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Abstracl
The problem of bandwidth allocation and routing in VP based ATM networks was studied. A
priori reservation of resources for VP's reduces the statistical multiplexing gain, resulting in
increased Call Blocking Probahility (CBP). The focus af Lhis study is on how to reduce CEP by
the efficient bandwidth allocalion and routing algorithms. Equivalent capacily concept was used
to calculate the required bandwidth by the call. And the effect of traffic dispersion was
explored to achieve more statistical gain. A cost-effective traffic dispersicn routing algorithm,
CED, was designed. The algorithm finds the optimal number of dispersicn paths for a call,
where the gain balances the dispersion cost. Simulation siudy showed Lhat CED could

sigmuficantly reduce the CBP.

1. Introduction

Recently we have seen so called “waffic explaosion”
generated by mullions of customers who are using new
Internet services (e.g., World Wide Web, etc.), Mare bursty
and bandwidth-hungry new services are expected to
emerge In near [future, Beside the demand for the
tfremendous amounts of network capacity for high-quality
transmussions, in their nature, iraffic classes generated by
these services 1end to have heterogeneous Iraffic
characteristics and different Quality of Service (QoS)
requirements (e.g., cell loss rata, delay, and jitter, etc.).
Thus efficient management of network resources {e.g.,
bandwidth allocation, ete.) becomes a rigorously difficult
lask for network engmeers.

Asynchronous Transfer Mode (ATM) is the lransfer mode
for implemenung Broadband Integrated Services Digital
Networks (B-ISDNs) and other high-speed networks. ATM
provides a umlfied interface that 1s based on 53 octet cells
for a wvariety ol services having harshly dillerent
requirements. ATM cells are routed through fixed paths.
Links and nodes in the neiwork are shared by means of
bandwidth allocation, Bandwidth allocation deals with Lhe
problem of determining the amount of bandwidth required
by a connection for the network 1o provide the required QoS
In general, two different bandwidth allocatlion schemes are
used in ATM' determunistic and statistical muluplexing, For
bursty traffic soarces, statistical multiplexing is desirable to
achieve high utilizabon of neiwork resources. Most
statistical bandwidth allocation schemes are based on the

well-known concept of effective bandwidth that has been
studied exlensively, Among many schemes, equivalent
capacity {or effective bandwidth used in this study), based
on the work by Guérin et 2/ [1], provides handwidth
requirament. of a single or multiplexed connections on the
basis of their statistical characteristics. In other words, for
a given a QoS raquirement  (Le., cell loss probability in this
study) and a few traffic descriptors for each traffic source,
equivalent capacity represents the minimum bandwidth
needed at the multiplexer to support an arbitrary colleclion
of traffic sources together without viclatmg the QoS
requirements.

Traffic dispersion 1s credited as an eflective way to
improve link utilzation and networl performance, especially
when peak—to-mean ratio and peak-to-link capacity ralic of
the bursl are relstively high [2],[3]. By using traffic
dispersion, a bursl is divided into many sub—hursts that are
transmitled n parallel through muoltiple paths and are
resequenced at the destination. In this study, we refer lo
traffic dispersion as a cyclic spreading of cells from za
source ovetr available palhs. Throughout the werk done so
far, there is no thorough reporl on efficient traffic
dispersion algorithms and the impacl of traffic dispersion on
the eHective capacity, when link capacity 15 reserved on
VP's. These are 1ssues on which wo focus in this study.
Equvalent capacity is used io calculale the required
bandwidth by the call. Each call is represented as bursly
and helerogeneous multimedia traflic First, we axplore the
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affect of the traffic dispersion to achieve more statistical
gain. Through this study, it 15 discovered how the effect of
lraffic  dispersion changes with  differenl  trafhe
characteristics and the number of paths. Based on what are
discovered, a cost effective traffic dispersion algorithm is
designed. Simulation study shows that the algeorithm can
significantly reduce CBP.

