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Abstract— Experience-based admission control (EBAC) is a
hybrid approach combining the classical parameter-based
and measurement-based admission control. EBAC calculates
an appropriate overbooking factor used to overbook link
capacities with resource reservations in packet-switched net-
works. This overbooking factor correlates with the average
peak-to-mean rate ratio of all admitted traffic flows on the
link. So far, a single overbooking factor is calculated for
the entire traffic aggregate. In this paper, we propose type-
specific EBAC which provides a compound overbooking
factor considering different types of traffic that subsume
flows with similar peak-to-mean rate ratios. The concept can
be well implemented since it does not require measurements
of type-specific traffic aggregates. We give a proof of concept
for this extension and compare it with the conventional
EBAC approach. We show that EBAC with type-specific
overbooking leads to better resource utilization under nor-
mal conditions and to faster response times for changing
traffic mixes.

Index Terms—admission control, reservation overbooking,
quality of service, resource & traffic management

I. INTRODUCTION

blocking during overload situations. Compared to CO,

AC requires less capacity and yields better resource
utilization at the expense of more signaling, coordination

and state management [3]—[5] especially in the context of
a network-wide AC [6].

A. Conventional Link Admission Control

In this work, we focus on link-based AC, i.e., on
AC methods that protect a single link against overload.
These methods are usually extended for application in
networks on, e.g., a link-by-link basis. AC approaches can
coarsely be classified into parameter-based AC (PBAC),
measurement-based AC (MBAC), and derivatives thereof.

1) Parameter-Based Admission ContrdPBAC, also
known as (a priori) traffic-descriptor-based AC, is an
approach appropriate for guaranteed network services [7],
i.e., for traffic with imperative QoS requirements. It relie
solely on traffic descriptors that are signaled by sources or
applications and that describe the traffic characteristics
a flow, e.g. its mean and peak rate together with token

Internet service providers operating next generatioPUcket parameters. If an admission request succeeds,
networks (NGNSs) are supposed to offer quality of servicddandwidth is reserved and guaranteed to the new flow.
(Q0S) to their customers. As the packet-based InterndtBAC is often inefficient regarding its resource utilizatio
protocol (IP) technology becomes more and more the basince the traffic descriptors usually overestimate theaictu
sis of these networks, QoS in terms of limited packet lossfate to avoid packet delay and loss due to spacing or polic-
packet delay, and jitter is required to support real-timdng- With PBAC,_traffig is Iimited either by deterministic
services. There are two fundamentally different method¥/orst case considerations like network calculus [8], [9] or
to implement QoS: capacity overprovisioning (CO) andPy stochastic approaches such as effective bandwidth [10].
admission control (AC). With CO the network has so!n addition, PBAC calculations for heterogeneous traffic

much capacity that congestion becomes very unlikely [1]Mixes can be very complex.

[2], but this also implies that its utilization is very low

2) Measurement-Based Admission Cont®IBAC, in

even in the busy hour. Although CO is basically simple, itcontrast, is an AC method adequate for controlled load
requires traffic forecasts and capacity provisioning musfetwork services [11], i.e. for traffic with less stringent

be done on a medium or long time scale.

QoS requirements. It measures the current link or network

In contrast, AC works on a smaller time scale. Itload in real-time and takes a rate estimate of the new

flow requests to shelter the network from overload befor®r application to the network, and the specified traffic
critical situations occur. QoS is thus realized by flowdescriptor, e.g. the peak rate, can be very simple. MBAC
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can be classified into different approaches.

