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Chapter

; Admission and Access Control
“in Broadband Networks

In the previous chapter we focused on models for characterizing traffic in
broadband networks. As noted, this is critical in the design of such networks.
It is expected that these networks, when deployed, will be carrying high-
resolution images, higher-resolution video, multimedia traffic, and other types
of “bandwidth-hungry” traffic, in addition to interactive data, computer traf-
fic, and voice, that existin~g networks currently handle. This projected mix of
traffic is much more diffictilt to characterize than current traffic, particularly
if differing qualities of serlice (QoS) are required for each. It is clear that the
common Poisson model for‘ traffic may not always provide accurate design re-
sults. This point was made at the beginning of the last chapter. This fact mo-
tivated our discussion of other traffic models.

In this chapter we begin to apply some of these models to a fundamental
question that arises with|the design and deployment of any network: How
much traffic can it handle if a prescribed quality of service for each traffic
class is to be maintaineh while the network utilization, that is, traffic
throughput (hence revenu‘e), is to meet some minimum goal? Alternatively
put, what resource requirelments, in terms of link and buffer capacities, num-
ber of links, number of nodal switching points, etc, are imposed on a network
design if it is to handle a specified broadband integrated traffic load? We
clearly cannot hope to anS\liver this question definitively here. What we will do
in this chapter is to focus first on admission control in the context of B-ISDN:
Given virtual paths set up in a network, how many virtual connections (that
is, calls with specified QoS) can it handle? Given this number, does one admit
a new call when a request|to set one up arrives? Even here, we shall have to
restrict our discussion sharply because of the complexity of the issue and the
lack of specific results at this point: We shall discuss admission policies based

solely on traffic occupancy at one point in the network, generally the access
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node. We shall nPt attempt to study admission control based on bandwidth

available along an entire virtual path.

Given a dec1smn to admit a call, the traffic generated by this call must
be monitored to ewnsure it does not start congesting the network. We have al-
ready noted in the previous chapter that traffic can only be described statisti-
cally. This has a‘lways been the case, whether in the voice-based, circuit-

switched telephorlle networks, or the more recent data networks. As a result,

congestion may d‘evelop despite a good admission policy. (Malicious misuse of
the network by some users must be guarded against as well). To prevent con-
gestion from occurring, control at the access point (the user-network interface
of UNI), as well |as within the network, must be exerted. In the context of
B-ISDN, this is sometimes referred to as a “policing function”.

ATM documents refer to this policing function as Usage Parameter Con-
| trol (UPC). Usage‘ Parameter Control is used to ensure that users do not vio-
| late their traffic ‘\contracts, negotiated during admission control. These con-

tracts include various conditions of operation such as peak and average rate
of cell transmissién, and maximum cell burst size, among others. It is the pos-
sible violation of tlhese contracts that can result in network congestion.

A literal torrent of studies on both admission and access control has
been carried out,| worldwide, in the context of B-ISDN. Because of the com-
plexity of the issues involved and the difficulty of both analysis and simula-
tion, there is no universal agreement on methods of control. There probably
never will be, because of the enormous number of networks expected to be de-

ployed, as well as the variety of wideband applications expected for them.
This chapter thus serves only as an introduction to this field. In the first sec-
tion, we shall de‘scrlbe and analyze quantitatively some simple procedures
proposed for handhng call admission at the access to a network. The analysis
will rely on the traffic model described in the last chapter; that of multiplexed
! on-off sources. Recall that this model, with appropriate adjustment of para-
meters, can be used to describe voice, compressed (VBR) video, and image
‘ traffic, as well as other bursty traffic. We will also apply some of our fluid-
‘ flow analysis to the study of this problem.

In section 4.\‘2 we introduce the concept of access control by focusing on

one particular strategy, the “leaky bucket” algorithm, that has received a
| great deal of attention in the literature. We evaluate the performance of this
i' technique in a number of ways, concluding in section 4.3 with a fluid-flow

analysis for the case of a single on-off (bursty) source.

‘ 4.1 = ADMISSION CONTROL

| The objective here is clearly very simple: given a call arriving, requiring a vir-
tual connection with specified QoS (bandwidth, loss probability, delay, etc.),
should it be admitted? The implementation of the control can be quite com-
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plex. In a real network control, messages would have to be sent along the J i
complete virtual path that would have to provide this connection to ascertain
whether the QoS objectives could be met without a\‘dversely affecting other {
calls already in progress. In general, this would imply checking not only the e
specific VP within which this VC would be establiéhed, but all other VP's ﬂ |
sharing a part or all of the route to be used in the net‘work, end-to-end. S

A simple solution to this problem would be to allocate a specific band- |
width to each VP along its complete path, end-to-end, and then allocate that |
bandwidth to each VC using that VP on the basis of its peak-rate require- |
ment. The path chosen and buffer allocations at each nodal switch along the |
path could then be used to guarantee the desired QoS. Such a solution to the
problem has in fact been proposed [CCITT 1992d]. he control is indeed quite sl
simple. Monitoring peak rate is also relatively simplé: This rate is, by defini- .
tion, the reciprocal of the minimum cell spacing for ‘a given connection, The
only problem is that peak-rate allocation precludes the use of statistical mul-
tiplexing, requiring possibly much wider bandwidth vﬁsage than might other-
wise be the case.

Other, more complex, control algorithms can pre\sumably provide statis-
tical multiplexing, thus enabling network resources to be used more effi-
ciently. But there is clearly a tradeoff: The greater the complexity of the algo-
rithm the more costly and difficult its implementatior{‘ becomes. The objective
is thus to come up with reasonably simple control algorithms, capable of being
implemented at B-ISDN rates, that provide the desired QoS for each connec-
tion, while at the same time allowing efficient use of the network. This is, in
general, a difficult problem to solve. In this section we\provide some proposed,
simple, solutions, focusing exclusively at a single access point, rather than
along the full VP.

As stated earlier, we will focus in this section on|on-off models of traffic,
since we have shown in Chapter 3 that these may be used to model voice,
bursty sources, including images, and video, among other sources. Recall that
an on-off traffic source requires at least three parameters to represent it: the
peak rate R, of cell transmission, in units of cells/sec (\or bps, as the case may i
be), the average length of a burst 1/B, in sec, and the average off-time 1/q.
These are indicated in Figure 4-1a. We use the same notation adopted in the
latter part of Chapter 3. Recall that for voice o/ = 0.4, and R, = 170 cells/sec, |
for 64-kbps signals and 48-byte cells. The peak rate p‘arameter R, is equiva- !
lent to the parameter V used in modeling voice in Chapter 3. Bursty traffic
would have 1/ << 1/a, or o/ff << 1. A 2-Mbyte image transmitted from a source :
at a 50-Mbps rate would require 0.4 sec to be transmit“\ted, ignoring ATM-cell

overhead. In this case R, is 50 Mbps, or roughly 120,000 cells/sec. The on-, or

[CCITT 1992d] “Traffic and Congestion Control in B-ISDN, I 371,” Recommendation, CCITT (3
Study Group XVIII; Contained in Temporary Document 62 (XVIII), CCITT, Geneva, June 1992,
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FIGURE 4-1 m Basic on-off traffic source.

burst-time 1/p is 0.4 sec. If the average time 1/o between images is 10 sec,
o/B = 0.04. For the video minisource model discussed in section 3.6, B, = AK,
the minisource paramreter used there, with K in units of pixels/sec.

These three parameters are examples of what are called “traffic descrip-
tors,” the parameters/a user must provide the network, in addition to QoS re-
quirements, to be used for both admission and access control. Peak rate control
requires, of course, onjly one parameter, K. We say three is the minimum num-
ber of parameters required for this model because the statistics of the burst
(“on”) interval and the “off” interval might be of interest as well. In this section
we implicitly assume the statistics of both intervals are exponential. Each
source is thus repres‘ented by the two-state, continuous-time Markov chain of
Figure 4-1b. Heterogeneous sources would each have different values for the
three parameters. For homogeneous sources they would be the same. We are
also implicitly assuming that during the burst period, cells are either transmit-
ted continuously or pFriodically, as in the case of voice, at the peak rate R,

Using this basic on-off source model, we are now in a position to begin
our discussion of admission control. Say that there are % traffic classes, each
with its own traffic |descriptors, to be multiplexed onto one network access
link, of capacity C;|cells/sec. Initially, let each traffic class access its own
buffer, as shown in Figure 4-2. 1t is clear from the pictorial representation of
Figure 4-2 that thel network throughput and traffic class quality of service
are closely related to the way in which each buffer is served by the access
link. Improved perfc‘)rmance, in terms of increased throughput and/or better
QoS parameters, should be obtained by dynamically scheduling classes for
transmission, depending on class traffic statistics, buffer occupancies, and de-
sired QoS. The type|of scheduler used, in turn, impacts on the admission pol-
icy. The design of Yoptimum” and “near-optimum” schedulers, in the sense

noted above, has been discussed in the literature and is an active area of re-
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FIGURE 4-2 ® Network access node with access scheduler.

search [HYMA 1992]. In our discussion in this s‘ection, we focus exclusively on

the simplest scheduling strategy—FIFO. In th;is case all source buffers are

combined to form one buffer holding cells from alll the sources in FIFO order.
Whether more optimum scheduling or tﬂe simple FIFO strategy are
used, it is clear that there must be a maximum number of connections or calls
of each class for the given strategy that can b(‘-} handled by the access link.
This maximum number depends on the scheduling strategy, the access capac-
ity C;, the number of classes, and the QoS requirements for each. These maxi-

mum numbers, in turn, represent vertices in a k-dimensional region repre-

senting an admissible region for this system. Tlhe “optimum” strategy would
then provide the “largest” region; the FIFO strategy the “smallest” one. Given
the admissible region, in principle a call is adn‘litted if the system, with the
call present, still operates within the admissible region. A call is blocked if its
acceptance would take the system outside of the| admissible region.
Hypothetical two-dimensional (& = 2) regions appear in Figure 4-3.
Some work has been done on joint scheduling-—admission control for three
classes of traffic [HYMA 1991], [HYMA 1992]. Simulation and analysis have
been used to obtain the admissible regions for a variety of two-class admission
control strategies, with or without scheduling. |Selected examples appear in

[FERR 19901, [DZIO 1990], [DECI 1990a]. The strategies that do not involve

[HYMA 1992] Hyman, J., et al., “Joint Scheduling and| Admission Control for ATS-Based
Switching Nodes,” Proc. ACM SIGCOMM 92, Baltimore, MD, Aug. 1992; 223-234.

[HYMA 1991] Hyman, J., et al., “Real-Time Scheduling with Quality of Service Constraints,”
IEEE JSAC, 9 (Sept. 1991): 1052-1063.
[FERR 1990] Ferrari, D., and D. C. Verma, “A Scheme for Real-Time Channel Establishment in
Wide-Area Networks,” IEEE JSAC, SAC-8 (April 1990). 368-379.

[DZIO 1990] Dziong, Z., et al., “Admission Control and Routing in ATM Networks,” Computer
Networks and ISDN Systems, 20 (1990): 189-196.
IDECI 1990a]l Decina, M., et al., “Bandwidth Assigment and Virtual Call Blocking in ATM Net-
works,” Proc. IEEE Infocom 90, San Francisco, June 1990: 88 -888.
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FIGURj 4-3 m Two-class admissible regions.

i scheduling implicitly assume FIFO transmission, but with some bandwidth

assignment rule defined fo‘r each class.

This work on admigsible regions for ATM admission control is moti-
vated, in part, by earlier work on call admission strategies in the circuit-
switched environment. In this earlier work, the objective was to develop
| admission-control policies| for classes of traffic, each with possibly different

bandwidth requirements, and each with different blocking probability and

delay objectives [KRAI 1984], [GOPA 1983]. In the work described in this

chapter, we focus on sinéle-class admission control only. This means each
| user connection, with possibly different traffic descriptors, must receive the
} same grade of service. In ATM terms, this means we focus on a particular VP
‘ that is assumed to have Already been set up that is designed to provide the
given QoS. This VP is assigned the capacity C;. The question now is to deter-
mine how many calls or virtual connections of each type can be handled. For
homogeneous user connections, the question is to determine the total number
of VCs that may be handled. Alternatively, for a given number of connections
to be handled, one would like to know the capacity C; required for a given
performance objective.

[KRAI 1984] Kraimeche, B., and M. Schwartz, “Circuit Access Control Strategies in Integrated
Digital Networks,” Proc. IEEE Infocom 1984, San Francisco, April 1984: 230-235.
[GOPA 1983| Gopal, I. S,, and T. E. Stern, “Optimal Call Blocking Policies in an Integrated Ser-

vices Environment,” Proc. 17th Conf. on Info. Sciences and Systems, Johns Hopkins University,
Baltimore, MD, 1983.
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One obvious way of admitting calls is to determine the maximum num-
ber whose aggregate average rate of transmission (ba‘ndw1dth) does not ex-
ceed the capacity C;. A little thought will indicate that this provides the max-
imum statistical multiplexing advantage or gain. In particular, for many very
bursty sources (o/p << 1) one would expect very high| gain. This procedure
clearly allows the absolute maximum number of calls to be admitted if FIFO
transmission (scheduling) is used.

The problem with this technique is that it doesn’t take statistical fluctu-
ations into account, and may, in fact, result in a high cell loss probability. De-
signing on the basis of average bandwidth assignment jis equivalent to a link
utilization of 1. This is easily demonstrated for the on-off traffic source model
of Figure 4-1. Consider the single FIFO access buffer feeding a link with ca-
pacity C;, shown in Figure 4—4. For simplicity’s sake,|assume homogeneous
sources. (The heterogeneous case provides the same results with details left to
the reader). Figure 4-4 is thus precisely the statistical multiplexor model de-
scribed in Chapter 3 (see Figure 3-21 for example). The| difference now is that
we are interested in finding the maximum number of sources N that may be
multiplexed. Conversely, given N, what is the capacity C,; required?

For the source model of Figure 4-1 we have preciisely the same model

and same statistics described in Chapter 3. The probabillity a source is in the

“on,” or burst, state is p = of{ac + B). Its average rate o‘f transmission is thus
pR,. For N such sources, the average rate of transmission is NpR, and the

utilization is provided by our familiar expression.
| p=NpR,/C, (4-1)

Setting the average rate to the link capacity C;, to determine the maximum
number of sources that can be multiplexed, is obv1ousl>17 equivalent to having
p = 1. It is left to the reader to demonstrate that a similar result is obtained
when £ classes, each with different traffic descriptors, are maximally multi-
plexed on the basis of average bandwidth occupancy. In that case, however,
tradeoffs are possible among the maximum number of calls allowed per user

class. Specifically, the maximum utilization of 1 is again! attained when

k
2 npR,=C, (4-2)
i=1

O

C,

FIGURE 4-4 = Statistical multiplexing of homogeneous sources.
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Different choices of n; are possible in this case.