The orgamzation of this paper is as [ollows., Next section
presents how traffic dispersion aflects the equivalent
capacity, A cost—effective lraffic dispersion algorithm is
presented n seclion 3, while simulation design and results
are discussed in section 4. Section 5 summarizes the
findings of this waork and outlines possible fulure wark,

2. Effect of traffic dispersion on equivalent

capacity

In ATM networks, Call Admussion Coniral {CAC) handles
bandwidth aliocation Estimating the required skatistical
bandwidth is of most impartant in any CAC strategy The
statistical bandwidth of a connection depends not only on ils
own stochastic characteristics but alse strongly on the
characleristins of exigsting connections thar share the link
capacity. There has been much research effort on the
methods of evzaluating the required bandwidth of aggregate
ATM traffic sources. Among them, equivalent capacity,
propased by Guérin et a/ [1], outperfarms other schemes in
many cases [4],[5]. In 1their methad, the equivalent capacity
of the aggregate ATM traffic sources Is determined by the
minimum of either fluid-flow approximation or stationary
approximation. The fluid~flow approximation accurately
estimates the egquivalent capacily when the impact of
individual connection's traffic characterislics is critical, It is
a useful tool m many situations because of 1ts additive
property. Given any set of mulliplexed sources, one
calculates lhe equivalent capacity of each source, and
simply adds the capacities. In fluid—flow approximaticn, the
equivalent capacity of each traffic source is independent on
the characteristics of other trafiic sources. The assumpiion
here is that each source requires the same QoS parameter
{ie, cell loss ratio in our study). However, when a large
number of bursty connections are mulliplexed together,
their aggregated statistical behavior differs from therr
individual traffic characteristic. This leads ihe fluid-flow
approximation to a conservative estinate of the equivalent
capacity required. For such a case, stationary
appraximation provides reasonably accurate estimate, which
approximates the distribution of the stationary bit rate on a
link. As both approximations overestimate the actual value
of the equivalent capacity for different range of connections
characteristics, the equivalent capacity 1s taken to bhe the
mmmum  of {luid-flow approximalion. and stationary
approximation to predict the relatively accurate equivaient
capacity of connactions,

The concept of equivalent capacity can be generalized to a
variety of traffic source models, ncluding those such as the
Markov-modulated models that are frequently used to

describa voice and video signals. For the sake of simplicily,
however, we assume thal each iraflic source 18 represented
by the two-state, continuous-time Markov cham of Fig. 1.

transmission rate
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(a) Two-state on—off traffic source model

09 cransition rate from off-stale ta on-dtate

[ . tranmitzon rate from on-state to off-slate

(b} Markev fluid-[low model
Fig. 1 Basic on—off source madel

This mndel, with appropriale adjustment of parameters, can
be used 1o describe voice, compressed (VBR) video, and
immage tralfic, as well as other bursty traffic. It has been
shawn that Lthe equvalent capacity expression, cobtained
using this simple two-state on-oll source model, 15 a
special case of the more general form of Markov fhud-flow
model [81. It should be also noted that Lhe traffic sources
don't all have lo be the on-off type. The additivity of
equivalent capacilies applies to any set of traflic sources
sharing the same delay and loss probability QoS paramerers
for which ane can define effective capacities.

For a reasonably well-connected network there would be
several paths [rom a sender to any given destination. [t may
be necessary, for instance, to provide rehability The total
capacity is partitioned spatially over the paths. Traditionally,
only one af them would be chosen for lhe information
transfer; usually the shortest one, measured in actual length
or number of hops. Instead of using a single path, the
sending process might disperse ils traffic over all the paths
leading to the desired destinalion, A resource sharing close
to the optimal would then be possible, We call thus generic
technique “traffic dispersion’ Fig, 1 shows an illustration of
spatial traffic dispersion and a madel of a one stage
multiplexer where & sources generate traffic Lthat 1s spread
over N links,

