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Abstract 
In this paper we present an algorithm for making connection admission decisions in 
ATM networks, using measurements made on existing connections and the declared 
parameters of the new connections. Our scheme makes use of the shape-function, a 
concept developed by Botvich and Duffield [BD95], which arises in the application 
of Large Deviation theory to queueing systems. By estimating the shape-function of 
the existing connections, we can make predictions about the effect on the network of 
accepting new connections. Using real traffic collected from a network, we compare 
the performance of this CAC scheme with that of the Mosquito [CLM+97] algorithm 
which is based on estimation of effective bandwidths. 
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1 INTRODUCTION 

Asynchronous Transfer Mode (ATM) allows for statistical multiplexing of traffic 
from many different applications, having widely differing characteristics. This is ad
vantageous from the network's point of view as if affords the opportunity for dramat
ically increased utilisation of resources: more applications can be allowed to make 
use of the network than peak rate allocation would suggest if the traffic is buffered at 
switches and multiplexing points during overload periods. The choice of the buffer 
size places a hard bound on the queueing delay and so the problem for the network is 
in deciding how many connections can safely be accepted while keeping the cell-loss 
ratios sufficiently low. 

Connection Admission Control (CAC) is concerned with trying to assess the im
pact on the network of accepting a new connection, a problem which has been 
discussed extensively in the literature [MP90, App90, GKK95, Key95, CKR+91, 
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JDSZ97]. One approach which has received recent attention uses the notion of the ef
fective bandwidth of a traffic source [Hui88, Kel96, Kel91, GAN91, GH91, CKR+9t, 
DL0+94, DL0+95, CLL +95, CHL +95]. This approach is based on the theory of 
Large Deviations, a probabilistic theory of rare events, which, when applied to queue
ing systems, can help to quantify the intuitive notion of bandwidth requirement. The 
term 'effective bandwidth' refers to a particular function which provides a conserva
tive estimate of the bandwidth requirement of a source. This function depends on the 
QoS constraints in a simple manner and on the statistical properties of the traffic in 
a complex manner; if the sources are independent, these functions are additive. 

However, the additive nature of the effective bandwidth function means that it fails 
to reflect economies of scale arising from statistical multiplexing. This is because it 
is based on large buffer asymptotics. An alternative approach [WD97], based on the 
asymptotics associated with a large number of connections, involves estimation of 
the shape-function [BD95] for the multiplexed traffic. In the CAC algorithm intro
duced in [CLM+97], the decision to accept or reject a proposed connection is based 
on its declared parameters and on-line estimation of the bandwidth requirement of 
existing connections. For the on-line estimation of bandwidth requirement, a variety 
of estimators may be used. In this paper, we compare the effectiveness of two estima
tors: the shape-function estimator [WD97] and the Mosquito estimator [CLM+97]. 

The practical estimation of bandwidth requirements is a difficult problem, as it 
depends in a complex way on the statistical properties of the traffic. The problem 
is typically approached in two ways. One approach [EMS91, MASR88, FAT94] is 
to assume a parametric model of the traffic and to fit parameters for the connec
tion in question. This parameter fitting can be done based on information declared 
by the connection when it requests admission, or measurements made on the traffic 
generated by the connection, or a combination of both. Once the detailed model is 
completed, the estimate can be calculated. However, there are problems with this ap
proach. Firstly, unless on-line measurement is employed, the application is required 
to deliver a detailed self-characterisation before it has transmitted any traffic. Further
more, given such a characterisation, the network still has to fit parameters to a model 
which adequately describes the traffic source. This may prove a difficult problem; 
the solution of which contains redundant information if what is actually required is 
just a knowledge of the bandwidth requirement. Finally, it is impossible to tell what 
types of traffic it may be necessary to transmit in the future, and it should not be 
required that each new traffic type be submitted to a complex modeling process in 
advance of transmission. 