We focus on the homogeneous case for the time being. The “best” multi-
plexing strategy in term§ of utilization, or multiplexing gain, is the average
bandwidth assignment method just described. This provides the maximum
number of calls N allowed for C; given, but it may be unacceptable in terms of
cell loss. It thus provides an upper bound on the number of calls that can be
accepted or, conversely, provides a lower bound on the capacity C; required to

handle a given number of calls. The peak assignment strategy, which guaran-

tees no cells lost (that is‘, the best cell loss performance) provides the lower
bound on the number of|calls that can be accepted, given a link capacity C;.
In this case NR, = C. l‘ks p — 1 (that is, the sources become less and less
bursty) all admission control schemes merge. A source that is always “on”
must be given its full bandwidth requirement R, at all times. This is essen-
tially circuit switching, and statistical multiplexing provides no gain.

A graphical representation of these comments is provided in Figure 4-5.
It shows the C; — N tradeoff as well as the one-dimensional admissible region
with C; given and the QJ)S specified. (We shall focus on cell loss probability or
related parameters). As the QoS parameters become more strict, the control
assignment curve approaches the peak assignment curve; as they are relaxed,

the assignment curve ap‘proaches the average assignment line. The admissi-

ble region widens corres;})ondingly.
The objective is to find the admissible region: Given a set of sources with

traffic descriptors speciﬁ[

ed, what is the maximum number of calls N that can

«— peak bandwidth assignment

C,, bandwidth

realistic control
) / assignment,
required

QoS specified
C.

average bandwidth

assignment
N —
. . number of active calls
[~— admissible region ——| (sources)

FIGURE 4-5 ® Admission control, homégeneous on-off sources.




be admitted for a given QoS? If the number connected is less than N, any new
call can be admitted without affecting the qualitjy of service adversely. We shall
-approach this problem in the equivalent, alte%rnative, manner already indi-
cated. For a given QoS and given traffic descriptors, we find the capacity C;, re-
quired to handle N calls. This is then inverted to find N, given C;. We proceed
intuitively and heuristically at first, then more systematically later. To simplify
the notation, define m = pN as the mean (averal e) number of sources “on.” The
mean bit rate inputted by these m connections is, as already noted, mR,,. From
the discussion above, as well as from consideration of Figure 4-5, it is apparent
that C;, 2 mR,,. A simple first guess at an acceptjable value for the capacity C; is
to have it differ from the mean value mR, by some multiple of the standard de-

viation oR,,. We thus write, as our first possible value of C;,

C,=(m+ Kc)Rp( (4-3)
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with K a constant to be determined, which vz?ries with the quality of service

specified. This constant should increase as the QoS is more strictly defined,
and should decrease, approaching 0, as the QoS is made more lax. We now
propose two simple procedures for finding K| They are related, as we shall

see, and give results which are nearly the same.

Note first, however, that the capacity arillocation specified by equation
(4-3) is not restricted to multiplexed on-off sources. This could represent any
multiplexed VBR sources as well, with mR, and R, the mean and standard
deviation, respectively, of the multiplexed bit| rates. But focusing here on the
on-off burst model of Figure 4-1, we again write m = Np and note that
02 = Np(1 - p) = m(1 - p). To simplify the a‘nalysis and notation again, we

rewrite equation (4-3) in the equivalent normalized form,

C=m+Ko=Np+ K. Np(l-p) (4-3a)

with C = C}/R, just the capacity parameter C £ N introduced in Chapter 3 (see
Figure 3—4, for example).
Recall from our discussion of multiplexed on-off sources in Chapter 3

that they may be represented by an (N + 1)-st€ate birth-death process, with the
familiar state diagram reproduced in Figure 4~6. We focus particularly on the

overload state J,, the underload state J, = JD} -1, and the capacity parameter
C set between them. ‘

Recall from Chapter 3 that J,=[C | an{d J,=1C | All states i = J, rep-
resent the overload region in which the buffer of Figure 4—4 tends to fill; i <J,,
corresponds to the underload region, in which the buffer tends to empty. The
average number of sources “on,” m, lies somJewhere in the underload region,
either from equation (4~-3a), or from noting t 1at p=NpR,/C;,=m/C<1.

We now propose the following heuristic method for obtaining the con-

stant K in equation (4-3a) and, from this, one admission control procedure for

on-off sources. Let the desired QoS be the cell loss probability P;. This is the
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FIGURE 4-6 ® State diagram, N on-off sources.

QoS measure we shall use consistently in our discussion of admission control.
{Maximum buffer delay will be introduced as an additional measure later). A
conservative estimate of loss probability proposed in the literature is the ratio
of the cell input rate when the (N + 1)-state system of Figure 4—6 is in the
overload region to the average input rate [COST 1991]. From Figure 4-6, this
is the number

N

P, =Y (i-Omn/m (4-4)

i=d,

with rt; the probability the system is in state i (Chapter 3). This is a conserva-
tive estimate since it assumes that any input rate above the capacity will re-
sult in cell loss. It ignores the buffer completely. Given P, and the one traffic
descriptor p that a source is “on” in this case, we can find the desired relation
between the capacity C and the number of calls N connected.

A related measure of loss suggested in the literature is simply the proba-
bility of being in the overload region, that is, the probability the input rate ex-
ceeds the capacity C [GUER 1991]. Calling this measure ¢, we have

N
= Z T, (4-5)

L= o

We shall see that for very small P; and €, as would be desired in prac-
tice, either measure provides very nearly the same C - N relation; that is, the
same value of K.

To attain small P, and/or €, requires a relatively large number of sources
to be multiplexed. We thus assume N >> 1. We also take p << 1; that is, we as-

[COST 1991] Performance Evaluation and Design of Multiservice Networks, J. W. Roberts, ed.,
Final report, Cost 224 project. Luxembourg: Commission of the European Communities, Oct.
1991.

[GUER 1991} Guerin, R. et al., “Equivalent Capacity and Its Application to Bandwidth Alloca-
tion in High-Speed Networks,” IEEE JSAC, 9, 7 (Sept. 1991): 968-981.
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sume the sources to be quite bursty. These assumptions enable us to find the
constant K quite readily. Once we do this we can simply conjecture, as a
heuristic, that the admissible region, or the equivalent capacity C, with N
given, obeys equation (4-3a). With N large and p small, it is well known that
the binomial distribution solution for m;,

r, = (])’ jp"(l— P (4-6)
is approximated quite closely by the normal distribution with the same mean
value m = Np and variance o2 = Np(1 - p). This approximate distribution is
sketched in Figure 4—7. The overload region corresponds to the tail of the dis-
tribution, as indicated. The sums of equations (4—4) and (4-5) must then be
approximated by integrals of the Gaussian distribution over the same region.
This is, in fact, another reason for requiring N >> 1. It should be apparent
that the tail of the Gaussian distribution should be a poorer approximation to
the tail of the binomial distribution than the main body of the distribution
centered about the mean m, necessitating N large.

Converting sums to integrals implies converting the integer random
variable i to the equivalent continuous r.v. x, as shown in Figure 4-7. The two

Jo

FIGURE 4-7 ® Gaussian approximation to binomial distribution: m = Np;
o2=m(1-p)

R
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probabilities P; and ¢, given by equations (4-—4) and (4-5), are then approxi-
mated respectively by

1~ e—(x—m)2/202 (x _ C)
=2 d
P, - J.Jo Janc® x (4—4a)

and

J,,, e—(x—m)2/202 J
£€=| ———ax (4-7)
J A2n0?

Note that because of the continuous distribution involved, we can just take
J, = C, and shall do so in the calculations following. Note also that although
we have obtained equations (4—4a) and (4-7) by approximating the binomial
distribution by the Gaussian distribution, the distribution of multiplexed
variable bit rate (VBR) traffic sources, such as multiplexed video sources,
tends to the Gaussian directly (see Chapter 3). The analysis to follow applies
to these sources directly, with m and o2 appropriately defined.

Equation (4—4a) may be rewritten in an equivalent form by writing
{(x = C)=(x —m) - (C - m), and replacing equation (4—4a) by the sum of two in-
tegrals. This then gives us
Pl {

—(x~m)2/202dx

[[Lezme ~C-me

c J2no?

2 2
o} e—(C~m) 120 (C _ m)E

m Jon m

after replacing <J, by C, integrating the first integral directly, and noting that
the second integral is just the definition of €.

We now have to evaluate ¢, as defined by the integral of equation (4-7).
This is a standard problem. Two equivalent solutions are possible. One, which
we use, replaces the integral by an asymptotic series. The second invokes a
Chernoff bound [HUT 1988]. The asymptotic series, appropriate for small tail
probabilities, is found in the following way. Consider the integral on the left-
hand side of equation (4-9), following, which is equivalent to the expression
for €. Multiply numerator and denominator by y. (This can only be done for
x> 0. We shall, in fact, require x to be greater than 3). '

m
(4-8)

j Ty | “L:‘!l (4-9)

x

(HUI 1988] Hui, J. Y., “Resource Allocation for Broadband Networks,” IEEE JSAC, SAC-6 (Dec.
1988); 1598-1608.
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Integrating the right-hand side of equation (4-9) by parts, one obtains

B e me'd
j erdy=S [ D (4-9a)
x 2x  Jx 2y

Integrating the second integral by parts in the same manner, (this can be
done as often as desired), one obtains

e‘ﬂ"2 e

2
3 ~e”
1 _f —dy (4-9Db)

J e’yzdy=
y

P 2x  4x°
This suffices for our purposes. Continuing in the same manner results in
an asymptotic series in the sense that convergence is guaranteed only for
large x. Comparing the second term with the first, note that it is small com-
pared to the first term (less than 5% of the first term say) if x > 3. Extending
this approach to more terms shows that the successive terms get progres-
sively smaller and negligible.
It is a simple exercise to now show that the first term in equation (4-9b)
is sufficient to provide a good approximation for € if (C - m) > 3V2 o, with ¢
then given by

O 20l
Ge (C-m)f2o0 (C_m)

TR C-m o

Similarly, the loss probability P;, defined by equation (4-8), is readily shown,
after some algebra, to be given by

>3 (4-10)

Gze-(c—m)2m02

p=-2°f
L Jo2n m(C-m)?

(4-11)

_ (l_p)o e—(C-m)2/202 ) (l—p) e (C—m) §
N2n (C-m)? (C-m) V206

if one replaces o2 by m(l - p). Note that P; and e differ by the factor
(C — m)(1 ~ p). For Py and € very small, however, as is true for (C - m) >
3V2 o, the exponent in equations (4-10) and (4-11) dominates, and these dif-
ferences do not affect the results very much. (Generally speaking, however,
the ¢ approach is more conservative than the P; approach resulting in a
larger capacity requirement if used.)

Specifically, consider equation (4-10) for €. Taking natural logs, one
finds

3

(C-m)?
N =1 S -
In (W2re)=In (C ) 5o
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Neglecting the first term on the right-hand side in comparison with the sec-
ond term, (this corresponds to focusing principally on the dominant exponen-
tial in equation (4—10)), one can solve easily for the capacity C to obtain a de-
sired value of €. This is given simply by

C=m+o-ln(27)-21n¢ (4-12)

| Note that this is precisely in the form of equation (4-3a), just what we had
started out to show! We thus have

C=m+Ko (4-3a)

with the constant K now given by

K=-In@2m)-21n¢ (4-13)

As an example, if we take € = 10-5, we find
C=m+460 €=105 (4-14)

Inserting the value for m for the N multiplexed on-off sources, we get

; C=Np+46/Np(1-p e=10" (4-14a)

For other values of g, the constant K can be adjusted accordingly. Note also
that equation (4-11) for P;, which is dominated by the same exponent, would
give about the same result.

Consider an example now. Let p = 0.02. (This represents a very bursty
source which is “off” 98% of the time, “on” only 2% of the time.) Then, from
equation (4-14a), we have

C=0.02N +064yN  e=10"° p=0.02 (4~14b)

This is shown plotted, versus the number of sources N, in Figure 4-8. Note
the curve has precisely the shape expected, as sketched previously (in unnor-
malized form) in Figure 4-5. For larger values of € (or P;), the constant K in
equation (4~13) would decrease, moving the equation for C closer to the aver-
age bandwidth assignment curve shown in Figure 4-5. For smaller € (or P;)
the curve would move closer to the peak assignment curve of Figure 4-5, just
as expected. More interestingly, Decina and Toniatti have reported on simula-
tion results to find the equivalent bandwidth of N bursty sources required to
attain a cell loss probability of 10-5 [DECI 1990bi. Their Figure 3 plots the re-
sults for p =0.02, a cell burst size (our 1/B) of 100 cells, and a buffer size of 50
cells, as the number of sources N increases. Their simulation curve is tracked
almost exactly by equation (4~14b)! Figure 4-8 shows their simulation points
superimposed on the analytical curve obtained using equation (4-14b). Our
simple expression for the capacity C (or C;, = CR,), originally motivated by in-
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20 4 «—— Peak assignment
! @ Simulation, from [DECI 1990b], Figure 3.
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FIGURE 4-8 ® Admission control, N homogeneous sources, p= 0.02.

tuition [equation (4-3)], and then found analytically by use of the Gaussian
approximation to the distribution of N on-off sources (Figure 4-7), is thus ver-
ified by simulation. We now show that this expression agrees closely with
other results appearing in the literature.