« Aggregate-oriented MBAC (A-MBAQJlost MBAC
approaches measure the traffic properties of the
entire traffic aggregate admitted to the link. The
effective bandwidths of a flow is only required for
the initial admission decision when the requested
bandwidth is compared to the available link capacity.
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For that purpose, the rate of the admitted trafficthe traffic. In [26], traffic changes on the packet scale
aggregate is sufficient. A-MBAC has two advantageslevel are investigated with regard to the performance of
The traffic measurement is simple since no per flonEBAC. A single overbooking factor is calculated based
measurement states have to be managed and tloa the traffic characteristics of the entire admitted traffic
statistical properties of a stationary traffic aggregateaggregate. This article is based on the results of [27] and
are more stable than those of individual traffic flows.focuses on traffic changes on the flow scale level. We
On the other hand, the admission of new flows andextend EBAC towards type-specific overbooking (TSOB),
the termination of others make the traffic aggregatd.e., we make the EBAC mechanism aware of different
a non-stationary process which must be carefulytraffic types and use additional information about the
observed [12]. Comparisons of different A-MBAC individual characteristics of these traffic types and about
approaches can be found in [13]-[19]. the composition of the admitted traffic mix to calcu-
» Flow-oriented MBAC (F-MBACSome MBAC ap- late a compound overbooking facter.(t). We therefore
proaches use flow-specific measurements to assesensider different types of traffic subsuming flows with
the bandwidth consumption of each traffic flow similar peak-to-mean rate ratio and also their share in
individually. The initial effective bandwidth of a the currently admitted traffic mix. The TSOB extension
new flow is calculated based on its declared trafficof EBAC can be well implemented since it does not
descriptor. As soon as the confidence in the measurgequire type-specific measurements. We give a proof of
ments of an admitted flow is high enough, its initial concept for EBAC with TSOB and compare it with the
bandwidth is substituted by a calculated update basedonventional EBAC approach. We show that EBAC with
on the measured traffic parameters. Examples of FFSOB leads to better resource utilization under normal
MBAC methods are given in [20]-[23]. traffic conditions and to faster response times in case of
All previously addressed MBAC methods use real-timechanging traffic mixes. Unlike conventional EBAC, the
measurements and admit traffic as long as enough capaextension completely prevents congestion due to over-
ity is available. The downside of MBAC is its sensitivity reservation if the fraction of flows with high reservation
to measurement accuracy and its susceptibility to trafutilizations increases in the traffic mix, i.e., if the traffi
fic prediction errors which can occur, e.g., during QoSintensity increases due to a changing composition of the
attacks, i.e., when admitted traffic flows are temporarilyadmitted traffic mix.
“silent” to provoke an underestimation of the admitted The remainder of this article is organized as follows.
traffic rate and congest the link later by simultaneouslyin Section II, we review the EBAC concept. Section llI

sending at high bitrate. describes our simulation design and the applied traffic
model. Section IV proposes the extension of EBAC to-
B. Experience-Based Admission Control wards type-specifc overbooking (TSOB). The simulation

esults in Section V show the superiority of EBAC with

E'éoA(t:he_ bfst ?f ?ur: Ién%wfgege, expirifhncte;bssed g‘ SOB over conventional EBAC. Further work on EBAC
( ) is the first hybri approac at takes ad-q briefly presented in Section VI. Section VII finally

Vaf“age of traffic r_neasure_ments W|thoufc real-tlme. "®Summarizes this work and gives a conclusion.
quirements. It uses information about previously admitte
gaffllc. and past measurements to make current admission Il. FUNDAMENTALS OF EXPERIENCEBASED

ecisions.

ADMISsSION CONTROL (EBAC
The concept of EBAC is introduced in [24]. Its details i (_ h) , h
are described in [25] and can be summarized as follows; EXPerience-based AC (EBAC) is a hybrid approac
with EBAC. a new flow is admitted to a link at time combining functional elements of PBAC and MBAC in a

if its peak rate together with the peak rates of alread)Povel AC concept. It therefore implements link admission

admitted flows does not exceed the link capacity mul-cONtrol, but can be easily extended to a network-wide
tiplied by an overbooking factop(t). The overbooking scope. EBAC relies on peak rate traffic descriptors which

factor is calculated based on the reservation utilizatio"®Y be S|gn|f|ca_qtly _overest|mated in the signaled floyv
of the admitted flows in the past. Hence, this method €auests. The utilization of the overall reserved capacity

relies on experience. EBAC also requires traffic measured!Ves an e_stlmate for the peak-to-mean rate ratio .(PMRR)
ments to compute the reservation utilization, but thesé)f the traffic aggregate and allows for the calculation of a

measurements do not have real-time requirements aj)acmr to overbo_ok the link gapacity. The idea -is- simple,

thus influence the admission decision only indirectly. ThePUt Safety margins are required to provide sufficient QoS
proof of concept for EBAC is given in [25] by simulations and qugstlons arise regarding its rqbustness agamsttlraffl
and corresponding waiting time analyses of the admitteOVS With varying rates and burstiness. In this section,

traffic. In particular, the steady state performance ofVe e_Iaborate the EBAC concept and describe its basic
EBAC is investigated for traffic with static characteristic unctional components.