An alternative approach [GK97, CKR+9t, DL0+94, JDSZ97, JDSZ95, Flo96] 
is to attempt to measure the bandwidth requirement more directly. This avoids the 
problem of requiring new traffic types to specify a parameterised model in advance 
and removes the estimation of redundant information. Perhaps most importantly, this 
approach requires very little declared information on the part of the application; in 
the present scheme only declaration of the peak-rate is necessary. However, when
ever additional parameters are declared they can be incorporated in the estimation 
of the bandwidth requirement, thereby offering increased efficiency. Hence, this ap-
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proach can use a model estimated from declared parameters, if one is available, as 
an initial estimate of the bandwidth requirement, which is then refined by on-line 
measurement. However, in the absence of such a model, a more conservative initial 
estimate can easily be made from the declared peak-rate. 

2 THEORETICAL FRAMEWORK 

Our central concern is the loss of cells due to overflow at a buffer. Consider a mul
tiplex of N ATM streams arriving at a buffer which has finite storage capacity B. 
Cells are removed from the buffer at fixed rateS, the line-rate. Each traffic stream 
has a finite duration, as might be expected for calls of finite length. Associated with 
each sample of traffic is a cell-loss ratio between zero and one (that is, the ratio of 
cells lost to those that arrive); we denote the cell-loss ratio for a multiplex of N lines 
with a buffer-size B and a line-rate S by CLR( N, B, S). Experience with a wide 
variety of traffic-sources shows that the logarithm of CLR(N, bN, sN) is asymptot
ically linear in the number of sources N if the line-rate per source s and buffer size 
per source b are fixed. A typical example is shown in Figure 1 which plots, for a 
set of motion JPEG sources on the Fairisle ATM network at Cambridge [BLM94], 
the logarithm of the observed cell-loss ratio against number of sources N when the 
buffer size and line-rate are scaled appropriately. This demonstrates the multiplexing 
gain available in shared resource systems due to the statistical properties of the indi
vidual traffic streams. For example, if one doubles the number of (identical) sources 
to be multiplexed, one need not, generally, double the rate and buffer size in order to 
maintain the same CLR. 

The general features of a plot of the logarithm of cell-loss ratio against number of 
sources are explained by queuing-theory. We model the arrival streams as stationary 
stochastic processes { Af}, the arrivals processes; here Af denotes the total number 
of cells which have arrived up to time t from source n. The following scaling be
haviour of queue-tail probabilities has been shown to hold for a very general class of 
traffic models [BD95, CW96, Duf96]. When N sources, satisfying certain assump
tions detailed below, feed a buffer of size Nb which is being served at rate N s the 
proportion of cells lost will satisfy the logarithmic asymptotic 

logCLR(N,Nb,Ns)"' -NI(b), as N -too, (1) 

where the shape function I(b) depends on sand the detailed traffic characteristics. 
Although equation (1) describes the behaviour of the CLR as N goes to infinity, we 
would expect that log CLR(N, Nb, N s) -N I(b) for N large, but finite. One use
ful feature of (1) is that it does not require that b, the buffer allocation per source, 
be large. Thus it can be used to describe cell-level, as well as burst-level, queue
ing behaviour. In this, it is distinguished from the large body of results about the 
asymptotic behaviour of tail probabilities for large b, and the consequent effective 
bandwidth approximation. Another useful feature of (1) is that it holds for a wider 
class of traffic than the corresponding result for large b asymptotics. It does not re-
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Figure 1 Empirical loss probabilities for samples of JPEG coded video. 

quire that the traffic be mixing and, thus, the estimation based on it, described in this 
paper, should be valid for long-range dependent traffic [Duf96, Duf97]. 

The main condition we require of the multiplex of arrivals processes is that the 
limit of the finite-time cumulant generating function (CGF) per source exists for 
each time-scale t as N goes to infinity: 

1 (J"'N An 
At(9) := lim -logEe L..tn=t '. 