The simple normalized capacity expression of equation (4~12) defines
the capacity required at an access buffer to handle a traffic source whose av-
erage normalized bit rate is m, with a standard deviation about m of ¢. (Re-
call that normalization is with respect to the peak bit rate R, so that the ac-
tual link rate is C;, = CR,). This is often called the “equivalent” or “effective”
capacity of the source. For N multiplexed homogeneous on-off sources, we
have m = Np and 02 = Np (1 - p), with p = /(¢ + B) the probability a source is
in the “on” state. We can invert this expression easily in this case to obtain a
specific value for N, the number of such on-off connections allowed, given the
actual link capacity Cy, (or its normalized form C = C;/R,) and the QoS para-

{DECI 1990b] Decina, M., and T. Toniatti, “On Bandwidth Allocation to Bursty Virtual Connec-
tions in ATM Networks,” Proc. IEEE ICC 90, Atlanta, GA, April 1990.
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meter e. Specifically, introducing the constant K defined by equation (4-13),
we have,

C=Np+ K, Np(1-p) (4-15)

This is solved quite easily for N, resulting in the equation

n=C —l[«/4a(C+0¢) - Za} (4-16)

p p

where the parameter o is defined as
o= K*(1-p)4

to simplify the appearance of the expression. Equation (4-16) defines the ad-
missible region in this case: It is the specific expression for N shown generally
in Figure 4-5. It represents, for example, the value of N in the curve of Figure
4-8 with C specified and € = 10-5. An admission control using this relation ;
would thus admit a new call if fewer than N calls were connected. !

In addition to providing a specific expression for the admissible region in
this case of multiplexed homogeneous on-off sources, equation (4-16) allows
us to focus specifically on the advantage to be obtained by statistically multi-
plexing these sources. Refer back again to Figure 4—4. This shows schemati-
cally that the N sources, once admission has been allowed, are combined sta-
tistically at the access buffer, with cells from each transmitted in FIFO order
over the outgoing access link. One can use the analysis leading to equation
(4-16) to define a statistical multiplexing gain to be accrued by combining and
smoothing the source cell arrivals at the buffer.

This gain G,, which in our case is specified by the allowable probability
QoS parameter € and more generally by the tolerable probability of loss P;, is
the increase in connections allowed over the case in which peak bit rate allo-
cation was to be used. If peak bit rate admission control were used, the num-
ber of calls allowed into the system would be

| C,/R,=C

This would of course result in no cell loss; that is, P;(or £) = 0. In terms of our
multiplexing model of Figure 46, this says that the number of connections al-
lowed is such as to keep the system always in the underload region. Multi-
plexing gain is obtained by allowing the number N to increase beyond C,
thereby incurring a cell loss penalty. The multiplexing gain G, is thus defined
as

with the QoS parameter implicitly contained in the value of C.

e i A e g b b o B0
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The maximum possible value of gain is easily found. This is obtained
when admission control is based on average bandwidth assignment, that is,
when the number of calls allowed in is determined from mR, = Cy, or m = C.
Since m = Np for the on-off source model, the maximum mult1p1ex1ng gain G
is given by

G=NIC=1/p (4-18)

This has a nice intuitive feel: for highly-bursty traffic, with p << 1, G= 1/p can
be quite large. As the probability p that a source is in the “on” (transmitting)
state increases, the gain possible by multiplexing such sources decreases.
Sources that are “on” all the time, with p = 1, cannot be statistically multi-
plexed, peak rate control must be used, and the gain G = 1.

The problem is that the maximum gain cannot be attained. This corre- ‘
sponds to average rate admission control, which we have already seen is not A
acceptable. This is apparent as well from equation (4-18), which shows that i
to attain this gain the system must be operated at a utilization of one:

p=NpR,/C, =Np/C=1 (4-19)

The actual gain G, possible, for a given normalized capacity C, the burstiness ﬁ
parameter p, and an allowable loss probability €, is obtained directly from 5
equation (4-16). Writing the parameter o out to show the specific dependence
on p, and dividing N in equation (4-16) by C to obtain the gain as defined by
equation (4-17), we obtain

211 K*(1-p) K*(1-p)| K*(1-p)
t_p p{\/r C [1+ 4C 2Cc (4-20)

The parameter K depends on the loss probability g, as given by equation
(4-13). Note, as expected, that as either the capacity C increases or K de-
creases, a greater gain is possible.

Figure 4-9 is a plot of equation (4—20) for € = 10-% (in this case K=4.6, as o
already noted), for C = 10 and 100. The curves plotted agree with those ap- Sl
pearing in [COST 1991], Figure 3-2-2, p. 38. Also shown is the “ideal” gain o
curve G = 1/p. i

These curves have been plotted on a log-log scale to show that over most i
of the range of p they are very nearly linear. This implies that G p = constant,
But note from the definition from equation (4-17) of the multiplexing gain
that G.p = Np/C is the utilization p. We thus have

Gp =p =constant p<l (4-21)

This observation has been previously made in [COST 1991] and, in fact, is
shown by curves plotted there of p versus p for a loss probability of 10-9, For
the curves of Figure 4-9, with £ = 10-5, we find that G,p =p = 0.64 for C = 100
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FIGURE 4-9 m Multiplexing gain, on-off sources, e= 10-5.
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|
and p = 0.27 for C = 10. A higher gain is possible if the allowable capacity C is
increased, with correspondingly more sources allowed to‘ be connected, and
the utilization thus increasing. ‘

In the material preceding,|we have focused on a SImple formulation of
the admission control problem,| relying both on an intuitive, heuristic ap-
proach as exemplified by equatiPn (4-3), and a more rigdrous analytical ap-
proach appropriate to many multiplexed bursty on-off sources, as well as
“Gaussian-type” VBR sources, as exemplified by equations (4-10) and (4-11).
The problem with this approach i 1s that it ignores the multiplexing buffer com-
pletely, and relies on conservatlve bounds-on the cell loss probability, cap-
tured, in the case of multiplexed on-off sources, by the probablhty the compos-
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ite trafﬁc stream will exhibit overload behavior. To include the effect of the

access buffer and resultant cell loss probability on admission control, as well
as the l?uffer delay (another significant QoS pararr‘leter) is an inherently dlfﬁ-
cult pr?blem. It turns out, however, that the ﬂuic‘l-ﬂow analysis of the previ-
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" ous chapter can be used for this purpose, in quite a straightforward, relatively

simple /manner. We summarize one method prop;osed, following the work of

[GUER 1991]. This again assumes multiple on-off sources are multiplexed,

with heterogeneous sources included quite naturailly. To simplify the analysis,

one has to again adopt conservative estimates of cell loss probability, leading
to conservative estimates of the “equivalent,” or “effective”, capacity required.
To redress this problem somewhat, Guérin et al.|[1991] propose choosing, as
the equivalent capacity (hence implicitly adoptlng an admission control strat-
egy), the smaller of either of two capacities: the cawpac1ty obtained by using the
fluid- ﬂt)w analysis and the capacity calculated from equation (4—15). ;
The equivalent capacity using fluid-flow analysis follows directly from
section| 3.6. We focus on homogeneous sources first. Refer, in particular, ‘to

Figure 3-21, parts (b) and (c), which shows M on‘ off minisources statistically

with F‘lgures 4-1 and 44 in th1s chapter, we n‘ote that they represent the
same multiplexing model if M, there, is replaced by N, here, KA bits/sec

(K= 7.5 x 108 pixels/sec) is replaced by R, the pea‘lk on-off source rate, and KC
bits/sec is replaced by the link capac1ty CL But|recall from section 3.6 that
the survivor function G(x) for the M-minisource model, the probability the
buffer ‘occupancy exceeds x bits, was given by equatlon (3-111). Introducmg
the changes in notation indicated above, we immediately have as the proba-
bility the buffer occupancy in Figure 4-4 exceeds x bits, the asymptotic ap-
proximation ‘

G(x) ~ AypNe (4-22)
with the parameter r given by
r=(1—p)[1+%}/(1—CL/NRp) (4—é3)
and
p=NpR,/C, <1 (4—24)

Note that the capacity C; appears explicitly‘ in the expression for G(x) in
the exponent r and in the term p¥, as well as implicitly in the parameter AN
Letting G(x) be an approximation to the probability of loss P; (the approxima-
tion mentioned first in Chapter 3), and letting all the parameters in equation
(4-22) be specified, except for the capacity C;, one can, in principle, solve
equation (4-22) for C;. This then results in the link (actually virtual path) ;ca-
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pacity required to obtain a specified quality of service P;./Note that the buffer

size x must be specified as well. One can choose the maximum buffer size on
the basis of some hardware or lprocessing constraint or dn the basis of maxi-
mum delay. This latter constraint requires some iteration, since the delay de-
pends both on the buffer size and the capacity C;. Giveﬁ x, one can find C;,
check to see that the maximum’delay constraint is not violated, and if it is, re-
peat the process with a smaller value of x. Clearly the larger the value of x,
the smaller the loss probability)or, with P; fixed, the smaller the capacity re-
quired. ‘\

The solution for C; with loss probability G(x), x, and the traffic parame-
ters specified, requires iteratior‘\x of equation (4-22). A sin“lple, closed-form ex-
pression for the capacity C;, req‘uired can, however, be obtained from equation
(4-22) if one focuses on the dominant exponent only. Specifically, set the func-
tion Anp? = 1. This is expected to be a relatively good appfoximation when the
utilization p is relatively close to 1, in which case Ay > 1 iand pN < 1 compen-
sate for one another to some e‘ixtent. When p becomes smaller, however, p¥
decreases rapidly for large N. This means that the capalcity found by using
only the exponent in equation (4—22) in this case is larger than it should be;
that is, the capacity obtained is a conservative estimate.' These observations
are borne out by calculations shmmarized in [GUER 199\1], as will be noted
later. |

Using the exponent in equation (4-22) only, one tf’\xen has as the pro-

posed approximation for the loss probability ‘

. -PBrxR,

P, =e (4-25)

From this expression one finds immediately that

[\5 rx/R,=-InP (4-26)
Using equations (4-23) and (4—%4) in equation (4-26), one obtains a quadratic
equation for C}. The solution is easily shown to be given b}“f
3 L
c/RN=1F, [l"—k) ko (4-27)
i 2 2 ‘
with the parameter k& deﬁned as ‘\
k = Bx/R,(1 - p)n(1/Py) \‘ (4-28)

As a check, let p - 1 with B ﬁxeld. Then k& — <. This implies the “off” interval
1/ goes to zero. From equation\\ (4-27), one readily showsi that Ci/R,N — 1.
This is as to be expected: With a}ll N sources “on” all the time, the capacity re-
quired to handle them is NR,, that is, the peak assignme%nt, independent of

loss probability P,
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Consider an example [GUER 1991]. Let R 10-5, take as the buffer size
\ 3 Mbits, R, = 4 Mbps, and 1/8 = 100 msec’ (The average number of bits
generated by each source during an average bu‘rst interval is R,/B = 400 kbits.
Note that this is much less than the buffer size x.) For these numbers, we
have &k = 0.65/(1 - p). Equation (4-27) now pred['cts that the equivalent capac-
ity ﬂer source C;/N is independent of the number of homogeneous sources N.
Its specific value depends on the probability p d source is in the “on’ state
\How valid is this result? Guérin et al have tested this conclusion out for
this specific example, among others. Their results for this example appear re-
prodoced in Figures 4-10 and 4-11. Figure 4-10 is for the case of N = 1 on-off
source only. For this case AypN = p =pR,/C| (see equation (3-38) in Chapter 3).
One Yvould expect the effect of ignoring the term!AypV in equation (4-22) to ob-
tain Y'The exponential approximation of equation (4-25) to P; tobe neghg1ble for
P << 1, as is the case here. This is borne out by|Figure 4-10, which compares
the “flow approximation” capacity obtained using equation (4-27) (derived from
equation (4-25)) to the “exact value” that is calculated using the full fluid-flow

Buffer Overflow Probability = 107%, Buffer Size = 3 Mbits \

Required Capacity C; (Mbps)

—\—————— Exact Value
L T Flow Approximation L
— — — - Mean Bit Rate |

L L

p—>

fIGURE 4-10 & Equivalent capacity for a single source with 4 Mbs peak

rate and 100 ms mean burst period (from [Guer 1991], Figure 3. © 1991 |
EEE).
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Buffer Overflow Pr?bability =107, Buffer Size = 3 Mbits
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FIGURE 4-11 ® Equivalent capacity for 50 sources, each with 4 Mbs peak rate and
100 ms mean burst period (from [Gder 1991], Figure 5. © 1991 IEEE).
|

analysis, to which equation (4-22) is the asymptotic approximation. The capac-
ity is plotted as a function of p, as indicated. Note that for this single source
case, equation (4—27) provides an excellent approximation. Figure 4—11 shows
the equivalent capacity C, requlred for IV = 50 such on-off sources. Note that
here, equation (4—27) only provides relatively good results for p > 0.6. The ca-
pacity found using equation (4—27) is much too conservative for p below that
value. This corresponds to p 2 0. 83 for that case. This agrees with our earlier
statement that assuming ANPN =1 in going from equation (4-22) to (4-25)
should result in values of capacity that are too conservative for p¥ small.

Figure 4-12, also taken from [Guer 1991], shows the results for another
example, this time for N = 5 sources, each with a 40 Mbps peak rate. Here,
equation (4-27) provides results intermediary between those of Figures 4-10
and 4-11. Note that here equatlo‘n (4-27) (the “flow approximation” curve)
provides a relatively good approxxmatlon to the full fluid- ﬂow analysis for
p20.4,o0rp20.67. This is as expected

Guérin et al have proposed as a “good” approximate measure of equiva-
lent capacity C;, the minimum of Cj, as calculated from equation (4-27), and

|
|

|
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Buffer Overflow Probability j 075. Buffer Size = 3 Mbits
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FIGURE 4-12 ® Equivalent capacity for five sources, each with 50 Mbs peak rate
and 100 ms mean burst period (from {GUER 1991], Figure 4, © 1991 |EEE).

the value obtained using our earlier simple measure of equivalent capacity
lequation (4-12)]. They call this earlier value the “stationary approximation,”
land it is so labeled in the curves of Figureé 4-11 and 4-12. It is clearly an in-
\appropriate approximation for the N =5 source case of Figure 4-12. This is
!‘as to be expected since we assumed N >>‘1 in obtaining equation (4-12). In
‘\‘Figure 4-11, for N = 50 sources, however, it does provide a better approxima-
tion than the flow approximation of equatibn (4-27) for p £ 0.25. Using either
Tapproximation, whichever is smaller, thusldoes provide a closer fit to the ca-

pacity obtained using the complete fluid-flow analysis over the complete
range of variation of p.