Since MBAC methods are sensitive to traffic variability, o o ) )

we investigate the behavior of EBAC in the presence of?- Admission Decision on a Single Link

traffic changes in [26], [27]. Those changes may be due EBAC makes an admission decision as follows. An AC

to variations on the packet and/or the flow scale level okntity limits the access to a link with capacity¢; and
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records the admitted flows (¢) at any timet together the properties of the new traffic conditions. Therefore,
with their requested peak rat¢s, : f € F(¢)}. When a we record new samples d¥(¢) by incrementing the
new flow f,.,, arrives, it requests for a peak rate corresponding histogram bin by one and devaluate the

new *

If contents of all histogram bins in regular devaluation
Tfew T Z T <c - o(t) - Pmaz (1) intervals I; by a constant devaluation factgf;. The
FEF®) devaluation process determines the memory of EBAC.

The reciprocal of the reservation utilization percentde i

holds, admission i ted ew JOI t). Other- ;
olds, admission is granted arfi.,, joins F(t) er Hﬁe overbooking factor

wise, the new flow request is rejected. Flows are remove
from F(t) on termination. The experience-based over- o(t) = 1 3)
booking factorp(t) is calculated by statistical analysis

and indicates how much more bandwidth thancan \yhich is computed each time a new valiié) is recorded

be safely allocated for reservations. The maximum link, the histogram. To obtain a meaningful value &)
utilization thresholdp,,,,, limits the traffic admission :

enough statistical data must be collected before Equa-
such that the expected packet deldyexceeds an upper o, (3) yields a reliable overbooking factor.
thresholdV,,,,.. only with probability py.

B. Calculati  the Maxi Link Utilization Threshold D. Peak-to-Mean Rate Ratio (PMRR)
-+ Cajodlation ot the Maximum LinkUtilization Thresho The intrinsic idea of EBAC is the exploitation of the

The value ofp,..., depends significantly on the traffic eak-to-mean rate ratio (PMRR) of the traffic aggregate
characteristics and the capacifyof the EBAC-controlled - agmitted to the link. With EBAC, the signaled peak rate
link. Simple solutions are based on the/M/1—oco and ot an admitted flowf is enforced by a traffic shaper. In
the N-D/D/1—o0 queuing system. Real-time traffic pro- conirast to reality, the mean ratg of a flow is known a
duced from, e.g., voice or video applications has a rath&griori in our simulations. We define the PMRR of a flow
constant output rate that can be controlled by a spacejy j, 11 Analogously,K(t):% denotes the PMRR

such that a maximum flow rate is enforced. Therefore, We he enfire traffic aggregate admitted to the link at time
calculate the thresholdl,,,, based onth&V-D/D/1—c0  j(4) is an upper limit for the achievable overbooking
approach, which assumés homogeneous traffic flows in - ¢5tqr o(t)

F, each sending packets of constant siz€in bits) and
with constant packet inter-arrival time4 (in seconds). Memory of EBAC
An analysis method for this queueing system is presenteg' ) ) _ )
Section 15.2.4 of [10]. More details on the computation 1) Implementation as Simple Histogranithe his-
of pmas Can be found in [25]. For the ease of simulationtogram P(¢,U), i.e. the collection and the aging of the

of changing traffic, we set the maximum link utilization reservation utilization statistic, implements the memafry
to a conservative and constant valuepgf,., = 0.95. EBAC. This memory correlates successive flow admission

decisions and consequently influences the adaptation of

the overbooking factop(¢) to changing traffic conditions

i ) on the link. The statistic aging process, characterized by
The overbooking factop(t) depends on the admitted {he devaluation interval; and the devaluation factof;,

traffic 7(¢) which, in turn, depends on time because akes this memory forget about reservation utilizations in

new flows are admitted and existing ones terminate. Fofj,e past. The parameter paii%;, f,) yield typical half-

the computation ofp(t), we defineR(t) = > ;7,77 life periods Ty after which collected value® (t) have
as the reserved bandwidth of all admitted flows at time ot haif of their importance in the histogram. Therefore,

and C(t) denotes their unknown cumulated mean rate 1_ (Tu/la -

EBAC measures the consumed link bandwidth(t) of ‘(I)Vf i?sa\r/]ezjf__"fed perio?jnd define the EBAC memory based

the overall reservatiom?(¢t). To obtain M (¢), we use

measurements based on equidistant, disjoint intervats suc Tr(Ig, fq) =14 —in(2) (4)
H\1d, Jd d .