N-+oo Nt 
(2) 

The finite-time CGFs are related to the effective bandwidth of the sources: o:(9) = 
9-1 limt-too At(9). We shall discuss effective bandwidths more fully in section (5). 

The assumption above is satisfied by i.i.d. superpositions and also by heteroge
neous superpositions where the proportion of each type of source is held constant. In 
the case of independent heterogeneous superpositions of J types of sources indexed 

by j E {1, ... , J}, we have that At(9) = (9) where Pi is the proportion 

of sources of type j and are the finite-time CGFs of a source of type j defined 
analogously to (2) as 

(3.) 1 IJA(il 
At (9) := -logEe • . 

t 
(3) 

Thus, when we perform estimation based on (1) we need not assume that the traffic 
sources are identical. 
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Under the above assumption, (1) holds with the shape function I given by 

I(b, s) = min(tAt)*(b + st), (4) 

where f*(x) := maxyeR{xy- f(y)} is the Legendre-Fenchel transform of the 
function f; see [BD95, CW96, Dut'96]. The timer= + st) at 
which the minimum above is attained is called the critical time-scale and may be 
interpreted as the most likely time-scale on which the buffer overflows. The theoret
ical result above offers an explanation of the observed asymptotic behaviour of the 
logarithm of the cell-loss ratio as a function of the number of sources and relates 
the slope of its linear asymptote to the CGF of a stochastic process representing the 
traffic. 

The bandwidth requirement of a sample of traffic is defined to be the minimum 
line-rate at which a target cell-loss ratio c is not exceeded in a buffer of storage 
capacity B: 

BWR(N,B,c) := min{S: CLR(N,B,S)::::; c}. (5) 

Notice that this is an operational definition which does not involve any statistical 
theory; for a given trace, it can be determined empirically by trial and error. 

We are interested in estimating the bandwidth requirement of the multiplex. Sup
pose we have some estimate i of the shape-function I. Then we may use this estimate 
to obtain an estimate of the CLR for any value of S: 

CLR(N, B, S) := e-Ni(BfN,SfN). 

This leads to a natural estimate of the bandwidth requirement: we adjust S until our 
estimated CLR just matches the target CLR: 

BwR := min{S: e-Ni(BfN,SfN)::::; c}. 

In the next section we shall explain how to estimate the shape-function. 

3 ESTIMATING THE SHAPE-FUNCTION 

Given a sample realization {X 1 , X 2 , •.. } of a traffic stream we may estimate the 
finite-time CGFs of its source as follows. First form all blocks of length t: 

t t+l 

.xl == L:xi, .X2 := L:xi, 
i=l i=2 
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Assuming stationarity of the arrival process, we use these overlapping blocks to get 
an estimate of At by replacing the expectation in (3) with an empirical mean: 

1 1 K -
At(B) := -log-"" e0xk, t KL..... 

k=l 

where K is the number of blocks formed. We assume that the sources are indepen
dent and so we may combine the estimates to form an estimate of At: 

N 

At(B) := L 
j=l 

Then for each t we merely perform the minimisation and Legendre transform, mir
roring (4), in order to form the estimate 

i(b) := min(tAt)*(b + st). 
t;::o 

It is worth distinguishing this procedure from that of section 5 where, for some 
(large) T, Ar will be used to estimate the limiting CGF, >.(B) = limt--+oo >.t(B), 
and hence estimate the effective bandwidth by a( B) := B-1 Ar(B). There is a trade
off here in choosing a value forT: too small a value and >.r(B) will not be close 
enough to >.(B), too large a value and the variance of the estimator will be large 
(see [Gan96]). Also, it is difficult to automate the choice of block size. However, the 
shape-function estimator does not suffer from this problem: the value oft where the 
minimum is empirically observed to occur provides an estimate of the critical time
scale T, so that this method automatically picks out the time scale relevant to buffer 
overflow. 