Specifically, letting

C.s =mR, +'0Rpw/—l“n(2n)— 2lne

|
from equation (4-12), and labeling C; ; the fluid approximation value of equiv-

z‘alent capacity from equation (4-27), [GUER 1991] propose as a measure of
equivalent capacity
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Cp = min(Cps,Cprpl “ (4-29)

|

The discussion thus far has‘ focused on the loss probability P; as a mea-
sure of quality of service. As notﬁd earlier, however, the choice of buffer size x
implicitly provides a bound on the maximum wait time in the buffer. Consider
the example just discussed in which x was chosen as 3 Mbits. For the single-
source case of Figure 4-10, |with C; varying fromt 14 Mbps with
p =0 to the peak value of 4 Mbps with p = 1, the maximum buffer delay (wait
time) ranges from 2.1 to 0.75 sec| This number might be considered excessive
in some applications, particularly since this is only one bLuffer in a number
that might be encountered as the traffic moves through a network. But note
also that with p << 1, the source “&ff” time 1/o is very long, so that 2 sec, in the
case of some image transmission \ pplications, for example, might not be con-
sidered too long. r l\

But more importantly, for broadband networking one would presumably
use much higher bit rates with statistical multiplexing invoked. The results of
Figures 4-11 and 4-12 are then more significant. Note that in these cases,
the capacities range from 20-200 Mbps, with the corresponding maximum
buffer delays ranging from 15—15\0 msec. These numbers appear much more
tolerable for bursty source applications such as images and file transfers with
the mean burst intervals of 100 msec and 10 msec chosen for Figures 4-11
and 4-12, respectively. |

All of the discussion to this point has focused on equivalent or effective
capacity and admission control forjmultiplexed homogeneous sources. We con-
clude this section with some briefLextensions to the case of multiplexed het-
erogeneous sources. First note tha\ our simple expression equation (4-12), for '
the equivalent capacity of multip‘lexed sources, lends itself quite readily to
heterogeneous sources of various types, since it only involves two moments:
the mean bit rate and standard d‘eviation. The basic assumption is that the
central limit theorem applies, that is, that the histogram of the bit rates of
the traffic sources summed (multiplexed) approaches a normal distribution. If
so, one simply adds mean bit rates and variances of the bit rate distributions
to obtain m and o2 directly. |

The second, fluid approximatx“on to the equivalent capacity can be read-
ily extended to heterogeneous bursty (on-off) sources as well. To show this, we
first rewrite equation (4-27) in an equivalent form. Replacing the on-state
probability p in that expression by o/(a + B), one readily‘\‘shows that the

equivalent capacity C; can be written in the following form:

(4—27a)

R 2
C N =2 _ (o + Bx ) R, (a+Px N
2 2In &IIPL) L 2 2In(VP)) In(VP)

\ .
Now consider N heterogeneous on-off sources multiplexed together, each with
different peak bit rates, mean “on” (Eurst) times, and mean “off” intervals. For
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the ith source, 1 < i < N, these are R}, 1/B,, and 1/o;, respectively. We shall

show in c{hapter 6 that the equivalent, or effective, capacity C; required for

the multiplexed sources accessing a single buffer is given by

C =i R;;_(ai+B,-)x+' _R_;_((xi+Bi)x‘]2+ oz,-R;x
t 2 2In(YP) \ 2 2In(V/P,) In(UP,) (4-30)

i=1

The assumption here is that each source requires the same QoS parameter

P, . This i}s consistent with the FIFO service discipline we have been assuming
throughout. Capacities defined in this manner thus add.

The| concept of equivalent or effective capacit)‘f can be generalized to a

variety of source models, including those such as the Markov-modulated mod-!

els used to describe voice and video signals, as discussed at length in Chapter?

3. We shall return to a detailed discussion of effective capacity in Chapter 6,

after devéloping the analytical tools required to pres‘ent this concept properly. ‘

We note here that, in general, the effective capacity|is found to provide a con-!
servative‘ estimate of the bandwidth requirements of various sources. This is

in agreement with the conclusions of [GUER 1991]! Yet it is a useful tool in

many sit{uations because of its additive property, as shown by equation
(4-30). qiven any set of multiplexed sources, one t‘:alculates the capacity of
each source, and simply adds the capacities, assuming each source requires

the same\ QoS. Details appear in Chapter 6, where we present both the bene-

fits and deficiencies of this technique.

In the previous section we discussed admission control in the context of B-
ISDN. T}‘le objective there was to determine whether or not a call requiring a.
virtual cqnnection (VC) with specified QoS should b admitted to a network. A
comprehensive admission control admits the call if it is found that the quality !

of service of existing connections on the source-destination path is not af-|

fected. The difficulty of evaluating performance enc‘\i—to-end along a completei
virtual p?th (VP), forced us to focus on a more res‘tricted class of admission .
controls, those exerting control at the access point only. (More generally, the}
results obtained apply within the network at nodal switching points if the|
traffic characteristics of both the new connection and those already in exis- |
tence ma‘y be assumed known and statistically indeﬁendent of one another.) |

Assf\lming a call has been admitted and the cox‘\mection established, it is |
necessary to monitor and control the traffic actually generated by the call to

ensure it conforms to the traffic descriptors originally specified. This is re-:
quired because of the statistical nature of the traffic generation process. It is .
also required because of the possibility of malicious behavior on the part of
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some users. This procedure of \controlling the traffic during the period of a
connection is variously referred|to as Usage Parameter Control (UPC), access
control, credit management, or|traffic “policing”. Users found violating their
connection “agreement” (the traffic descriptors specified during the admission
phase) may have arriving cells| dropped to avoid network congestion or ad-
verse impact on the QoS of the t“rafﬁc of other users. Proposals have also been
made to “tag” cells of user traffic violating the agreement. These cells are then
allowed into the network, to be dropped later should congestion be encoun-
tered. ‘

Alternatively, entering traffic may be “shaped” or smoothed to reduce
any adverse impact on the network. There are two possibilities here: to first
buffer the traffic and then read cells out at a smoothed, more regular rate; or,
as another possible policy, to control the flow of traffic at the source to prevent
it from congesting the network. We describe the first method briefly in this
section. The second method ha§, in the past, been somewhat controversial,
since investigators feel that at the high bit rates proposed for ISDN, B-ISDN
flow control cannot be exerted |effectively. A source located some distance
away from the control would not be able to react quickly enocugh to flow con- ;
trol signals, and might continue to overrun or congest the network.

Despite these concerns, the]ATM Forum has proposed a feedback control
mechanism be adopted for the control of available bit rate (ABR) traffic. This
mechanism, which controls the|rate of transmission of cells at the source
along a given virtual circuit, has|been found by simulation to potentially pro-
vide appropriate congestion control over wide-area networks. We discuss this
mechanism in Chapter 7.

In Chapter 7 we also describe briefly another traffic case in which flow
control is feasible. This is the case of multiplexed video and bursty, nonreal-
time, sources. Recall from our discussion of video traffic in Chapter 3 that we
noted that compressed (VBR) video may retain frame-to-frame correlation for
the order of 10-20 frames. This i‘implies being able to predict video traffic in-
tensity over more than one framF interval, or 30 msec. This interval is long
enough to allow flow control signalling back to the source of the bursty traffic.
(Round-trip propagation delay across the United States is 40-50 msec, which
is just in the range of video correllation time). As noted above, we defer discus-
sion of possible flow control procedures to a later chapter. In this section we

focus on “open loop” access contrpl. Each connection requires its own access

controller and possibly a traffic shaper before being multiplexed with other

connections for entry into the network. The general picture appears as shown

in Figure 4-13. In the material following, we at first discuss access control
without shaping, then include it through the use of an access control buffer.

A variety of techniques have lbeen proposed and compared for access con-

trol of ATM networks [RATH 1991]. We focus here on the one most commonly

* discussed in the literature, the “le‘aky bucket” policing mechanism. The Usage

Parameter Control technique proﬂosed by the ATM Forum, called the Generic
i e p———

i
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Traffic Stati§tical multiplexing
sources buffer
(connections) : T
1 | Access control E
and shaping -
. . to network

and shaping

N Access control } /

FIGURE 4-13 ® Access control in B-ISDN networks.

Cell Rate Algorithm, has a number of equivalent representations, one of

which is th(‘e leaky bucket technique. By generalizing 'some of the features of

this technique, including making it adaptive or dynamic, one can come up

with a number of related control procedures as well. The leaky bucket control

method, in its basic form, is quite simple and would af)pear to be particularly

appropriate\‘ for bursty sources of the on-off type that we encountered both in

the previous section and in Chapter 3. It does two things—it restricts the av-

erage cell throughput into the network to a specified rr‘lax1mum value, and al-

lows bursts|of cells up to some maximum number. (Dependmg on the burst
length alloned, the peak rate may thus be quite higher than the average

rate). It was first proposed as a possible traffic control procedure by Jonathan
Turner {TURN 1986].

The aléorithm is very simple and may be described and/or implemented

in several e“quivalent ways. One method proposed inkvolves incrementing a

counter C by 1, periodically every D sec, until a maximum value of M is
reached. The counter is decremented by 1 for every cell transmitted. Trans-
mission is 1rftermpted and cells are dropped whenever [the counter reaches 0.
(Alternatlvely, in the “violation tagging” mode noted above, cells are “tagged”;
that is, a bit is set, when the counter is at 0. We discuss the cell dropping

mode only in\‘ the material following). The average rate of transmission is then
limited to a maximum of r = 1/D cells/sec. The counter se‘tting M allows a max-
imum burst of M cells to be transmitted. There are thus two parameters to

adjust in this algorithm. Because cells may be occas‘ionally dropped, (the
counter is 0 V‘Yhen a cell arrives), the average throughput is less than its maxi-

mum p0551ble value r. Increasing the burst size M allowed reduces this effect,
but slows down the system response to congestion.

[RATH 1991] llﬁathgeb, E. P., “Modeling and Performance Comparison of Policing Mechanisms
for ATM Networl‘cs,” IEEE JSAC, 9, 3 (April 1991): 325-334.

[TURN 1986] Turner, J. S., “New Directions in Communications (or Which Way in the Informa-
tion Age?),” IEEE Commun. Mag., 24, 10 (Oct. 1986): 8-15.
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P ERENL AT S - -

, | ideal contro!

|
F1 ‘
x*
(throughput) N actual control
increasing M
l

A (load)

FIGURE 4-14 m Throughput-load curve, leaky bucket algo‘rithm.

An ideal control curve would have the throughput, in cells/sec, equal the
traffic load until that load reached Ir As the load continued to increase beyond
r, the throughput would stay at r. This curve is shown sketched diagrammati-
cally in Figure 4-14. The load is re‘presented by the symbol %, the throughput
by the symbol A*. |

A second representation of the algorithm has the counter decremented
periodically until it reaches 0. It is‘incremented by 1 whenever a cell is trans-
mitted, until a maximum value of M is reached, at which time no cells can be
transmitted. (This again ignores violation tagging). A third representation in-
volves the use of a “token pool” buffer as shown in Figure 4-15. A cell must
have a token waiting to be transmitted. Tokens are generated once per D sec,
as shown, and wait in the buffer, until the buffer fills. At thijs time no further
tokens are generated. It is left for the reader to show that all three represen-
tations are identical. As indicated in Figure 4-15, the average throughput A*
differs from the load A because of possible cell loss. The parameter P; in Fig-
ure 4-15 represents, as it did in th}e previous section, the cell loss probability.
Variations of this basic algorithm include, in addition to the possibility of vio-
lation tagging already mentioned,‘ adding a cell smoothingf buffer, adapting
both the token arrival rate r (the counter increment rate) and the maximum
token buffer (counter) size M to the traffic load and/or congestion conditions
in the network, as well as other possibilities. A simple modification of the al-
gorithm to handle variable-length \packets instead of fixed-size cells has been
proposed as well [BALA 1990]. In this procedure a given block of octets within
a packet requires a token. Longer packets thus require more tokens to be
transmitted. ‘

We shall focus first on the basic algorithm, showing how one obtains the

A* — A (throughput-load) curve an‘alytically: We do this ﬁrét through a very

[BALA 1990] Bala, K, et al., “Congestion Control for High-Speed Packet-Switched Networks,”
IEEE Infocom 90, San Francisco, (June 1990): 520-526.
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Arriving cells, Departing cells, ‘
A cells/sec., av. A* = A(1-P,) cells/sec., av.
M <«—— token pool

i 1 token/D sec, buffer not full

\
1

FIGURE 4-15 ® |eaky buck\et algorithm.

sir‘nple approximate technique, appropriate only for Poisson cell arrivalé. This

serves to reinforce the leaky bucket concept |and provides simple, first-order
results. We then provide a more detailed dis‘crete -time analysis of thé leaky
bucket algorithm using a simplified version jof an approach proposed ' in the

ht(‘arature Finally, in the next section, we generalize the algorithm to 1nclude

a data shaping buffer and show how the ﬂuu‘i -flow analysis of Chapter 3 can
be|used to provide useful performance results for on-off, bursty traffic in this

case. \ |

| The simple approximate analysis of the leaky bucket procedure is;based
on|the closed queueing network model shown|in Figure 4-16. A little thought

will indicate that this model captures the essence of the leaky bucket proce-

dufe diagrammed in Figure 4-15. Cells are a“lssumed generated at a Poisson
raﬁe A, as indicated by the upper server. But these will only be generated if

the upper queue has at least one “occupant” or token. That queue increases at
an‘average rate r = D-1, as shown. (Note that this rate is also assumed Pois-
son with this model, rather than the desired periodic incrementing of the

1

counter in the leaky bucket algorithm). The closed network has M tokens cir-
cul‘ating in it, as shown. At most M cells can |thus be served in succession. If

all M circulating tokens are in the lower queue, the upper queue is émpty,
and cell service is blocked. This two-queue model of the leaky bucket algo-

rlthm and the analysis based on it are due|to Wong and Kramer [V\‘IONG
1988]

| |

\ | |
[WONG 1988] Wong, L-N, and M. Kramer, “A Performance Analysis of a ‘Leaky Bucket’ Access
Con‘trol Scheme for Broadband MANSs,” unpublished pap‘er Nynex Science and Technology, Au-

gust 1988.
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FIGURE 4-16 & Ciosed queueing
network model, Ieaky bucket, M/M/

r=p7" approximation. ‘

The throughput A* of this system is now written simply as

|
=A(1 'Po)

(4-31)
= }\.(1 - PL)

where p; = P; is the probability th\e upper queue is empty or, from Figure
4-16, the probability the lower queus is full. But either queue behaves as a fi-
nite M/M/1 queue, of maximum oecupancy M, under the Pmsson assump-

tions made above. In particular, from finite M/M/1 analysis, the probability
the lower queue is full is }

P, =pM(1 - p)/[1 - pM+1] | (4-32)
with p = Mr=2D. |

Inserting equation (4-32) in (4-31), and simplifying, we have

|
| 1-p"
1_ pM+1

|
A=A 1 (4-33)
This may also be written in normalized form as ’\
\
* * 1-p" ‘
A¥r=»x szl——p—AhT | (4-33a)

|

Equation (4-33a) has been plotted in Figure 4-17. Note that{ it has the ex-
pected form sketched previously in Figure 4-14. As M increases, the through-
put-load characteristic approachés |the ideal characteristic 'in which the

throughput A* equals the load A for A < r, and saturates at the maximum
value of r for A > > r. ]
i

i
1
|
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Figure . | . R
15 a fi- A number of more sophisticated analyses of the leaky bucket algorithm |
SUmD- have appeared in the literature [SIDI 1989], [BERG 1990}, [HEYM 1992], il
abili?y [BUTT 1991]. They differ in the way in which they model the leaky bucket ‘1

technique and in the types of traffic and traffic models they can handle. In-
terestingly, the curve for M = 10 in Figure 4-17 tracks the equlvalent curve
(4-32) in [BERG 1?90] reasonably well [BERG 1990, Figure 3]. The critical design
parameter may not be average throughput shown in Figure 4-17, however,
but the loss probability P;. For small values of P;, the approximate solution
may not be accurate enough and the more sophisticated analyses may be re-
quired. This point is pursued later, at the end of the next section.