Traific dispersion makes it possible to alleviate the effects
of bursty traffic and equalize the network load without
introducing the delay ncurred by shaping. The techmque
apphes equally well lo datagram as to VC networks. The
traffic can be dispersed aver multiple paths in the network,
multiple links within a path, or muliiple physical charnels,
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such as frequency or wavelength channels, within a link.
The impartant thing in erder to yeld the gain 1s that the
paths, links, or channels do not share transmission capacity
statistically. Traffic 15 dispersed cell by cell or burst by
burst over the chosen set of routes. The cells are put back
in arder al the recewver if needed. Traffic dispersion 1s akin
to alternate paih {multipath) routing, which provides several
possible paths from which te choose other alternative path
when the optimal path becomes congested for some reason.
For example il a node notices congestion on 1ts primary
path, it reroutes the traffic over a precomputed alternate
path. The distinction we make between traffic dispersian
and alternate path routing is that the latter is done on the
lime scale of a sessien, while dispersion is done on cell or
bursts of cells within a session. In mosl instances dispersion
is preventive, while alternative path rouling is reactive,
triggered by some network problem.

&)  al

{a) Ilustration of spatial traffic dispersion

O
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L ]
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Fig. 2 Generic traffic dispersion technique

(b) One—stage multiplexer

Fallowing assumptions were made for this study.

B Although the optimal number of VP's between a pair of
nodes is a subject to design, any pair of nodes has one
or more VP's for each different class of QoS
requirement, Thus, each VP carries only one type of
traffic with a specilic QoS requirement.

B In this study, we do not explicitly address the tepology
design problem. Instead, we assume thal any pawr of
nordes in the network has one or more VP's for each
different class of QoS requirement. Since a VP
network is very likely to be connected densely, we
believe this assumption is feasible.

B We use deterministic VP capacity reservation strategy.
In this study, we assume that the reallocation of VP
capacity should be done periodically on a much longer
time scale than the interarrival time of successive calls.

Furthermore, we assume that the time interval
between twa VP capacily reallocalions is significantly
larger than the VC setup tima. Under tthus assumption,
rouling of VC's can be perlormed as if the topology
and the capacity ol lhe VP netwark were fixed.

B We consider direct routing  algorithms. In direct
routing, calls are allowed to be routed only via a direcl
VP between z source node and a destination node.

B [Heterogeneous lraffic 1s considered. Each call behaves
as an on—off fluid source represenled by the two—state
continuous—-time Markov chain. Successive an—off
periods (i.e., 1/p: mean burst length, and l/oc mean
idle time) are assumed to be mutually independent ang
identically distributed. Alternatively, an on-ofl traffic
source 18 represented Dby  three  parameters:
connection's peak rate  fpes, ubtization of the
connection p=o/{et f), and mean of the burst period A

B Call arrivals follow Paisson arrival and call durations
are expanentially distributed.

M We define link load as the aggregate bandwidth of ail
VP's passing through the link. Throughout this study,
equivalent capacily, proposed by Guerin ef af [1], is
used to estimate bandwidth requirement.

W The traffic dispersion sirategy used in this study is
dividing source peak rate evenly by the number of
VP's invalved (i.e., cyclic dispersion).

In the following, we illustrate how traffic dispersion affects
the equvalent capacity needed for the transmission of
heterogeneous traffic, With dispersion, the traffic from each
sgurce s sent over a separate path, disjoint from all the
other pailhs. Each path 1s therefore only affected by the
traffic from one of the dispersed sources, and thizs source
can be seen as the fraction of traffic that the original socurce
sends over that specific path. We define the dispersion
factor, N, as the number of paths aver which the traffic
from a source is spread. For an on—off traffic source wih
peak rate fles cells/unit-time, cyclic dispersion of cells
corresponds to reducing the peak rate of a source on each
of the paths Lo BKaea/N cells/unit-time, while source
utilization p and mean burst period £ are kept same.
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17 T T T T T
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15 T35 Vs pask e
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Fig. 3 Effect of traffic dispersion an equivalent capacity
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Including the case shown in Fig. 3, a number of different
cases were examined In pgeneral, equivalent capacity
decreases as /N grows. However, simulation resulls show

that a dispersion factor of about eight seems to be sufficient.