4 THE CAC ALGORITHM 

In this section we summarise the description, given in [CLM+97], of a practical 
CAC algorithm which makes use of on-line estimation of bandwidth requirement. A 
measurement based CAC algorithm will, in general, need to combine measurements 
on the current multiplex with declared parameters from the new call request in order 
to judge whether there is sufficient bandwidth available to satisfy the QoS require
ments. The task of measuring the bandwidth requirement of the current traffic mix 
is performed by the estimator. In this paper, we compare the effectiveness of several 
estimators, making use for the first time of the shape-function estimator: 

BWR(Nb,c) := min{sN: e-NI(b,s):::; c}, 

where c is the target CLR. For the new call there is no traffic record available and so 
the CAC algorithm must base its estimate on the the call's declared parameters. These 
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Figure 2 Operation of the CAC algorithm. 

are passed to the predictor. In this paper we consider a predictor which requires a 
new call request to declare only its peak rate, however it is possible to use further 
information such as the GCRA parameters defined by the ATM forum [ATM95] . 

Figure 2 shows the behaviour of the CAC algorithm. Given a current multiplex 
of calls, the system estimates the bandwidth requirement of the multiplex using its 
chosen estimator (depicted here by a thermometer) and the declared parameters of 
the connection request. If the estimated bandwidth requirement is less than the link 
capacity, then the connection can be accepted without violating the QoS of any calls. 
As soon as the new call commences, the estimator uses measurements of the new 
multiplex to revise its estimate of the current bandwidth requirement. When the next 
call attempt arrives, the procedure is repeated, as shown. If a new call attempt arrives 
before the algorithm has developed an accurate estimate of the new bandwidth re
quirement the algorithm acts conservatively. It uses the most recent stable estimate 
of the bandwidth requirement, plus the sum of the peak rates of all subsequently 
admitted calls. 

5 THE MOSQUITO ESTIMATOR 

In this section we review the Mosquito estimator proposed in [CLM+97]. Unlike 
the shape-function estimator, which is based on the large N asymptotics of the sys
tem, the Mosquito estimator is based on the large buffer asymptotics. The crucial 
observation is that for stationary and mixing arrivals processes the loss ratio decays 
exponentially with buffer size: 

CLR(B,S),...., e-Bo(s). 
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Since the number of sources being multiplexed is now constant we have dropped the 
reference toN. The decay rate fJ is determined by the line-rate and by the CGF of 
the multiplex: 

fJ(S) = max{B: >.(B) :::; SB}. 

>. may be estimated by choosing a block length T large enough so that the aggregate 
arrivals Ar = "E:=l Ar of the multiplex are approximately independent; in this 
case 

>.(B) := lim At(B) >.r(B) := -T1 log Ee0AT. 
t-+oo 

As before, the finite-time CGF AT is estimated using the empirical distribution of 
the blocked arrivals 

A 1 1 K -
>.r(B) := T log K L eox,' 

i=l 

where Xi are the activities in each block. Using the estimate of>. we can estimate 
the bandwidth requirement; because of the properties of>. this takes the particularly 
simple form 

- A >.(fJ*) 
BWR(B) := min{S: -fJ(S)B:::; loge}= -;s;-• 

where {J* = -loge/B. The function >.(B)/B is the effective bandwidth function 
of the arriving traffic stream and the estimator based on it is called the effective 
bandwidth estimator. 

In practice the effective bandwidth estimator has been found to be too pessimistic. 
This is because, for finite buffer size, the approximation CLR(b) exp( -BfJ) is 
not exact. An improvement can be made by introducing a pre-factor e-1-'(8 ) so that 
the estimate of the bandwidth requirement becomes 

BWR(B) := min{S: -[1.(8)- 8(S)B:::; loge}. 

fJ is estimated as before and J.L is estimated by simulating the system and observing 
the cell loss in a buffer of size zero. 