We nO\jN proceed with two more sophisticated, albeit relatively simple,
(4-33) analyses of the leaky bucket algorithm. The first is a Markov chain discrete-
time analysis due to Sidi et al. [SIDI 1989]. The second, described in the next
section, uses the fluid-flow approximation generalized to finite buffers and ap-

|
4-33a) i i

[SIDI 1989] Sidi, M., et al., “Congestion Control Through Input Rate Regulation,” Proc. IEEE ‘
Globecom 89, Dallas, TX Nov. 1989: 1764-1768. } i
the ex- [BERG 1990] ‘Berger, A. W, “Performance Analysis of a Rate Control Throttle Where Tokens ‘
rou gh- _ and Jobs Queue,” Proc. IEEE Infocom 90, San Francisco (June 1990): 30-38.
ich the [HEYM 1992] | Heyman, D. F., “A Performance Moc}el of the Credit Manager Algorithm,” Com-
ximum puter Networks.and ISDN Systems, 24 (1992): 81-91:

[BUTT 19911 Butto, M., et al., “Effectiveness of the ‘Leaky Bucket’ Policing Mechanism in ATM
Networks,” IEEE JSAC, 9, 3 (April 1991): 335-342.
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p; calculated here

1
propriate to bursty on-off sources br Markov-modulated
[ELWA 1991]. ‘

D \‘ « ‘ D
- t
A p
L * * L] L] *
h
token
generated
|
|
FIGURE4-18 = Discrete-time"calculation, leaky bucket algorithm.

models of traffic

The Markov chain discrete- t1me analysis proceeds as follows. Let { be
the number of tokens in the token buffer pool of Figure 4-15. We shall calcu-
late the steady-state data throughput A* by first calculatmg the steady-state
probability p; that i tokens are in the pool just before a token is generated. Re-

call that tokens are generated perlodlcally every D sec.

times are thus spaced D sec. apart, as shown in Figure 4,
probablhty J cells (packets) arrive in any D sec interval. Arr,
independent from interval to interval. (The Markov chain

Token generation
-18. Let o, be the
ivals are assumed
model arises from

this as‘sumptlon) As an example, 1f the arrivals are Poisson with average

rate A,

v‘

a;= (w)/e—w/fj/ j=012,...

(4-34)

If the arrival process is Bernoulli, with probability @, = p that one cell arrives

in a D sec interval, we have

a,=p ag=1-p

Other models can be invoked as well. But note that the on
discussed prev1ously are not captured easily with this analy

[ELWA 19911 Elwalid, A. I, and D. Mitra, “Stochastic Fluid Models in
Regulatlon in High Speed Networks Proc. IEEE Globecom 91, Phoenix,

(4-35)

-off traffic models
sis.

the Analysis of Access

Pec 1991: 1626-1632.

(A more ‘detalled version appears in Communication Systems, Special issue of Queueing Systems,

D. Mitra and I. Mitrani (eds.), 9 (1991). Switz.: J. C. Baltzer A. G., Basel, 29-63.)
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In the steady state one expects the probablhty p; that there are i tokens
‘in the token buffer just before a token arrival (Figure 4-18) to be the same in }
any D sec interval. We can thus equate the probability p; at the end of one in-
terval to the sum of the probabilities of the various states the token buffer I
could have been in, exactly one interval earher This gives rise to a set of Ak
discrete-time balance equations. As an example, consider the state | = M; that ; \ .

is, the state for which the token buffer is full. For the buffer to be in this state
just before a pbss1ble token arrival, there can only have been two possibilities ‘ \
one interval earher the buffer was in state (M 1), a token was ad(;ied and no . i
cells arrived durmg the entire interval, or the buffer was in state M, no token ol
was added and again no arrivals took place We must thus héve as the

discrete-time ;\Trobablhty balance equation for this case, E

by = by +PM)00 (4-36)

Consider state M — 1 now. Repeating the same kind of argument, it is left for
the reader to show that the balance equlatlon is now given by

Pp-1=Pm-20¢ + Py-101 + Py (4-37)
More generally, allowing any number j of data cells to arrive in an interval, i
e with its corresponding probability of arrival a; the probability p; the system is ‘
b in state i just before a token arrival is given by the set of balance equations i
e ‘u
Ll
lcu- M \ i
ate \ P = PJ 18- P ,-i 1si<M (4-38)
Re- | ‘[ L M- e
ion e i Prri @) + Fra &
the and ( ko J 2+J 1% M M—'l
om i & ’ o
\ > Po=2,p;a;+ PM Uy M (4—39) \‘
age \ J=0 1 y\ A
M‘ Z I
Here “‘/VN-‘G | 'B’ [)‘Id\\} + PM“M' 1
34) Ao et | J=1 il
| i
ves i = i
g=1-Ya,=)a (4-40) 4
\ £=0 k=j+1 )
35) ] : i
lels It is again left f?r the reader to verify these equations C
One can now solve these equations recursively for p;, and from this, as
we shall show shortly, one obtains the desired data throughput as a\\ function
{implicitly) of D M, and, of course, the traﬁ'lc arrival statistics a;. The recur- A
cess sive technique proceeds as follows: | :
632. Choose sorne value of pys < 1. Then from equatlon (4-36), we have i
2ms, |

Py-1 -—pM(l a())/ao (4—41)
\
i

|
i
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|
Fr?m equation (4-37), one then finds

l
Py-2 =lppa(1 - ay)l - pyaila, (4-42)
Proceeding in this manner, we héwe, recursively,

M-1-i “

b=\ P~ anjdj — PyOy-1-; Ao, 0<isM-2 (4—43)

J=1

But recall that the value of py, was arbitrarily chosen. We now collect all
the p;’s generated and calculate the sum

S=Yp, (4-44)

Diyiding all the p;’s through by S to obtain the desired probability normaliza-
tion, we have, finally,

pi=pdS 0<isM (4—45)

|
Given p;, the probability the token buffer of FigJ.lre 4-15 is in state i,
how does one now determine the data throughput from |this? Recall that to be
tra]\nsmitted, each cell (packet), (2)n arrival, must find a token waiting; other-
wise it is dropped. Say the token buffer is in state M. ‘Then at most, M cells
can be transmitted. (No token can be added since the token buffer state has
beﬁen defined just prior to a possible token arrival. This arrival is blocked if
| the buffer is full). Exactly M cells will be transmitted if|M or more cells arrive
1 in the interval D sec long. If fewer arrive they will all be transmitted. Con-
| ‘ sider a token buffer state £ < (M - 1) now. Then the number of cells that can
“r ‘ be‘jtransmitted in one toKen generation interval varies from 1, with arrival
f ‘ probability a,, to at most (k£ + 1), since an additional token will be added dur-
ing that interval. (The buffer is no longer full). Putting this all together, we

get‘ as the throughput A*D, the average number of cells transmitted in a D sec

interval,

, y _

| ?\*D=pM{Ziai+M Zal}

( i=0 i=M+1

‘ (4-46)
M-1 k+1 o

+ Zpk[zmi +(k+1 Zai] .

k=0 =1 i=k+2

This is comparable to the normalized load A*/r given by equation (4-33a) for
thé earlier approximate analysis‘,

| Consider some examples. Take M =1 first. One token at a time only is
allpwed in the token buffer. Hence individual data cells only may be trans-

1‘
!
I
l
\
I
i
i
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mitted. If more than one arrives in the interval D, one will be transmitted and

the others drolpped. From equations (4-38) to (4—40), or (4—41) to (

find that |

Po=1-a, Pl—ao: M=1

From equatlon (4—-46) we find the throughput to be given by
A*D=(1- aQ)(p0+p1)—1\a0 M=1
For the case of Poisson arrivals [equation (4%34)], one then has
AMfD=1-eD=1-¢e M=1

with p = AD. |

4-45), we

(4—47)

(4-48)

(4-48a)

This is sketched, as a function of the normahzed load p =AD = Mr, in Fig-

ure 4-19. Also\ shown for comparison is the comparable curve found

using the

approximate analys1s as previously plotted in Figure 4-17. Note that the ear-

lier curve prov1des a conservative estimate of the throughput. This
be true in general

The second simple example is that for M 2. One finds here,

equations derived above, that

|

po‘ (1 a;—ap/(l-a;) pl—ao(l a1 -ay)

1
|

is found to

using the

Mr ——

i
1
FIGURE 4-19 ® Leaky bucket throughput characteristic.
|
|
|
|
|
1
\
|

pa=ai/ll-ay) M=2 (4-48)
Using these values of the token buffer probablhtles to calculate the normal-
ized throughpx‘lt from equation (4—46), it is eTsy to show that
1.0 1
. M=2
0.8 M=1
M =1, from Figure 4-17
i
0 0.4 0.8 1.2 \ 16 2.0 24
|
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4
|
|

| a M=2 (4-50)
(1-a)

|

|

A*D=A*r=1--

Taking Poisson arrivals again as an example,
|

AMfr=1-—2— | p=AD M=2 (4-50a)
(1-pe ”){

( o |

]
The curye for this case is also plotted i in Figure 4-19. By comparlson with Fig-

ure 4— 1? one can again see that the approxnnate analysis provides a conserv-
ative estimate of throughput here. | T

Although we have focused on the average throughpu/t in the analysis

above, ance that is one useful measure of performance controlled by the leaky

bucket technique, the loss probability'is of particular interest. Recall that this
was the‘ measure of QoS on which we focused in the previous section on ad-

m1ss1on} control. Ideally, as noted in ‘dlscussmg the form of the throughput-
load curve sketched in Figure 4~14, one would like a control to track the load
exactly 'until the maximum average throughput r is reached, and then satu-
rate at that value. This implies zero loss probability for A < r, and then the
value, from equation (4-31), required to have A* = r beyond that point. Specifi-

cally, the ideal P; — A curve would haTe the form
PL =0 ZJY' <1

| (4-51)
P, =1-1/(\r) Mr>1
In normalized form, letting p = M/r, we can also write
|
P,4=1{-1 p>1 (4-51a)
[P

How well does the leaky bucket mechanism perform| compared to this
ideal characteristic? The performance using the approximate model of Figure
4-16 1§ readily obtained from equation (4-32), the explicit expression for the
loss probablhty for this model. Note first, as expected thiat for large token
pool size M, the loss probability is Tmall for p < 1. At p = 1, the reader can

readily ascertain that

%
1

while for p >> 1,
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as desired for the ideal characteristic. By increasing the token pool size M,
then, one can approach the ideal characteristic more and more, but|again at
the cost of slower response time of the control. This is expected (Wf course,
since we noted the same behavior with the throughput characteristic|

The loss probablhty performance using the discrete-time model of [SIDI
1989] can also be obtained quite readily from the throughput equation of

(4—46). Using thlS together with equation (4——31) one can calculate|the loss
probability dlrectly as

p=1-MD_, VD (4-51b)
AD \ p .

with p again defined as AD. Sidi et al have carried out this calculation for the
case of Poisson arrlvals lequation (4-34)] and their results are reprodl\lced for
MW=p<l,in Fxgure 4-20. Note that the control behaves as expec ed. The
larger the token pool size M, the closer the control comes to the 1dea§\ control
just described. But, as already noted, larger values of M result in correspond-
ingly longer times required to detect violations of the control, howevexJ BUTT

1991}, [RATH 1991] There is thus a tradeoff between rapidity of response
and the ability to\detect violations.

l
One approa\ch proposed to overcome this problem is to mtro\duce a
“smoothing” buffer as part of the leaky bucket mechanism. This extended

form of the leaky\ bucket procedure is shown schematically in Flguré 4-21.

l

g
|
|

Loss probability
10 1072
|

1076

Offered traffic 7\/r

FIGURE 4-20 ® Loss probability, leaky bucket ( from {SIDI 1989], Figure
4. © 1989 [EEE). ‘
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|
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FIGURE 4-21 ® leaky bucket access control with data “sha ing"” buffer.

}_, \ Bursts of data cells are queued witll this scheme instead of being dropped if
: tokensl‘ are not immediately available. The traffic leaving the leaky bucket
controller is thus “smoothed” before accessing the network: As will be shown

in the analysis in the section following, the loss probability now turns out to

depend on the sum of the buffers. This has been noted a nllmber of times in
the hterature [SIDI 1989], [BERG 1990], [ELWA 1991]. One can use a smaller

l

l\ token buffer and increase the data buffer size correspondingly to attain the
\

|

!

same loss probability performance. The price paid, howelver is additional
delay introduced in the data path. \

|

4.3 = LEAKY BUCKET WITH DATA BUFFERING—FLUlD ANALYSIS

adding : a data buffer. This serves to buffer and smooth out bursts of cells ar-
riving, enabling the control to be exerted more quickly with

smaller value of
token buffer (or maximum counter value) required. The pric | paid of course is
some delay introduced in buffering i incoming cells. T

We now quantify these remarks by carrying out an analysis of the ex-
\ tended leaky bucket mechanism of Figure 4-21. We use a|fluid model ap-

proach for this purpose, repeating, and extending, the analysis of section 3.8.