At that point, most of benefits are obtained, and increasing
the dispersion factor more than eight does not give
significant improvements. Furthermore, dispersion causes
larger capacity reductions in the case with a relatively small
or moderate buffer size. For very large buffers dispersion
does not affect the equivalent capacity, but will probably
reduce the delay, and for very amall buffers dispersion over
a modesl number of paths cannot mprove the situation,
unless there are enough sources to obtain multiplexing
effects Since traffic dispersion requires resequencmng and
extra signaling to setup multiple VC's, it should be used
only when it gives significant benefits. This is the basic idea
far our design of a cost effective dispersion algorithm. The
algorithm finds an optimal value of N, where the gain in
equivalent capacity (i.e., capacity reduction) balances the
traffic dispersion cost,

3. Cost Effective Dispersion

The iraffic dispersion algorithm proposed in this study,
named Cost Effective Dispersion (CED), decides the optimal
number of paths based only on the current statistics of the
VP load and the traffic descriptor of new call. If someone
can speculate the statistical characteristics of upcoming
calls, more efficient algorithm could be designed. However,
heterogeneous input traffic, as modeled in the previous
section, does not lend us the long-term perspective of it.
This is because:

B The equivalent capacity required by a VP varies very
sensitively depending on the traffic descriptors of the
calls already existing on that particular VP as well as
the Lraffic descriptor of the new call at the instance of
call arriving.

B Even without using traffic dispersion, statistics of VP
load will vary significantly as a result of Call
Admission Control (CAC) depending on the sequence
of call arrivals.

B Traffic dispersion alters the characteristics of input
traffic by spreading out the peak rate into multple
VP's ’

B Tralfic dispersion algorithm is initiated upon arrival of
g new call by the statistical multiplexer of a VP source
node, and the decision must be made on the fly,

As a consequence, in the design process of the algorithm,
major concern had ta be on the optimization of the cost—
performance [unction that decides the number of dispersion
paths upen arriving of a new call. The algorithm determines
whether traffic dispersion is used or not. When traffic
dispersion 18 beneficizl, it determine the favarable paths in
terms of the cost of traffic dispersion. The proposed traffic
dispersion algorithm, as shown in Fig. 4 1s optimized for
both the traffic dispersion cost and the call level QoS (ie.,
CEP). Because traiffic dispersion requires resequencing and
multiple setup of VC's, it should be used selectively only

when it is necessary to keep the overall CBP below the
given call level QoS, Efficiency of the algornthm was
evaluated in terms of the probability of dispersion and the
average numhber of paths in this study. The algorithm 1s
designed to increase the number of dispersion paths only
when the reduction in the equivalent capacity (.e., traffic
dispersion gain) is greater than the cast measured m
equivalenl capacity.
The cost of the traffic dispersian is a linear function of the
number of dispersion paths #, and defined as:

cost = average free capacity x coefficient x (N~-1),
where coefficient is given as an input parameter of the
algorithm.

Assume that ¥P;, VP, ...
Amoo §={0;
N=1:

. ¥P, ..., ¥Byare available.

do

for each VF do
calculate 8y, nduced by the new call with
(Roeats™, p, B1i
end
Sw=its
select N VP's with the least dn; —> S

A=2By,

if ¥ =2 then
if Ay < Ay —cost and Ax< A then
A =AN 5=5u
endif
else
A=An 5=55
endif