For a simple Markovian model, Figure 3 shows the simple and refined effective 
bandwidth approximations, and also the shape-function approximation described in 
the previous section. These are compared with the true value of the CLR produced 
from simulations. 

278 



0.1 

O.Q1 

0.001 

cr 
...J 
u 0.0001 

1e-05 

1e-06 

1e-07 

0 

0 0 
() () 

effective bandwidth estimate -
shape fllnction estimate ----· 

refined effective bandwidth estimate ...... 
truevalue <> 

20 40 

() () 

buffer size 

() () () . () . 
() 0 

60 80 100 

Figure 3 Estimates of the CLR for Markovian traffic using three different approxi
mations plotted against B for fixed N and S. 

As well as using the refined effective bandwidth approximation the Mosquito 
estimator also uses knowledge of the peak rate to make the estimation of >. more 
robust- see [CLM+97] for details_ 

6 SIMULATION RESULTS 

This section presents the results of simulation experiments using the CAC algorithms 
of Sections 4 and 5_ The aim of the experiments was to evaluate the performance of 
our approach with respect to several criteria which we discuss below. 

Firstly, we are interested in the performance of each algorithm in terms of the re
source utilisation it achieves. A pessimistic CAC algorithm which allocates resources 
using the declared peak rate of each source can guarantee that the loss constraints will 
always be met. Our algorithms, however, attempt to increase the link utilisation by 
admitting as many calls as possible whilst still maintaining the QoS guarantee. We 
thus need to compare our approach with the pessimistic system, and with a system 
which is optimal in the sense that the CAC algorithm is assumed to have complete 
knowledge of the statistical properties of every connection requesting admission. 
The optimal CAC should achieve maximal link utilisation while ensuring that QoS 
constraints are met. Secondly, we are interested in the effectiveness of each CAC 
algorithm in terms of its ability to guarantee the QoS constraints of the traffic. 

Simulation Model. In each of our simulations we model a single output buffer and 
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transmission link of an ATM switch. The link speed used is 100 Mb/s, which corre
sponds to the TAXI transmission rate for the Fairisle ATM network at Cambridge. 

The traffic source we use is one which has been widely used in performance stud
ies of ATM systems in the literature, namely a trace of the activity of the Star Wars 
movie. The Star Wars data set was produced by Garrett and Vetterli at Bellcore, and 
has been studied in some detail, for example in [GW94, CLG94] and [CLL +95]. It 
comprises the information content in bytes per frame for about 2 hours of the film, 
as transmitted by a DCT based codec similar to JPEG. The byte count per frame is 
broken down into "slices" of 16 video lines. With 30 slices per frame and 24 frames 
per second, one slice represents the information transmitted in about 1.4 millisec
onds. The Star Wars traffic has been shown to exhibit signs of long-range dependent 
behaviour, making it potentially difficult for a measurement based CAC to cope with. 

The Star Wars traces were constructed by encoding each slice as a single AAL5 
PDU which was transmitted (and traced) over Fairisle; cells from each slice were 
transmitted at a CBR rate equal to the slice rate, reducing the peak rate from the line 
rate to about 24.2 Mb/s for the worst slice. The mean rate is about 5.3 Mb/s. The 
buffer is sized according to the requirement that no frame would be delayed more 
than a frame time; this results in a maximum buffer size of 500 cells. We used a CLR 
constraint of w-4 for all of the results presented in this paper. 

Call Model. We study a scenario in which calls of a particular traffic type arrive 
according to an exponential inter-arrival time distribution, an assumption which ap
pears to be well founded [PF94]. In the absence of real-world data we have used call 
lengths which are exponentially distributed. Calls arrive at a high (Poisson) rate with 
mean 5 calls/s. Blocked calls are lost, but the high arrival rate means that the system 
is continually faced with new call attempts. We thus expect the system to remain 
close to maximum utilisation. 

