on the order of
As before, flow departures dictate a critical time scale
over which the statistics of the future behavior of the traffic
allows the
has to be predicted. A memory window of
for
simultaneous smoothing of the fluctuations faster than
reliable estimation and the tracking of fluctuations at a time
The statistics of the long-term fluctuations
scale larger than
of LRD is therefore irrelevant.
To provide some support for this hypothesis, we present
simulation results on an actual traffic trace. Figs. 9 and 10
show the overflow probability when the flow is a piecewise
CBR version of the MPEG-1 encoded Starwars movie [10].
This particular trace has been shown to exhibit LRD [8]. We
vary the average flow holding time and plot the overflow
As with the synthetic
probability as a function of
traffic above, we see that the performance is not robust under
is large (corresponding to
memoryless estimation. When
in Fig. 7), the performance misses the target by
small
one or two orders of magnitude. On the other hand, we note
the
that with the choice of memory window size
MBAC is robust (cf. Fig. 10). Apparently, the strong long-term
fluctuations of this traffic do not degrade the performance of
the MBAC.

V. DISCUSSION

A. Critical Time Scale
Our analysis has demonstrated the fundamental importance
as the time scale over which
of the critical time scale
the effect of admission decisions persists. This insight leads
to two important principles for the design of robust and
efficient MBAC schemes. First, traffic fluctuations on a time
scale longer than the critical time scale fall into the repair
regime; these fluctuations should be tracked by the MBAC
so that they can be compensated for by flow admissions and
rejections. Second, spare link bandwidth should be set aside
as these
to absorb fluctuations at a time scale shorter than
fluctuations are too fast to be compensated for by the repair
effect. A consequence is that a robust MBAC should predict
rather than
the fluctuation statistics over a time scale of
estimate the long-term statistics of the traffic. In this context,
it does not matter whether or not the traffic is stationary or
or if the traffic
not over a time scale much longer than
exhibits LRD.
our
By setting the measurement window size to be
scheme implicitly embodies the first principle: effective trackOn the other hand,
ing of traffic fluctuations slower than
Since
the scheme sets aside spare bandwidth of the order
is the long-term variance of a flow, this leads to an overconservative spare bandwidth allocation when much of the
(This can be seen in
fluctuation is actually slower than
drops rapidly
Fig. 7, where the actual overflow probability
) In a sequel
with increasing traffic correlation time scale
to this paper [12], we propose a novel MBAC design which
goes one step further. By appropriate filtering of the traffic
measurements, the MBAC scheme simultaneously tracks slow
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Fig. 9. The overflow probability for Starwars sources with memoryless estimation (Tm = 0):

Fig. 10.

The overflow probability for Starwars sources with

T

m

= T~h :

fluctuations and estimates the variance of fast fluctuations, so
that the appropriate amount of spare bandwidth can be set
aside.
B. Heterogeneous Flows
Although the results in this paper are derived under the
ideal assumption of identical traffic statistics across flows,
many of the ideas are in fact extensible to a heterogeneous
environment. The key concept behind our approach is the
existence of an appropriate operating point about which the

load fluctuates. We express this operating point in terms of
However, when flow
the number of admissible flows
statistics are heterogeneous, the operating point should be
This level
thought of as a target utilization level of
depends on the statistics of the individual flows only through
the statistics of the aggregate traffic (mean and variance in the
central-limit framework). Moreover, as long as there are many
independent flows in the system and no single flow dominates
the entire link, the traffic fluctuations can be well approximated
as Gaussian, even in the heterogeneous case. In [12], we extend
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the framework developed here to analyze the performance of
the MBAC design under heterogeneous flows.
VI. RELATED WORK
Past work on measurement-based admission control [5],
[19], [15] has either ignored measurement errors or assumed
a static situation where calls do not arrive or depart the
system and there is an arbitrarily long time to make accurate
measurements. Here, we discuss three more recent papers
which are closer in spirit to our work.
Jamin et al. [16] presented a specific algorithm for
measurement-based admission control of predictive traffic, and
evaluated its performance through simulation. The algorithm
relies on measurements of the maximum delay and maximum
bandwidth over a measurement interval. There are several
tuning parameters in the algorithm (sampling window size
measurement window size utilization target, back-off factor
that are found to have a significant impact on performance.
We believe that our work offers some insight into the impact
of these system parameters. In particular, the measurement
window size is very similar to our measurement time scale
Also,
is a parameter that controls an overestimation
of the actual measured delay—in other words, it controls
conservativeness, which in our work is represented through
the parameter
The MBAC algorithm proposed by Casetti et al. [4] recognizes the importance of the measurement window size as a
system parameter. The authors propose an adaptive algorithm
to determine an appropriate window size. While this is an
improvement over the fixed window length parameter in [16],
the adaptive algorithm itself has external tuning parameters. It
is not clear if the overall system is easier to tune.
Gibbens et al. [9] studied memoryless measurement-based
admission control in a decision-theoretic framework. Their
work takes into account the impact of measurement errors on
performance and also considers the call dynamics. However,
there are some significant differences between their and our
work. First, a perfect time-scale separation is explicitly built
into their model by assuming that the network states seen by
successive call arrivals are independent. This makes it difficult
to evaluate the performance of MBAC schemes with memory
and also the effect of traffic correlation on a system with very
high call-arrival rates. Indeed, they only focused on memoryless schemes. Moreover, our results show that the condition
for time-scale separation is rather subtle, as it depends, among
others parameters, on the system size. Second, while they also
observed that a memoryless certainty equivalent scheme can
perform poorly, their remedy is quite different. They relied on
essentially two mechanisms: the use of a Bayesian prior on
the call statistics and network state-independent call rejection.
The first mechanism serves to smooth out the fluctuation
in successive memoryless estimates, as the observations are
weighted by a fixed prior. The second mechanism counters
very high call-arrival rates, by not accepting calls until one
has left the system. In contrast, we propose the use of an
appropriate amount of memory in the estimator, which as we
have seen, deals with both these problems. Our framework,