N=AF 1

while N < A

Fig. 4 Cost Effeclive Dispersion Algorithm

By taking free capacity into account, traffic dispersion
algorithm is more adaptive to the network load. In
lightly loaded network, traffic dispersion is used only
when the dispersion gain is significant while it is more
likely used even with smaller gain in heavily loaded
network. For the sake of simplicity of designing and
managing a statistical multiplexer, it 13 assumed that
the source peak rate is divided equally when traffic
dispersion is used. Cells are generated by a source at
its peak rate K., and they are transmitted through A7
dispersion paths in c¢yclic manner so that each
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dispersion path receives cells at the rate of fopay /N By
dividing source peak rate equivalent capacity
requrement induced by lhe new csll is ellectively
distributed to A& dispersion paths. For each dispersion
path, however, the imcrement in equivalent capacity by the
source peak rate Ape,i/NV 18 quite different from that of
olher dispersion paths depending on the raffic descriptors
of exisling calls on that path. Traffic dispersion gain does
nol always increase monolonically nor linearly as the
number ol dispersion palhs increases. It totally depends on
the statistical distribulion of traflic descriplors of existing
calls on each VP, which vanes at each VP, Simulation
results show ihat the traffic dispersion gain is nol
considerable when the number of dispersion paths Is larger
than 8.

Rpeafa »

4, Simulation Results
4.1 Simulation parameters
For the purpose of comparisen, two non-dispersion rouling
algonthms {i.e., LLP and mlS) are tesled. Upon call arnval,
LLP selects a least-loaded VP, while mIS chooses a single
path VP, with the least §,. As a dispersicn routing algorithm,
CED is used. Following paramelers were used for traffic
descriptors.
B R exponentially distmibuted with mean values of
8Mbps and 16Mbps
B (0 <p £ 1! exponentially distribuled with mean values
of 0.1 and 0.2
B b > O exponentially distributed with mean values of
0.5 sec and 1.0 sec

4.2 Performance of routing algorithms

Typical simulation results is presented in Fig. D, where
average fpea=8Mbps, p=0.1, £=0.59sec, and mean Poisson
arrival rate A=1.24 were used.

Hangwidin requlrement o guaranies 00007 of CBP [Rp=ild, =l 1, b=0 Sa Hall]
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Simulation results including this case show following

characteristics. Effect of 5 13 not significant. This
chservation 15 a strong ndicalion thal the required
equivalent capacity is moslly delermuned by stationary
approsimaion when Lhe average number of conneclions is
relatively large. Even lhough both LLP and mlS are single
path algorithms, thewr performances are quile different. This
Is because the equmvalent capacily varies sensiuvely
depending on lhe slalistical charactenstics of existing calls.
When either LLP or mIS 15 used, for all simulalion results,
required capacity increases as lhe number of VIP's grows,
This 15 colncident with the argument thal a prory
reservation of resources on VP's reduces lhe slatistical
multiplexing gamn, resullmg n an increased CBP

Traflic dispersicn 15 parhicularly elleclive when multipla
VP's are used [n those cases, simulalion results show that
CED can =ave 40%~80% ol capacily. Even when the
physical link capacity 1s large enough (o eslabhish a single
VP with huge capacily, waffic dispersion can save ahoul
30% of capacily in many cases.

4,3 Effect of CED coefficient on the dispersion factor
Fig. 6 illustrates the effect of CED cost coeflicient on the
dispersion [actor % the number of palhs taken by a call.
These were measured when simulations 1n Fig. 2 were
neriormed. In this particular nstance, bandwidth
requrements are about same, no malter what coeflicient
value i used However, as inlended, the statistics of
dispersion factor differs when dilferent CED cost
coefficients is used: smaller the coeflicient, larger the
dispersion factor, With the coefficienl of 0.05, only 30% of
calls took more than one paths when 8 VP's were used, 10%
when 4 VIP's were used, For other input traffic
characlerislics, bandwidth requiremenls differ up to 20%,
depending on the coelficient. Ii does nol increase hnearly as
a function of the coelficient: rather it varies with the
number of VIMs as well as the mven input tralfic
characleristics  Although it 15 not linear, bandwidlh
requrement increases as the coeliicient increases.

Thus, nelwork engineers can have an opuon o choase from
less dispersion and less bandwidlh requirement.