Calls have an exponentially distributed length with a mean length of 60 seconds. 
Each accepted call transmits a trace which is derived by randomly selecting a start 
point in the Star Wars movie. While it is possible that two connections may simul
taneously read from the same part of the movie, this will only happen very rarely. 
Hence, we do not expect the resulting correlations between calls to significantly af
fect our results. 

Results. For each of the CAC algorithms discussed, Figure 4 shows the distribution 
of the number of connections in progress during the simulation. The left-most his
togram was made using peak-rate admission control; this algorithm admits to the 
system an average of 7.92 connections. From left to right, the other three histograms 
were made using the simple effective bandwidth algorithm, the shape-functional
gorithm, and the Mosquito algorithm. The advantage gained by exploiting statistical 
multiplexing is clearly apparent: the CAC algorithm, using any of the three estimat
ing techniques, admits significantly more calls than the peak rate allocation scheme. 
As was found in [CLM+97], the Mosquito estimator, which makes use of the inter
cept f..t, is less conservative than the simple effective bandwidth estimator. In terms 
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Figure 4 Histogram of the number of calls in progress over the simulation. The 
mean number of calls in progress under each of the admission schemes were: 7.92 
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and 14.6 under Mosquito. 

of the number of connections admitted, the performance of the shape-function es
timator lies between the other two estimators. This is consistent with Figure 3; we 
are thus led to believe that it is the different approximations involved in making the 
estimates which gives rise to the differences in performance. 

To obtain bounds on an optimal admission scheme we multiplexed as many seg
ments of the source traffic as possible such that the CLR constraint was met over the 
entire experiment. In other words, we found empirically the number of calls which 
could be multiplexed for a given BWR (the link-rate) and CLR as defined in Equa
tion (5). We found this number to vary between 14 and 16 depending on the sample 
of traffic used. It is clear that the three algorithms, particularly the Mosquito algo
rithm, perform very close to optimally. 

Turning to the distribution of cells lost under the three admission schemes we 
find that no loss occurred when using the Simple Effective Bandwidth or the Shape
Function algorithms. This indicates that the Simple Effective Bandwidth algorithm is 
too conservative: greater link utilisation can be achieved by using the Shape-Function 
algorithm without in any way compromising QoS. Since the Mosquito algorithm 
admits more connections than either the Simple Effective Bandwidth or the Shape
Function algorithms we might expect this algorithm to display a higher CLR. We 
find that this indeed is the case. Mosquito lost 0.0032% of the cells over the length 
of the simulation which is very close to the target CLR of 0.01 %. However this ob
scures the fact that most connections experience no cell loss while others lose many 
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cells. Overall, 4.05% of the connections lost more than the target CLR under the 
Mosquito admission policy. Figure 5 shows the cell loss ratio for each call, against 
call number, and Figure 6 shows the distribution of the CLRs of individual calls. It 
is apparent that cell loss occurs in bursts. This is the result of our cell loss allocation 
scheme: when the buffer overflows an equal number of cells are discarded from each 
connection that is in progress at that time. 

Conclusions and Future Work. We have seen how the CAC algorithm described 
in [CLM+97], using any one of three estimators, can significantly improve on peak 
rate allocation. The shape-function estimator has been found to perform better than 
the simple effective bandwidth estimator but not as well as the Mosquito estimator in 
terms of the number of connections admitted. However, unlike Mosquito, the shape
function algorithm did not cause any calls to exceed their target CLR. 

A possible improvement to the shape-function estimator would be to combine its 
estimates of the shape-function with observations of cell loss in a simulated buffer 
in a manner similar to the way in which the Mosquito algorithm uses estimates of 
f..t· The cell loss under such a scheme will require investigation. Alternative methods 
of measuring f..t in the Mosquito algorithm have been suggested and deserve further 
attention. The performance of all three algorithms under different assumptions about 
the connection arrival process, and using a greater variety of traffic types, needs to 
be examined. 
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