‘ F1gure 4-22 portrays a fluid analysis version of the|extended leaky

l bucket mechamsm of Figure 4-21. The traffic source is, most generally, repre-

l\ sented by an N-state Markov- modulated fluid source such as|that introduced
l

|

\

|

\ We concluded the last section by notmg the leaky bucket can be extended by
\

\
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Data buffer 1

f— 8 — |

Markov-modulated

Departi I
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Token buffer

| v

Token arrival rate r

FIGURE 4-22 @ Fluid-flow analysis, leaky | bucket of Figure 4-21.

in section 3.8. The traffic model, equivalent to that presented in Flgur‘e 3-39,

is shown schematlcally in Figure 4-23. We repeat some of the analysis of sec-
tion 3.8 for completeness here. Transitions between states are governed by an
underlying Markov chain, only a few of which are shown in Figure 4-23. This
chain is again rep‘resented by an N x N infinitesimal generating matrix M, de-

fined (as it was previously in Chapter 3 by equation (3-47)) by

Nu 237 o My Huv
Hap  Ho Mgy e Moy
M= P r T s ol
Hip My o Wy e Wy (4-52) L
L“Nl HN2 uNj p‘NN_ ‘M i
(Compare with thF B x B matrix of equation (3-134) as well.) The diagonal ‘ \g
rate parameter |;is again given as ‘ H‘ i
x | A
l»l,-,-=—z}lij 1<i<N (4-53) ‘ ’1‘
4 %
i

Row sums are thu‘s all zero. The steady-state probability m; that the Markov

chain is in state i is then again given by solving the matrix equation
|

J L‘"’ -,




A Ay tate-dependent
fluid input rates

FIGURE 4-23 » Markov-modulaged fluid source model (fluid analog of
MMPP, Figure 3~11). ;

|

asM=0 (4-54)
with ]

\ = [ny, T, l CTG L, T (4-55)
‘ 1

the row vector of the N steady- state‘probabilities (A separate normalization
conditibn SN, m; = 1is needed to ensure the n’s represent probabilities).

A“s in Flgure 3-39, the input traffic rates shown in FlgLure 4-23 are con-
stant flows, as appropriate to a stochastic fluid source. As a special case, the
one on ‘Whlch we shall focus later, let the traffic source be modeled as the sim-

ple on- ?ff source of Figure 4-1. This i is reproduced here as Flgure 4-24. Then,
for this|case, \

M= [‘é’ _"B] (4-56)

and \

(B ]
ﬂ—l:a+B, 0(+B:] (4-57)

In this model A; =0, A;=R,. We use the same notation used previously in Fig-
ure 4-1 \to preserve contmulty \

|
1
|
o |
/——\“
1.\__#_/\2
off | l
FIGURE 4-24 » Simple on-off fiuid
R, source.
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Returning to Figure 4-22 (the model of the leaky bucket algorithm aug-
mented with a ﬁmte data smoothing buffer), note that we have changed the
notation somewhat from that used prev1ously The maximum tokeq pool is
now given as Bp \tokens rather than the symbol M used previously. The finite
data buffers shown can accommodate, at most, By, data cells. The obJectlve is
now to find the steady-state occupancy statlstlcs of the two buffers, X and Y
for the data and token buffers respectively, from which performance mea-
sures of interest ¢an be found. \

It turns out\ as noted earlier, that the performance of the extended leaky
bucket algorlthm depends only on the sum of the buffer sizes Lshown,
B =By + By, (Note again that the token buffer is only a model represer tation
The data buffer, on the other hand, is a real buffer.) This is due to the fact
that the two random variables X and Y are related to one another. In|fact, as
shown below, one doesn’t find the statistics of X and Y separately, but,|rather,
jointly, by deﬁnih\g an equivalent “virtual” que\ue representation from which

the statistics of e“ither one can be found [ELWA 1991]. To demonstra‘te this,
note two facts from the leaky bucket technique: 1‘

|
1. The data buffer can be occupied only if the token queue is empty;

other-

wise the data cells would be transmitted, one per token. Hence V\;e must
have \

Y=0, X>0 (4-58)

\
2. Conversely, the token buffer can be occupled only if the data buffer is

empty. If data cells were queued, they WOl‘lld each capture a token and

be transmitted. Hence we also have i
|

X=0, Y> 0 (4-59)

Conditions of equations (4-58) and (4-59) are both encapsulated in the|single
condition H

‘ XY=0 | 4-60)

Following the‘ approach of Elwalid and Mitra [ELWA 1991], we now de-
fine the following single “virtual buffer” random variable

W=X-Y+By ]1 (4-61)
Note that because of the conditions on the random variables X and Y,
|0<X<B, 0<Y<Bj
W has the followin‘g properties:

|
|
|
1. 0<W<Br+Bp,=B | (4-62)
2. In the range 0 < W< By, l \
|
\ X=0, W=B,~-Y (4-63)

i
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3. In therange By < W< B=Bp+ Bp,
Y=0, W=X+Byp (4-64)

Since X and Y appear at disjoint ranges of W, one need only find the statistics
of W. From these, one can ﬁnld the statistics of X and Y, using equations
(4-64) and (4-63) respectively. The range of W and its relation to Y are dia-
grammed in Figure 4-25.

Because of the stochastic fluid process assumed driving the data buffer
(Figure 4-22), X and Y, and hience W, are all continuous r.v.’s. To find the
statistics of W, and from these‘\, those of X and Y, if desired, we proceed as
previously in our fluid-flow analysis. We dispense here with the initial in-
cremental time analysis used tlo find the equivalent probability distribution
in Chapter 3 (see equation (3-13) for example), and proceed directly to the
steady-state analysis as was done in section 3.8. Thus define the joint prob-

ability
F; (x)=Prob. W<x, S=il (4-65)

with S =i the state of the input source Markov chain, 1 <i < N. Note from the
definition of W that this implies

F(B)=m, (4-66)

Proceeding as was done in Chapter 3, one then shows that the desired solu-
tion for Fi(x), 1 <i <N, is given by the solutions to our familiar set of linear
differential equations now specialized to this problem,

dF(x) _ <\
(xi_r)?=;uﬁzrj(x) 1<i<N (4-67)

Here L,; is the transition rate between states i and j of the underlying N-state
Markov chain (Figure 4-23), 5\,- is the input fluid rate at state i, and

_— W

L il \ |

- I l

0 B; B=B;+ By
| ———— v ——

B, 0

I‘__ ‘X=0 __,l X Bp

FIGURE 4-25 ® “Virtual buffer” variable W,
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W =-— SN 1 e H;. This is to be compared with equation (3-138). Details are
left to the reader.

More compactly, in vector form, we have our familiar equation

dF(x)
X

D=Fx)M (4-68)

with
F(x) = [F (x), Fy (x), .. ., Ky (X)] (4-69)
M the N x N matrix of equation (4-52), and

D = diag. [r; - 7] (4-70)

(Compare with equation (3-139) to equation (3-141). Note that the token ar-
rival rate r, the counter increment (or decrement) rate in the leaky bucket
procedure, takes the place of the capacity C; or|u in our earlier work using
fluid analysis. As noted much earlier in Chapter|3, we clearly must have A; =
r, all i. The solution to equation (4—68) is again given by sums of exponentials:

N
F(x)=) a®e"" (4-71)
J=1

with (z;, ®)) the (eigenvalue, eigenvector) pair sati‘isfying the eigenvalue equa-
tion

z®D=0M  1%<j s\N (4-72)

|

The a/’s, 1 <j < N, are again constants to be determined by invoking N bound-

ary conditions.

Note a basic difference beween this solution and that found earlier
using the fluid source process: Here the “buffer” c%yccupancy r.v. W is bounded
(0 < W < B = By + Bp), whereas previously we had always assumed the buffer
was infinite. The variable x (the continuous-valu‘ed state of W), is thus finite
as well. Hence we must retain all the eigenvalués, positive as well as nega-
tive, in the solution of equation (4-71). This is where the analysis here de-
viates from that of section 3.8. As previously, lone eigenvector is known.
Since w M = 0, one eigenvalue of equation (4-72) must again be zero. Call-
ing this eigenvalue z;, its associated eigenvectér ¢, = 7. Hence equation

(4-71) can be simplified to
N
F(x)=am+ Zajd)jez"x (4-71a)
Jj=2

We now need N boundary conditions to find the unknown constants @), 1</ <
N. (Why is a; not equal to 1, as in our earlier fluid|analysis?)
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‘ To establish these, we note that, just as in our discussion of statistical
! multiplexing in Chapter 3, as well as our admission control analysis earlier,
some of the Markov chain states must be underload or “emptying” states; the
others must be overload or “ﬁll‘ing” states. (What is “filling” or “emptying”
i here?) Specifically, with r takingl the place of our link capacity C;, in the previ-

; ous discussions, there must exist some Markov states i for which

A; — r < 0: emptying states;
and some i for which
A; —r > 0: filling states.

{(Why must this be so? What would happen if r < A, all i; or r > X, all i?) Hence
all N states of the Markov chain modulating the source arrival rate can be di-
vided into two disjoint sets,

Sp = {{leNA; — r > 0): filling states

and
Sk = [ieNA; - r < O}: emptying states

We have said nothing abOL%t the relative size of the As in Figure 4-23
thus far. Without loss of generality, assume that the Markov chain states are
chosen such that the A’s monotonically increase with the state number.
Hence we have

M<Ag<hg<.oo o < 1< hy (4-73)

Let A, correspond to the largest source rate such that the system is in the

emptying range. Then we must }ilave M-r<0,A—-r)>0and A, <r <Ay
State [ is thus equivalent to L, in our earlier work, while (I + 1) is equivalent

toL,

Consider the / emptying states now, ieSy. Since the data arrival rate is j
less than the token arrival rate in these states, A; <, the tokens are tending :
to collect. The data queue of F1gure 4-22 is tendmg to empty (X — 0) and the i

token queue is tending to fill ( Y—r Br). Hence

W=X-Y+By—-0
For these states then, the probability the “virtual queue” is full tends to zero,
| : or we have
B Prob. [W=B, S =i] =Prob. [X=Bp, S=il=0  ieSg (4-74)

I But note that
: ' Prob. [W=B,S=il=P[W<B,S=i]-PIW<B",S=i]
From equation (4-74) we thus have

PIW<B>»S8=il=P[W<B,S=il=mn
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In our probability distribution function notation, then,
F(B-)=m 1Sy (4-75)
This provides ! of the N boundary conditions.
Consider the remaining (N - {) filling sta]tes ieSyp. For these states, with
A; > r, the token buffer of Figure 4-22 tends to empty (Y — 0), the data buffer
tends to fill (X — Bp), and
W=X—Y+BT—) BD+BT=B
For these states, then, the probability that the virtual queue is empty must be
zero. We thus have
PW<0",8S={]=F0"=0" ieSp (4-176)

Since S U Sk = N, equations (4-75) and (4~76) provide the necessary bound-
ary conditions from which to find the N unknown constants ¢; 1 <i <N, of
equation (4~71a). The N equations to be solved|for the N unknown a;’s may be
written out in scalar form as follows:

1. iESE:
N -
FB)=n=a,7x+ Zajq,ﬂeaf? (4-77)
j=2
2. iSSFI
N
F0)=0=a,7,+ Y a,0, (4-78)
=2

(To get these equations, the jth eigenvector @, has been defined as @, = [®;,,
Dy, ... Dy . DD,

We now apply this analysis to the simplest example, the basic on-off
source of Figure 4-24. This could be representativ‘e of a voice source or an image
source, depending on the choice of parameters. But note that this is precisely
the example used in section 3.3 in our first discussion of the fluid source model.
For this example there is of course only one eigen‘value z to be found. Using the
results of the earlier analysis (as a check, see equations (4—~23) and (4-24) in the
admission control analysis of section 4.1), we have immediately for this case

(o+P)
(R, ~r)

——(1-p) (4-79)

where now

psﬂ[ o ]:if”l (4-80)
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p=of(a+B).
(Compare with equations (3-25a), (3—108) and (3-111), and (4-22) to (4—24)).
Recall again that the token parameter r here corresponds to C, in section 4.1.
Note that the average load pR, he;are corresponds to the average load A (the
Poisson arrival rate), on which attention was focused in the previous section.
The parameter p = pR/r defined he}are then corresponds to the normalized load
AMr appearing in the previous two models. Recall that we used the symbol p to
represent the normalized load in those models as well.

The single eigenvector & = [(D‘l, ®,] appearing in equation (4~-78) for this

on-off traffic model was found as well in section 3.3. See equation (3—-30) for

that result. In terms of the notatio[n used here, we have

@/, =(R, - r)ir= [& - 1] (4-81)
r

Letting @, = 1 arbitrarily (we could just as well have set @, =7, ®; = (A - r)),
we get, for this example,

Flx)=am+a, [[% - 1], 1}3"‘ (4-82)

The two unknown constants a; and a, are found using the boundary condi-
tions of equations (4-77) and (4-78). In this simple example, with N = 2 states
only, state one with A, = 0 is the emptying state and state two with A, = R, is
the filling state. We must thus haye 0 <r < R,, for the fluid analysis to provide
a stationary solution in this case./This implies that the single eigenvalue z of
equation (4-79) will be negative if the parameter p defined by equation (4—80)
is less than 1. This corresponds to the region A < r in Figures 4-14, 4-17, and
4-19, since the A there is the average (Poisson) arrival rate, comparable to p
here, as noted above.