that for an intervall (t;) = [t;, t;+A] with length A, the In(fa)

measured raté/ (t;) = % is determined by metering With Equation (4), different combinations of devalua-

the traffic volumeI'(t;) sent duringl(¢;). For the rates tion parameters/,, f4) and (I, fo) yield equal half-

R(t) and M(t), a time statistic for the reservation uti- life periods if eitherI, = in(fy)/In( Lgl/fd)) or fy =

lization U(t) = %) is collected. The values/(t) are fila /1) holds. However, these equations guarantee only

sampled in constant time intervals and are stored as hithat the two resulting histograms are identical at times

in bins for atime-dependent hiStogrdﬁﬁt, U) From this t = LCAf(IaHId’)y where LCM denotes the least com-

histogram, the time-dependept-percentileU,(¢) of the  mon multiple. The reservation utilizations obtained in the

C. Calculation of the Overbooking Factor

empirical distribution ofU(¢) can be derived by intervals I, and I, are devaluated differently for the
U,(t) = min{u : P(t,U < u) > py}. ) Mo parameter sgts due to the Igngth of the d_evaluation
u interval and the different devaluation factors. This letids

Since traffic characteristics change over time, the reservantermediate deviations between the two histograms and
tion utilization statistic must forget obsolete data togeffl consequently to different overbooking factors.

© 2007 ACADEMY PUBLISHER
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2) Implementation as Time Exponentially-Weightednformation regarding the measured traffi¢(¢) to the
Moving Histogram: To express the performance of the EBAC system and yields packet delay probabilitigét),
EBAC memory by only its characteristic half-life period, packet loss probabilitie;(¢), and the packet waiting
we introduce the method of a time exponentially-weightedime W (¢). In the presence of traffic changes, an impor-
moving histogram (TEWMH) [28] which also improves tant performance measure for the EBAC mechanism is the
the timeliness of the overbooking factor calculation.overall response tim&x(t), i.e., the time span required
This method follows the principle of time exponentially- by the EBAC system to fully adapt the overbooking
weighted moving average (TEWMA) [29] used to im- factor ¢(¢) to a new traffic situation.
prove the timeliness of rate measurements, and it logically
extends TEWMA for application to statistical histograms. )

Based on the EBAC memory defined in Equation (4),B- Traffic Model
we define the aging rate = =) € {d,d'}. Ratea In our simulations, the traffic controlled by EBAC is
is constant for two parameter s€t&;, f4) and (o, f#)  modelled on two levels, i.e. the flow scale level and the
if they yield the same half-life period’y. Instead of packet scale level. While the flow level controls the inter-
incrementing the histogram bins by one, we weight theyrrival times of flow requests and the holding times of
reservation utilization hits in the time intervet, ¢;+1.]  admitted traffic flows, the packet level defines the inter-
exponentially by the weight factog;; and use the result arrival times and the sizes of packets of individual flows.
as an increment for the bins. Parametet [0, I, — 1] 1) Flow Level Model: On the flow level, we dis-
thereby denotes the time offset of the sampled reservatioghqgyish different traffic source types, each associated
utilization in seconds since the last devaluation. This,wayith a characteristic peak-to-mean rate ratio (PMRR) and
newer valued/(t) experienced in the intervad;, t;+1.]  corresponding to a source generator type in Figure 1.
become more important than older values and, as e inter-arrival time of flow requests and the holding
consequence, all reservation utilizations gathered 8 thijme of admitted flows both follow a Poisson model [31],
interval are evenly devaluated at its end. In addition, thg o new flows arrive with rate\; and the duration of a
histograms of both parameter sets are comparable at agy is controlled by ratg:;. The mean of the flow inter-
time and always lead to identical overbooking factorsyirival time is given byl/)\; and the holding time of a

depending only on the half-life period; . flow is exponentially distributed with a mean @f ;.
Provided that no blocking occurs, the overall offered
I1l. EBAC PERFORMANCESIMULATION load af = 2—f is the average number of simultaneously

r]active flows measured in Erlang. To saturate an EBAC-
controlled link with traffic, the load is set to; > 1.0. The
latter assumption allows for an evaluation of the EBAC
performance under heavy traffic load such that some flow
requests are rejected.