without a priori assuming time-scale separation, allows us
to evaluate the performance as a function of the amount of
memory used. We believe the appropriate use of memory is
a natural and effective strategy, particularly when no reliable
prior exists.
Our approach of abstracting away enough details of the
measurement and admission decision process in order to focus
on the fundamental issues of measurement uncertainty and
system dynamics is corroborated by recent work by Jamin
and Shenker [17]. They simulate several specific MBAC
algorithms that have been proposed in the literature, and find
them to be essentially equivalent with appropriate tuning of
system parameters. In our work, we attempt to study, in a
sense, the common denominator of these proposed schemes,
and focus on how the “performance-tuning knobs,” such as
memory window size and degree of conservativeness, should
be set to achieve robustness.
VII. CONCLUSION
In this paper, we have presented a framework for studying
the performance of admission control schemes under measurement uncertainty and flow dynamics. Using heavy-traffic
approximations, the analysis of the resulting dynamical system
is simplified via linearization around a nominal operating point
and by Gaussian approximations of the statistics via central
limit theorems. The insights gained include:
• quantification of the impact of estimation errors on the
QoS performance of MBAC schemes;
• identification of a critical time scale for which the effect
of admission decisions persist;
• demonstration of precisely how the memory time scale of
the estimators affects performance and what the appropriate choice of memory time scale is to achieve robust
performance.
These insights are directly applicable to the design of robust
MBAC schemes. Such schemes do not have to rely on external
tuning parameters to achieve the desired performance despite
the inherent measurement uncertainty and the complicated
system dynamics.
APPENDIX I
SIMULATION SETUP
We simulate the admission controller under infinite load
on a
and we measure the resulting overflow probability
We describe the details of the
bufferless link of capacity
simulation setup.
We model traffic flows as fluid flows, i.e., we do not simulate
individual packets. In particular, we use a piecewise constantrate traffic model, where the fluid rate only changes at certain
points in time, and remains constant between these points [10].
The advantage of this traffic model is that it lends itself to
very efficient simulation.
We use two types of flows. The first type is based on
a stochastic model. Each flow is the realization of an i.i.d.
stationary fluid process. This fluid process is modulated by
an underlying renewal process; the fluid rate is constant on
the time interval between two consecutive renewals. The fluid
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rate in each interval is chosen independently according to the
marginal rate distribution, which in this case is Gaussian with
The renewal time distribution is exponential with
which implies that the autocorrelation function of
mean
the traffic rate process is precisely as in (25).
The second flow type is based on an actual video trace,
namely a two-hour MPEG-1 encoded version of the Starwars
movie [8]. We use the smoothing algorithm described in
[10] to transform this trace into a piecewise constant-rate
Each flow is a
flow. For this flow model,
subsequence of the trace (with wrap-around at the end of
the trace) with a randomly chosen starting point. Note that
this trace exhibits the LRD property, i.e., its autocorrelation
function decreases subexponentially [8]; also, its empirical
marginal rate distribution is not Gaussian. For both traffic
models, the flow holding time is exponentially distributed with
mean
We periodically sample the empirical overflow probability
over intervals of length
This sample
period is long enough to give approximately independent
samples, as the only “memory” in the system is due to
flow dynamics, estimation memory, and traffic correlation.
By chosing a multiple of the maximum of their respective
time scales, we are assured that consecutive samples represent
essentially independent observations of the system.
After each sample period, we compute the (two-sided) 95%
We
confidence interval around the estimated value of
terminate simulations when: 1) the 95% confidence interval
is less than 20% of the estimated value (i.e., we are confident
is close enough to the actual
or 2)
that the estimated
the estimated value plus the (one-sided) confidence interval is
at least two orders of magnitude below the target overflow
is
probability (i.e., we are confident that the estimated
considerably lower than the target overflow probability
We also discard all initial samples until the simulated MBAC
has reached steady state.