From equation (4-77) we have, using equation (4-82),
. R -
F(B)=n=ar, +a, £ -1}° (4-83)
: r

with n; = (1 - p) = B/ a + B).
Similarly, from equations (4-78) and (4-82) we have

F2(0+) = 0 = a1n2 + a2 (4—84)

Here my = p = o/l + PB). .
Note that the parameter B = By + By, the sum of the two buffer sizes, enters
naturally here, as noted earlier. [It is this parameter that will play a role in
determining the throughput and ?oss probability performance of the extended

leaky bucket procedure. Solving equations (4-83) and (4-84) simultaneously
for a; and a,, we get
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- a R zB _ ' l
24)). | a; = U[l——ﬁ[—rf-— 1]e ] (4-85) | i
4.1. : .
(the \
don. .
load : ay,=-Tya; = -a, alla+p) (4-86) /!
pto

1
‘ L
and A8

(Note that we have dropped the - from B~ since it is no longer needed here.) ) E:l s

. Using equations (4-85) and (4-86) in equation\ (4-82), and following the nota- o }
this tion of [ELWA 19911, we finally get for the two probablhty distribution func- f
for tions in this case of a single on-off source, ‘
Fi(x) = 1, A(x)/A(B) (4-87) «
'81) and ‘t‘" 1
) Fo(x) = mo(1 - e2x)/A(B) {4-88) Ul
r)), :
with 5
X
_, ok, 22 4-8 o
82) A(x)= I—E(‘r——' lle ( 9) . ‘ |
S
i 1
di- 7, =B+ B), =1 — m; = o/l + B), and z given by equation (4~79). i
tes All the performance parameters of interest can be obtained from Fi(x) S
is and Fy(x). We shall obtain these after first deV\eloping performance parame- ;“}:\ii
de ters for the general N-state Markov chain model. ‘,l
of Consider the average throughput A*, in cell\s/sec, first. This can be calcu- f‘
30) lated in a number of equivalent ways. One way %s to say that this is the aver- : j‘\
nd age load, less the cell loss when the data buffer is full. This may be written as . \ ‘
ul
A= Zx , Ea -r)PIX =B,, S=i (4-90) A
i=1 2
3) The first term on the right-hand side is of course the average load, averaged l
over all N states. The second term is the average cell loss, also averaged over 4
the N states. But note that the (V - [) filling (overload) states only will be o
included in the sum since we have already seen that in the emptying (under- '[
load) states the data buffer cannot be full and ce\:\lls cannot be lost [see equa- o
4) tion (4-74)]. The probability P[X = By, S =1i] thab\ the data buffer is full with B
the system in overload state i, is readily calculated as
s PIX=Bp,S=il=P[W=B, S=i]
n
d =P[W<B, S=i-PW<B-,S=i (4-91)
y
=7; — Fi (B—)
N |

(K o
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This is similar to the analysis following equation (4-74) above.
We thus have, from equation (4-90),

x*—an ~Y =1 [x, = F(B)] (4-90a)

|
|
! N N
|
|
\‘ =1 i=1

This can be rewritten in somewhat different form by expanding the second
sum and noting that the first sum then cancels:

N
A*=r+ Y F(B)A, -1 (4-90b)

i=1

An alternate approach is to focus on average token tl\\u‘oughput. Since
every cell requires a token for transmission, the average token throughput
must equal the average cell throughput. We thus have, immediately,

N
M=r=Y (r=1)F(0) (4~90c)

i=1

The second term here represents a mean token “loss” due to a full token
buffer, since

P[Y=Bp, S=i]=P[W=0,S=1]

|

\

\ (See equation (4-63) or Figure 4-25.) This implies, comparing equations
§ (4-90b) and (4-90c¢), that

|
\
|

N N
Zai -nF(B) =2<k; - PF0) (4-92)

o

|

‘; More generally, Mitra has shown [MITR 1988] that the followmg identity
B } holds:
\“ ‘}

\

|

N
Y F.(x)(A, - r) = constant, allX (4-93)

| i=1
|

Consider the on-off source of Figure 4-24 as an example. Recall again
that A, =0, A, =R, p = Ryp/r, p = o/o + B) in this case. Tﬂen it is readily
1 shown, using equatlons (4-87) and (4-88) in either (4-90b) or (4-90c¢), that
\ the normalized throughput for this example is given by
|

1 [MITR 1988] Mitra, D., “Stochastic Theory of a Fluid Model of Producers and Consumers Cou-
pled by a Buffer,” Adv. Appl. Prob., 20 (1988): 646-676.




\ Leaky Bucket with Data Buffering-Fluid Analysis & 171

A*/r=1-(1-p)/AB) (4-94)

The term A(B) is again found from equation (4-89). It is also left as an exer- g ‘

cise for the reader to demonstrate identity (4-93) in this case.

102) " The cell loss probability P; is easily obtained in this case from equation
‘ (4-94), using equation (4-31);

ond

| I * P
\1 PL=1—7\.*/Z7ki1ti=1—l Ir pER"p (4-95) b
‘ i=1 p r 5
Ob) Note that this is identical to equation (4-51b), as it should be. As already
noted, pR, in the on-off case and more generally SN_Am; for the N-state
Markov chain modulating traffic model, correspond to the average Poisson ar: i
'mi rival traffic rate A in the models discussed previously. 3
n

‘How can we use these results for the on-off case for design purposes?)
Consider the range p = pR,/r < 1 first. We must also ensure that R, > r; that
is, that there exists a filling or overload region of operation. Calculations can
) thus only be carried out for p > p. Recall that this is the range of operation in
which we would like the loss probability to be very small. From equations

(4-94) and (4-95), using equation (4-89) to evaluate A(B), we then get w
en | i

R
P = (—1- - 1)[1— A(B)]= (l - IJE(——”— - 1}3’3 <<1 (4-96)
‘:‘ P pJBUT
18 éince z < 0 in this range [See equation (4-79)], the loss probability de- i;:‘*

creases exponentially with B = By + Bp. We take two examples now.

Example 1 [ELWA 1991]: :
2) This is a voice-like source. Let 1/ = 1 sec, 1/o. = 1.86 sec, p = 0.35. Take -
p=0.7. Then R,/r = 2. From equation (4-96) it is then readily found that ;i

log,, P, = —0-38[R£J— 0.636 p=0.7 (4-97) 1
i P '
) For voice we have R, = 170 cells/sec when in talk spurt (see Chapter 3). Table
4-1 shows the values of B required for various values of P;. Note that dou-
bling the value of B changes P; by two magnitudes in this case. As the value ol
of p is increased, approaching p = 1, correspondingly larger values of B are re- o
quired. | ‘

e T

Example 2: A very bursty image source [BUTT 1991].

Let the average burst interval 1/p = 0.5 sec, while the average “off’ time
is Vo =11 sec. Then p = o/(a + B) = 0.0435. Let the image transfer rate
during the burst interval be R, = 5200 cells/sec. (Note that this is then 30
times the rate required for a voice source). An average image thus consists of

. .
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— —

TABLE 4-1 = |eaky Bucket Control, Voice-like
Source, 170 cells/sec, average talk spurt=1 sec,
average silent interval = 1.86 sec, p=0.7, r=85

P, B (cells)
10-9 3550
107 2700
10-5 1850
1073 1000

2600 cells, or 114,400 octets (915,200 bits), if 44 octets of payl‘oad appear in
each cell, as proposed for the class 3/4 ATM Adaptation Laye‘r. (The actual
ATM transfer rate is 2.2 Mbps, using 53-octet ATM cells). ‘

Let us (naively, it will appear) choose p = 0.7 as the nominal operating
point. Since p = pR,/r, this implies the token (or counter) increment rate is
r =R,/16.1 = 323 tokens/sec. This appears to be a reasonable n‘umber. Using
equation (4-96), we then calculate the “buffer” size B required for a given
value of cell loss probability P;. For images, this number is [usually much
smaller than the value allowed for voice. Say, specifically, that we require
P; =10-2 at the nominal operating point. For the number chosen here we then
find B = 152,000 cells! This is clearly an exceptionally large nun‘lber, even if B

can be split between the data buffer of size By and the token ﬂool of size By.

The problem is that with bursty traffic, with a relatively high p‘eak rate when

transmitting, one needs a much larger token (or counter) increment rate. This
requires increasing r considerably, or, equivalently, reducing [the operating
value of p.

[BUTT 1991] have developed some design rules for choosing the two
leaky bucket parameters r and B. They consider a number of control scenarios
involving two types of traffic—voice and the bursty, image-like source, we
have been discussing. It turns out the proper choice of the two parameters de-

pends on what the leaky bucket technique is designed to cox‘ntrol and how

tight a control is required. If, for example, it is the peak data transfer rate R,
that is to be controlled, then it turns out the token increment r:ite r should be
close to R,,. This implies operating at a value of p ~ p << 1, not\the relatively
high value of p = 0.7 chosen above. Increasing the rate r brings the value of B
required down considerably.

The design rule they propose for this case of packet rate|control is the
following: Choose the loss probability P; required at the normal operating
point. As an example, let it be P; = 10-9. Choose a fractional increase in the
data transfer rate beyond which the system should not go. The|loss probabil-
ity should thus increase considerably beyond that point. (Note that this ap-

proach is similar in philosophy to the comment made in the previous section
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!
that an ideal control is one that has zero loss up to a particular operating
point'and then clamps the data rate to a maximum average value beyond that
point,) Consider, as an example, the following design rule [BUTT 1991]:

|

1. Pp=10-9 at the normal operating values of oy, B, and Rp.
2. {’L 20.07 for B,,; 2 1.2 R, oy, By unchanged.

(Note the tightness of control here: a 20% increase in the peak rate R, results
i more than eight magnitudes of increase in the loss probability P;!) Using
equation (4-96), we get two equations to be solved for the desired design val-
ues of r and B.

In particular, for the example under consideration here, we find
\

} r = 0.99 R, = 5150 tokens/sec
and }«‘

| B = 0.077 R, = 400 cells

The operating point turns out to be p = p, as noted above. Note, in particular,
the drastic decrease in the value of B required.

The discerning reader may have been wondering why the buffer sizes ob-
tained here differ so much from the values used in the previous section (see
Figures 4-17, 4-19, and 4-20, with the maximum value of M chosen as 10).
There are two reasons: 1. The traffic source models are clearly different; 2.
The controls were, implicitly, not as tight as the one chosen here. Consider,
for example, Figure 4-20, taken from [SIDI 1989]. Note that the control be-
comes tighter as the token pocl size M (comparable to B here) increases. This
is of course as to be expected and agrees with the throughput-load curves of
Figures 4-17 and 4-19. But note from Figure 4-20 that with M = 10, the loss
probability increases by three orders of magnitude as the load increases by
50%. Although this is a relatively tight control, it is not as stringent as the
one proposed above with P; increasing by eight orders of magnitude for a 20%
increase in the load.

To show the impact of tightening the control in a very simple manner,
consider the first, very approximate leaky bucket model described in the pre-
vious section. Just as we showed that we should choose r ~ R, for bursty on-off
sources, pick r ~ A as the desired operating point for the Poisson raodel. In
particular, let p = A/r = 0.9. Say we again want P; = 10-9 at this lozd. Then,
from equation (4-32) we readily find that M = 184 is the token buffer size re-
quired. A 10% increase in load to p = 1 then increases the loss probability to
P; =1/(M +1) = 0.005 in this case, a 105~ 106 increase in loss probability. An-
other 10% increase, to p = 1.1, increases P, to P, = 1 - 1/p ~ 0.1, just the 108
increase in loss probability required in the on-off example. So note that one
gets comparable results with these two very different models.
|
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Say a still tighter control is desired with the Poisson approximate model,
Let p = A/r = 0.99 as the normal operating point, with P, = 10—9\‘ desired at thig
point. Then, from equation (4-32), we find M = 1600. If the load now increases

1%, to p = 1, P; increases to P;, = /(M + 1) ~ 6 x 10-4. If it in\creases 20% to

p = 1.2, the loss probability increases to Py, = 1 - 1/p = 0.17, aggin an increase

of 108. So it appears that the tightness of control required is|principally re-
sponsible for the size of the buffer required.

The discussion above related to peak rate control. Similqr design rules
for the leaky bucket algorithm can be adopted for the control of\ other parame-
ters [BUTT 1991]. Consider, for example, the control of the average on-time
interval 1/B of a bursty on-off source, or, equivalently, the average number of

cells transmitted by the source at a fixed peak rate R,. The des‘ign rule might

then be to limit any increase in 1/p to some tolerable value. Fo“r increases be-
yond this value, the loss probability P; should again increase substantially.

Consider the following example of this control approach. Let a bursty on-
off source have an average nominal transmission interval (on-time) of 1/8,=1
sec, while it is nominally off for 1/0, = 10 sec. During the on-tim“e, it transmits
at a peak rate of R, = 10,000 cells/sec. (This corresponds to a 4.24 Mbps trans-
mission rate if 53-octet cells are used. The actual data transmitted in the
1-sec, average, on-time interval, using a figure of 44 octets of data per cell, is
3.52 Mbits.) Say it is desired to have P; = 10-6 for these normal source charac-
teristics, but to have P increase to at least 10-4 (two orders of ‘\magnitude) if
the average on-time increases to 1.5 sec. (a 50% increase). Then it is left to the
reader to show that the appropriate values of » and B are r = 5700 tokens/sec
and B = 60,000 cells, respectively.

We have thus far described the performance of the leaky bucket tech-
nique with a shaping or smoothing data buffer (Figure 4-21), il‘ndependently
of the size of the data buffer. All the results, thus far, have been shown to de-
pend on the total “buffer” size B = By + Bp. Recall that By is not I‘(eally a buffer
but the token pool size in the token model (Figure 4-21), or the maximum
counter size in the leaky bucket counter implementation. Given the proper
choice of B and r discussed above, how does one now decide on‘\ the distribu-
tion between the actual data buffer By and the token pool (or maximum
counter value) By? This is where the “smoothing” or “shaping” introduced by
the data buffer, as noted earlier, comes into play. )

Consider the extreme case in which there is no token buffer (or, equiva-
lently, no counter) for the leaky bucket. All buffering is then donF by the data
buffer. As a burst of up to B cells arrives at the leaky bucket controller, it is
stored in the data buffer, to be read out at the fixed rate of r cells/sec. The
“burstiness” of the source has then been “absorbed” by the leaky‘ bucket data
buffer, and the output process is much more regular. In essence, the introduc-
tion of the data buffer has reduced the variation in time of the input (traffic)
process. This is measured by the coefficient of variation ¢2, deﬁll‘led to be the

ratio of the variance to the first moment (mean) squared. A deterministic
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\
process has ¢ =0, ¢ for a Poisson process is 1, and a bursty on-off process has
¢2 =02/m2=p(1 - p)p? =(1 ~ p)fp, with p again defined as the probability the
souree is in its on-state.