A. Simulation Design 2) Packet Level ModelOn the packet level, we ab-

We evaluate the performance of EBAC on a singlestract from the wide diversity of packet characteristics
link by discrete event simulation. The simulator is im-induced by the application of different transmission layer
plemented in Javd’ and based on a simulation library protocols. Since we are interested in the basic under-
called JSimLib which has been developed at the Chairstanding of the behavior of EBAC, we abstain from real
of Distributed Systems of the University of Mzburg in  traffic patterns and define a flow of consecutive data
the past years. The design of the simulation is showipackets simply by a packet size distribution and a packet
in Figure 1. Different types of traffisource generators inter-arrival time distribution. Both contribute to thetea
produce flow requests that are admitted or rejected by theariability within a flow that is produced by a traffic
admission controlentity. The flows request reservations generator in Figure 1. To keep things simple, we assume
of different bandwidths which leads to different request-a fixed packet size per flow and use a Poisson arrival
dependent blocking probabilities on a heavily loaded linkprocess to model a packet inter-arrival time ditribution
To avoid this, we apply trunk reservation [30], i.e., aWith rate\,. We are aware of the fact that Poisson is not
flow is admitted only if a flow request with maximum a suitable model to simulate Internet traffic on the packet
reservation size could also be accepted. For an admissidével [32]. We therefore generate Poisson packet streams
decision, the AC entity takes the overbooking fact¢t)  and subsequentially police the individual flows with peak-
into account and admits a flow if Equation (3) holds. Inrate traffic shapers (cf. Figure 1). The properties of the
turn, the AC entity provides information regarding the flows are significantly influenced by the configuration of
reservationsR(t) to the EBAC systemand yields flow these shapers. In practice, the peak rgteof a flow f
blocking probabilitiesp, (t). For each admitted source, a is limited by an application or a network element and
traffic generatoris instantiated to produce a packet flow the mean rate; is often unknown. In our simulations,
that is shaped to its contractually defined peak rate. Traffibowever, the mean rate is known a priori and, therefore,
flows leaving thetraffic shapersare then multiplexed on we can control the rate of flo by its peak-to-mean rate
the bufferedlink ¢ with capacityc;. The link provides ration (PMRR)k = L.

In this section, we first present the simulation desig
of EBAC on a single link and then describe the traffic
model we used on the flow and packet scale level.

© 2007 ACADEMY PUBLISHER
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Figure 1. Simulation design for EBAC performance evaluation.

3) Traffic Variations: Traffic variations may be due to A. EBAC System Extension

changes of traffic char_acteristics on the packet and/or the |, general, the traffic aggregate on a link is composed
flow sc_a!e level. Vgnauons on the packet level are cau_segf flows of different traffic types for which the peak-

by |nQ|V|duaI _trqfflc sources that change Fhelr sendinGy_mean rate ratios (PMRR; remain rather constant
behavior. Variations on the flow level signify a changeqyer time. Parameter then denotes a traffic type sub-
of the traffic mix. This article studies the performancesuming flows of different applications but with similar

of EBAC for traffic changes on the flow scale level. In PMRRs K;. For admission, each flow is supposed to
. . . . . . . 1" L]
the corresponding simulations, the traffic mix COMPprisingregister at the AC entity with its peak rate and its traf-

flows with different characteristic PMRRs; varies over — fic'wne This yields type-specific aggregate reservations
time which directly impacts the traffic load on the link. Ri(t) for which 7" R;(t)=R(t) holds. On arrival of a
Hence, we investigate the transient behavior of EBAG,a\y flow frew, Ril(f)ois increased by the peak ratg.c.
through simulation of traffic changes which are caused by o rov:/ and it is decreased by the same raEe when
variations of the traffic mix and characterized by eitheryo flow terminates. The value, (t) = R;(t)/R(t) then

a decrease or increase of the traffic intensity. In practicegfiects the share of a traffic typein the mix and the

applications know and signal the peak ratgsof their - gpyire traffic composition consisting of different traffic
corresponding traffic flows. The type of an appllcanontyloes is given by vector

can be determined, e.g., by a signaled protocol number.