Fig. 6 Effect of CED coelficient on the dispersion factor
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4.4 Traffic characteristics as a result of routing

When input lraffic 15 routed o muliiple VP's or dispersed,
statistical characteristics of the mnput traflic seen by each
VI? are much different from those of mpul 1raffic that
inmally arrived at Lhe system {1.e., the multiplexer)., Thus, in
the following, we mvesligale the effect of routing algorithm
on the characteristics of iraffic. In particuar. we are
imteresied in the distributions of interarrival time, peak rate,
source utilizaton and mean burst pericd These are very
important variables when we develop analytical models.
Thus, we explore these quantities more intensively later,
CRF al interarrival time seen by each VP is exponentiaily
distributed and 1= analogous to thal of mput lraific initially
arrived at the system. Note that, before routing, interarrival
uime of input traffic 15 exponentially disiributed with mean
of 1/124, Mean and standard deviation of exponential
distributions should be same. When CED is used, these two
are zbout same, From Pig. 3 the mean number of paths
taken by a call is found to be 3.86. If we assume that each
VTP is selected equally likely, the mean call interarrival time
ai each VP is 1.67, same as the ane measured by simulation.
Thus, the assumption is proven to be carrect. Similar
results were obtained when 4 VP's are used.

Same arguments are possible for the distribution of peak
rates. When either mIS or LLP 18 used, mean of peak rate
distribution is almost equal to that of input traffic before
reuting. For CED, mean of peak rate 15 divided by 3.86, the
average number of paths taken by a call However, variance
was reduced, meaning that the distribution is not
exponential one. We will investigate this m detail later. For
mlS and LLP, R, distribution at individual VP was same as
Lhat of imput traffic.

The distributions of source ulilizaiion p and mean burst
period A were kept unchanged, as expected, When CED is
used, means of these two distmbutions are slightly
increased. When miIS is used, mean of mean burst petiod
distribution differs from VP to VP, m particular, for the case
of 4 VP's,

5. Conclusion

The problems of bandwidth allocation and routing in Virtual
Path (VP} based Asynchronous Transfer Mode (ATM)
networks were studied. As an efficient way to facilitate the
network management, VP concept has been proposed in the
literature. Traffic control and resource management are
simplified in VP based networks. However, a priod
reservation of resowrces for VP's also reduces the
statistical multiplexing gain, resulting in increased Call
Blocking Probability (CBP). The focus of Lhis study was on
how to reduce CEP (or equivalently, how ta improve the
bandwidth utilzation for a given CBP requirement) by the
effective bandwidth allocation and routing algorithms.
BEquivalent capacity concept was used to calculate the
required bandwidth by the call. Each call was represented
as bursty and heterogeneous multimedia traffic

First, the effect of traffic dispersion was explored to

aclieve more statistical gamn. Do other work m the
literature did thorough investigalion aof tralfic dispersicn
algorithm capable of f{inding the optima)l number of
dispersion paihs depending on the dynamic link load, when
heterogenecus multimedia traflic is applied This was an
1ssue on which we focused in this study. Through this study,
it was discovered how the effect of traffic dispersion varies
with different trallic characteristics and the number ol paths.
Efficient routing algorithm CED was designed, Since traffic
dispersion requires resequencing and extra signaling to set
up multiple VC's, it should be used onlv when it gives
significant benefits, This was the basic idea m our design of
CED. The algorithm finds an optimal dispersion factor for a
call, wherec the gain balances Lhe dispersion cost. Simulation
study showed that CED could significantly reduce the CBP
when network resources are aliocated to multiple VP's, As
intended, the statistics of dispersian factor differs when
difforent CED cost coefficieni is used. smaller the
coeflicient, larger the dispersion factor. It was alsc shown
that the bandwidith required to guarantze the given QoS,
does not increase linearly as a function of the coeflicient,
rather il varies with the number of VP's as well as the given
input traffic characteristics. Although it is not lLnear,
bandwidih requirement increases as the coefficient
increases. Thus, nelwork engineers can have an option to
choose from less dispersion and less bandwidth requirement.
Next, this study provided analysis of the statistical hehavior
of the traflic seen by individual VP, as a result of traffic
dispersion. This znalysis 1s essential m estimating the
requred capacity of 2 VP aceurately when both multimedia
traffic and traffic dispersion are taken into account.
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