Elwalid and Mitra [ELWA 1991] have calculated the first and second
moments of the leaky bucket output process, from which the output coefficient
of variation is readily obtained. The first moment for the on-off bursty source
considered in detail in this section is of course the average throughput A* as
shown to be given earlier by equation (4-94). This depends on the total buff(\ar
size B = By + By, as noted a number of times. The second moment is found,
however, to depend on both Bp and By. In particular, with B = By + By ke;\)t
fixed, the output coefficient of variation is found to decrease with increasing
data buffer size Bp. Similar results are obtained for more complex sources
modeled as three-state Markov chains [ELWA 1991, detailed version]. These
results validate the intuitive comment made above that introducing a dat
buffer “smooths” the output process, reducing its variation.

i Consider Example 1, the voice-like source model mentioned briefly earr
lier. Recall that this had the following parameters: R, = 170 cells/sec, 1/f = 1 sec,
1/o=1.86 sec, p=0.35, p=0.7, and hence r = 85 tokens/sec. For this example, thé
input coefficient of variation ¢ 2=(1 - p)/p =1.86. Elwalid and Mitra have plotted
the output coefficient of variation as a function of the token pool size By (hencé‘
Bp as well) for P; = 2.26 x 10-5 and B = 1700 cells.! For By =0 (that is, B, =1700
cells), the output coefficient of variation is reduced from 1.86 to 0.4. The trade-
off, however, is that the data traffic experiences delay. Specifically, for Bj, =
1700 cells and a peak rate of 170 cells/sec, the maximum delay becomes 10 sec.
The average delay, as calculated by Elwalid and Mitra, is 2.17 sec [ELWA
1991]. This is clearly intolerable for real-time voice with maximum end-to-end
delays, source to destination, limited to 100 msec. But for certain nonreal-time
data traffic with these characteristics, such delays might be acceptable.

Both the maximum and average delay decrease, of course, as By in-
creases (Bj, decreases), with B fixed. But the output coefficient of variation in-
creases rapidly as well. In the example calculated by Elwalid and Mitra, By
can be no more than 10% of B if the output ¢? is to be kept relatively low. For
By = 170 tokens and B, = 1700 — 170 = 1500 cells, the output coefficient of
variation is about 1 (still considerably less than its maximum value of 1.86),
while the average delay reduces by about a factor of two to 1 sec [ELWA
1991].

This chapter has focused on the leaky bucket algorithm as a method of
carrying out Usage Parameter Control or policing of traffic sources admitted
to an ATM network. This is the technique most commonly discussed in the lit-

Note that Elwalid and Mitra use the “unit of information” formulation discussed in Chap-
ter 3. The unit of information is the number of cells transmitted in an average on-interval. For
R, =170 cells/sec and 1/8 = 1 sec, this is just 170 cells. Their buffer sizes are all shown normalized
to the unit of information. Hence B = 10 in this example, using their notation.
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erature and is the basis of the Generic Cell Rate Algorithm proposed by the

ATM Forum, as already noted. But it is clear from our discussion that not all
source types lend themselves to leaky bucket control. This mechanism has
two control parameters only, and although adaptive versions inc‘orporating
additional adjustable parameters have been proposed in the literlature, the

control of more complex traffic types may require completely different ap-
proaches to the policing or access control function. In particular, Skelly has

proposed a so-called Worst-case Histogram Control method for pol‘lcmg VBR
video traffic to ensure it conforms to its agreed-on traffic descrlptors [SKEL
1992]. This method applies the video histogram representation of section 3.7
to the access control problem in this case.

In particular, the proposal here is to supply the network admission con-
troller with the video histogram parameters. (Recall from sectlon 3.7 that
eight such numbers were found to provide a good representation of the video
signal.) In the case of stored video, such as might be available on tape, the
numbers can be measured beforehand and be made available to the network
during the admission control procedure. In the case of video being produced in
real time, these parameters could be measured at the beginning of the film-
ing. The control procedure than consists of continuously monitoring these pa-
rameters as the video signal is generated and transmitted into the 1“1etwork. A
window of measurement has to be chosen, both for the admission} procedure
and for the subsequent control phase. Measurements are made offline of these
parameters as the window is scanned across a segment of the sign‘al and the
worst-case parameter measurements are selected and compared with the
agreed-on parameters. (The phrase “worst-case” here implies the largest pa-
rameters or those with the highest bit rates.) ‘

A relatively long window provides more accurate control, but suffers
from a longer delay in detecting violations of the agreed-on traffic descrlptors
A short window provides more rapid detection of violations, but tends to ap-
proach peak-rate control as the window gets smaller. ‘

Two methods of dealing with violations can be used, as noted earlier.
Cells can be dropped if a violation is detected, or cells can be tagged for future
dropping further into the network wherever congestion might be detected.

Simulation of this technique has shown that cell dropping is morl'e effective
than cell tagging in detecting violations, and that the technique can do so suc-

cessfully in a multiplexed environment without harming conformlng sources
[SKEL 1992].

4-1 a. Verify that the two probabilities P; and € given by equations (4-—4)
and (4-5), respectively, may be approximated by equatlons (4-4a)
and (4-7).
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b. Show that P; and ¢ are related by equation (4-8).
| ¢. Derive equation (4-10) for €, using the approach suggested in equa-
! tions (4-9) to (4-9b). From this, show the normalized capacity C is
! given by equation (4-12), For € = 10-5 show C is given by equatioﬁs
1 (4-14) and (4-14a).
' d. Repeat e. using P in place of g, and find the capacity expressxons
equivalent to equations (4-12), (4-14), and (4-14a). (Here Py = 10~ 5\)
How do the two sets of expressions compare?
e. Consider the case of N multiplexed on-off sources. Take p = 0.02 and
‘ R, = 4 Mbps. Plot C, = CR,, vs. N for the three separate casels
; e =104, 10-5, 10-6, For each case, include curves for peak and ave
| age capacity assignments superimposed on the same figure.
- f. Consider the case € = 10-5, p = 0.02, R, = 4 Mbps, C; = 200 Mbps.
What is the maximum number of sources allowed (This is the ad
mission policy.) How does this change if C; = 100 Mbps?

4-2 Consider the multiplexing gain defined by equation (4~20). Plot this Vs,
- p on a log-log scale for € (or P;)=10-7and C = 10, 100, and compare with
. Figure 4-9. Calculate p = G,p and plot vs. p as well

4—3 a. Using the fluid-analysis loss-probability approximation of equatlon\
(4-25), show the equivalent capacity is given by equation (4-27).
E b. A particular image source generates traffic at a peak rate of
! R, = 5200 cells/sec (What is the rate in Mbps?) Its average burst inw‘
terval is 1/8 = 0.5 sec (What is the average image size, in octets?
Don’t forget to take off the 5 octets of header per cell.) N = 100 such
sources are multiplexed. Calculate and plot the capacity C;, in
cells/sec, required as the average “off” interval 1/o is varied from a
very large to a very small value. The buffer size chosen is x = 3900
cells. P; = 10-6 is required. Find the maximum buffer delay as well.
Repeat for different values of x and P, of your own choosing.
4-4 Calculate the equivalent capacity for the examples of problem 4-3b.
zabove using the simple estimate of equation (4-12). Superimpose on
‘the same plots as those of problem 4-3b. and plot the smaller of the

two, as proposed by [GUER 1981}, equation (4-29). Discuss your
results.

V

4-5 N bursty on-off sources are to be multiplexed together at an ATM access
port. Each source has exponentially-distributed on- and off-times, with
average values of 1 sec and 10 sec, respectively. When “on,” a source
transmits at its peak rate of 5 Mbps. The outgoing link capacity of the
multiplexer is 100 Mbps. »

a. Find the number of sources that may be accommodated if (1) peak-
. rate allocation is used; (2) average rate allocation is used. What is
! the probability of loss with peak-rate allocation?

b. Find the number of sources that may be multiplexed if the probabil-

|
|
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ity of loss is P; = 10-6. P, is approximated by the average time the

| multiplexer is in the overload region.

; ¢. Repeat b. if approximate fluid-flow analysis is used, with the proba-

\ bility of loss defined as P; = Plbuffer occupaney > x|, x chosen such

1\ that the maximum buffer delay is 100 msec. Compare|all four values
of N in a., b,, c.

| d. Repeat a., b., ¢c., if the average off-time is reduced to 5 sec. Compare

with the previous case of 10 sec.

| i 4-6 Three different representations of the leaky-bucket algorithm, two

i using counter implementations, the third using the conéept of a token

“ : pool, are described in section 4.2. Show all are equivalent\.

‘ , ; + 4-7 This problem focuses on the analysis of the leaky bucket|access control
‘ 3 carried out by [SIDI 1989], as summarized in section 4.2.

1‘ a. Using steady-state balance arguments, as described in the text,

j show the steady-state probability p, that there are i|tokens in the

| token buffer of Figure 4-15 is given by equations (4-38) to (4—40).

b. From a. above, validate the recursion relations of equations (4—41)

to (4-43).

i ‘z ¢. M =5 is the maximum burst size. The arrivals are Poisson [equation

\ 1 i (4-34)]. Find p, i = 1 to 5, for a number of values|of A D = Mr,

1 |

! 0 <A D < 2.5. Note: You'll have to use a normalization technique

‘ such as the one proposed in equations (4-44) and (4-45).

‘ d. Show the normalized throughput A*D (or A+/r), the av‘erage number

: ; | of cells getting through the leaky bucket regulator in|a D-sec inter-

; ! val, is given by equation (4~46).

! e. Plot the normalized throughput-load curve, A*D vs. AD (or A/r vs.
AMr), for M = 5, using the results of c. above. Superimpose the curve
obtained using the much simpler approximation of equations (4-31)
to (4-33a) and compare.

f. Using equation (4-51b) and the results of e. above,| plot the loss
probability P; as a function of A/r for the same example and over the
same range of normalized load. Compare with Figu~re 4-20. (But

note that that figure only has AMr up to 1).
4-8 Starting with the “virtual buffer” r.v. W, as defined by equation (4-61),
g ‘ show that the joint probability F(x), as defined by equatio“n (4-65), sat-
! isfies the differential equation (4-67). Compare with the differential
: equation obtained in problem 3-22a. Show the solution to equation
! (4-67) is given by equation (4-71a). Why is a, not equa‘l to 1 in this
| case? Carry out your own analysis to show that the equatibns providing
1 the N unknown boundary conditions appearing in equation (4-71a) are
given by equations (4-77) and (4-78).
4-9 This problem focuses on the leaky bucket fluid-flow analysis for the on-
off (bursty source) model:

W
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a. Show that for this model the joint probability vector F(x) is given by
\ equation (4-82), with the eigenvalue given by equation (4-79).
| b. Show that the two constants a; and a, in equation (4-82) are given
‘ by equations (4-85) and (4-86). Show that the two components of
F(x) in this case are given by equations (4-87) and (4-88).
¥ ¢. Determine the normalization throughput A+/r for this case and show
L it is given by equation (4-94). Calculate the loss probability PL\ and
| verify it is given by equation (4-95). Show that for very small| val-
: ues, P, is approximated by equation (4-96). |
4-10 Consider an on-off source with the following characteristics: the gver-
age on-time 1/8 = 0.35 sec. The average off-time 1/o. = 0.65 sec. The peak
rate of transmission R, = 100 cells/sec. (What traffic source has these
characteristics?)

a. Find the leaky bucket token increment rate r for p=pR,/r=0.5,0.7,
0.9.
b. Calculate and plot P, vs. B for each of the three values of p above.
Take 0.1 2 P; > 10-9. Use a log scale in plotting P;.
; c. Take p = 0.5 as the access control operating point. B is chosen to
‘5 have P = 10-% at that point. Calculate P, if R, increases to \120
\ cells/sec, and then to 140 cells/sec. Repeat if p = 0.7 is chosen as|the
i operating point. Which point provides tighter control? What are|the
tradeoffs with respect to B and r?
4-11 A human user interacts through a network with an image source
file. Each image averages 800,000 bits (100,000 octets) in size. The
image source, during admission control, is allocated 2 Mb/s transmis-
sion rate in transmitting images across the UNI to the network actess
buffer. The time between images requested by the human user is e\sti-
mated to average 10 sec. An exponential on-off model is assumed to be
valid.
a. A leaky bucket policing mechanism is to be designed to have
“ P; = 109 for the traffic descriptors noted above, but to increase to
1“ 0.1 if the transmission rate increases to 2.4 Mb/s. Find r and B to
satisfy these conditions.
b. With r and B as chosen above, determine the sensitivity of P;| to
changes, first, in image length; second, to changes in average |off
: time. Are there better operating points for these parameters?
4-12 a. Starting with equation (4-90) as the leaky-bucket throughput, show
i one obtains equation (4-90b).
b. Demonstrate why equation (4-90c) also represents the throughput.
This implies identity (4-93) must hold. Show that equation (4—94)‘\ is
‘ the throughput in the on-off source case. Demonstrate that equation
| (4-93) does in fact hold in the on-off source case.
¢. Show that the leaky bucket loss probability in the range of small
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values, for the on-off source case, is approximated by|equation
(4-96).
4-13 Each on-off source in problem 4-5 is connected to a leaky-bucket access
‘ controller before being multiplexed at the access port. Ea‘}ch leaky
g | bucket has a data buffer holding at most B, cells. Fluid-flow aPalysis is
N { to be used to design the leaky-bucket control, that is, to choose the
i \ token (counter) increment rate r and B = By, + Br.

|
|
|
|
|

a. It is desired to have P; = 10-6 for the normal source chara\‘cteristics

\
I \ as described in problem 4-5 a-c. Work with cells/sec so that the nor-
| mal peak source rate (on-state) is 10,000 cells/sec, assuming a cell
size of 500 bits for simplicity. Find r and B so that P; > 0L02 if the
l ‘ ‘\ source cell rate in the on-state increases by more than 10%.\
‘ | b. Repeat a. if the average on-time interval is to be controlled: find r
\ and B so that P; > 104 if the average on-time increases to 1.5 sec.
' 4-14 The fluid-flow leaky bucket analysis in the text is specialized to‘ the case
\‘ of on-off sources. Choose a more complex Markov chain to model the
1 source and derive equations for the throughput and cell loss probability.
Note: An example of a three-state model appears in problem 4-15 fol-
L lowing.
N 4-15 A leaky bucket mechanism controls access to a network. The source to
be controlled is modeled as a three-state Markov process: ul‘g = Uy =
t : 5/sec.; Wy; = lyg = 10/sec. All other transition rates are zero. The source
‘ generation rates in each of the three states is given by 100,0001 cells/sec
when in state one, 200,000 cells/sec when in state two, and! 300,000
cells/sec when in state three. The token generation rate is r = 250,000
tokens/sec. There is no data buffer.

a. Find the steady state probability that the source is in each of its
three states. Find the average load in cells/sec emitted by the

source.
‘; b. Find and plot the throughput A* of the leaky bucket contrloller for
various values of the token pool size Bp. The particular choices of By
‘ are part of the problem to be solved: They should cover sméll, mod-
; erate, and large values of B, that is, at least three values of By, Use
| fluid-flow analysis.

! c. Find and plot the cell loss probability P; for the same values of By
asin a.

i 1Y “
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