APPENDIX II
WEAK CONVERGENCE RESULTS FOR
HEAVY-TRAFFIC APPROXIMATION
In this appendix, we will prove Theorem III.1, giving a
rigorous justification of the heavy traffic approximations we
used.
is the space of all realDefinition B.1: The space
that are continuous from the right
valued functions on
and have limits from the left. There is a metric (Skorohod
such that it is complete and
metric) defined on
separable.
be a sequence of processes
Definition B.2: Let
is said to
whose sample paths are in
if for every continuous function
converges weakly to
With a slight abuse of notation, we will use
to denote
weak convergence of processes, as well as convergence in
distribution for random variables. We shall use the following
theorem to verify weak convergence.
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Theorem B.3: A sequence of processes
converges
if all finite-dimensional distributions converge
weakly to
is tight, i.e.,
and
there exists an
such that
1) For every

2) For every
an integer

there exists a

and

such that

We will use the following theorems [2].
Theorem B.4 (continuous mapping theorem for processes):
be a sequence of processes whose sample paths
Let
If
is continuous and
are in
then
Theorem B.5: Let
and
’s be processes
defined on the same probability space, and
is continuous. If
and
converges weakly to a deterministic process
then
We need the following technical conditions on the flow
processes.
Assumptions B.6:
1) The sample paths of the individual flow processes
are in
2) The mean bandwidth estimates
converges weakly
to the constant process
3) The standard deviation estimates
converges
weakly to the constant process
4) If we define

to be the scaled and centered sum of the individual flows,
converges weakly to
which
then as
is a stationary zero-mean Gaussian process with unit variance
(that of an individual flow).
and autocorrelation function
The fourth condition says that the aggregation of the individual flows satisfies a functional central limit theorem. It holds
for a very broad class of models for the individual sources.
For example, it can be shown [20] that the condition holds if
is a -state continuous-time Markov fluid, in which
is a linear functional of a
case the limiting process
dimensional diffusion process.
To prove the main theorem, we need the following lemma,
which can be viewed as a functional law of large number for
the process describing the evolution of the number of flows
in the system.
converges weakly to
Lemma B.7: The process
the deterministic process taking on a constant value of 1 for
all
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independently

Proof: By solving (15), we get for each

(36)
Using assumptions (2) and (3) in B.6, together with Theorem
converges to the
B.5, we can see that the process
process taking on a constant value. Now, for all

(40)
where is the probability that a given flow leaves the system
and is given by
some time in
(41)
By Lemma B.7 and the continuous mapping theorem, as

Since
converges weakly to the constant process 1,
by the continuous
so does the process
must converge weakly to
mapping theorem. Hence,
the constant process 1.
Proof: Proof of Theorem III.1
Using (36), we get for each

(37)
By assumption B.6, we know that
where
is a zero-mean Gaussian process with
Also,
converges weakly
autocorrelation function
converges weakly to the
to the constant process and
By Theorem B.5
constant process

Substituting this into (40) shows that

Hence,
converges in probability and, hence,
Using a similar argument,
in distribution to
By (39), this
one can show the same thing for
implies that for fixed and
A standard argument in the theory of convergence in
and
distribution implies that for all
i.e., finite-dimensional distributions converge. To show
weak convergence as a process, we need to verify tightness,
according to Theorem B.3. The first condition is trivially
satisfied. For the second condition

(38)
as a
Next, we will show that for fixed
process in converges weakly to the deterministic process
on
First, let us fix an
Define now two
and
is the number
random variables
flows
of flows departing from the system when there are
in the system at time and no more flows enter the system
is the number of flows departing from the
in
flows at time
system when there are
and no more flows enter the system in
It can be seen
that for every

(42)
where

(39)

and
a flow departs in time

Using Chebyshev’s bound, we have for every
By direct calculation, (42) is in turn equal to

The expectation can be computed using the fact that the flows
have exponential holding time and depart from the system

where the
term goes to zero as
Thus, by
(42) can be made arbitrarily
appropriate choice of and
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small. This verifies the tightness of
its weak convergence.
Combining the weak convergence of
it follows that
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and, hence,
and
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