We use only these limited information in our simulations. a1 (t) "

The mean rates; of the flows are not known to the EBAC alt) = ( : ) ; Zaz‘(t) =1L ()

measurement process, they are just model parameters for an (t) i=1

the packet flow generation and thus serve for controllingeEBAC with TSOB uses information about the PMRRs

the rate of flowf by its PMRka:%. and the time-dependent traffic compositiaift) to de-

termine type-specific reservation utilizatiori$;(¢). In

Section IV-B, we explain how the valueF;(t) can

be estimated without type-specific traffic measurements.
In this section, we present type-specific overbookingThe valuesU;(t) are stored as hits in bins of separate

(TSOB) as a concept extending EBAC. So far, we onlyhistogramsP; (¢, U) which yield type-specific reservation

consider the traffic characteristics of the entire aggeegatutilization percentiledJ,, ;(¢t). The EBAC admission de-

of admitted traffic flows and calculate a single factor tocision for a new flowf“* of type i is then extended

overbook the link capacity. We now include additionalto

information about the characteristics of individual traffi

types and their share in the currently admitted traffic "< - Upi(t) + Z 75 Up,type() () <€ pmaz- (6)

mix to calculate a compound type-specific overbooking fer®)

factor. First, we describe the system extension and thefye weight these percentild$, ;(¢) by their correspond-

we show how the compound overbooking factor foring sharesa(t) and finally calculate the compound
EBAC with TSOB can be estimated without type-specificoyerbooking factor for EBAC with TSOB as

traffic measurements. Finally, we present some simulation

results showing the advantage of EBAC with TSOB over (t) = 1 )
: e (&) - Upalt

conventional EBAC. > ai(t) - Upi(t)

IV. EBAC WITH TYPE-SPECIFICOVERBOOKING

)
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B. Estimation of Type-Specific Reservation Utilizations| |nput:  traffic composition vecton(t;),
previous matrixA(t;_1),

A crucial issue for the performance of EBAC with set £ of unused vectors(t)
TSOB is the estimation of the type-specific reservation .
utilizations U;(t). Making type-specific measurements if A(tj—l_):NULTL then
M,(t) would yield exact values fob/; (t) = M;(t)/ Ri(t). éé?&giﬁ(fi.))) {first call}
For a reduced number of traffic classes, type-specific J
measurements seem feasible if we consider new netwark els~e
technologies such as differentiated services (DiffSery) .a(tj) = a(t;)
[33] for traffic differentiation and multiprotocol label if £ # 0 then
switching (MPLS) [34] for the collection of traffic statis- L:=LUa(t;)
tics. However, current routers mostly do not provide type alty) = BU”‘P EWMAVECTOR(L)
specific traffic measurements and, therefore, we have |to NQRMAL'ZE(O‘(tﬂ'))
use the available paramete¥$(t), R(t), R;(t), anda(t) end if

to estimate the valuds; (). In the following, we develop A(tj)l\:IjMégf;OlleLEMENTS( ()
n = ally

two methods to obtain estimates for the type-specific .
reservation utilizations. if rank A(t;)) = n then
o T . REMOVEFIRSTCOLUMN (A(%))
1) Estimation with Linear Equation Systems (LES): end if
The first method calculates the type-specific reservation APPENDLASTCOLUMN (A(t;), a(t;)T)
utilizations U, (t) as results of a linear program and uses if det(A(t;)) # 0 then
the equationU (t) = ), o (t) - Us(t) setting up a linear L:=0
equation system (LES, cf. e.g. [35]) of the form RETURN(A(%;))
else
U(tj_”) al(tj_n) . Ozn(tj_n) Uy (tj) RE_TURN(A(tjfl))
: _ . . . end if
N : 1 : ’ end if

Ul(t; ai(t;) ... ap(t; U, (t; .
(t;) 1(t3) a2 ( J)(g Output:  matrix A(t;)

where n is the number of traffic types and denotes “Algorithm 1: GENERATESHAREMATRIX: computation

a time index. LetA(t;) denote the matrix of column f jinearly independent matrix column vectors.

vectors (o;(tj—2))1<i<n iN Equation (8), then we have

U(t;) = Alt;) - Us(t;). Hence, a unique solution of

the LES requires probes of/(#) and a(t) for t €  EwMA is calculated over vector elements such that

[tj—n,t;] andn linearly independent columns iA(¢;),

i.e. det(\A(t;)) # 0. We calculate a new solution of the _ P = @i (tmin) If tmin iS earliest time index inC

LES every time the vectak(t) changes significantly, i.e., @ilts) = B-@i(te_1)+(1—p)-a;(t,) else.

dk : % >e. A problem of estimating type- 9)

specific reservation utilizations with the LES method is |n Equation (9), the devaluation paramefere [0,1]

that the linear independence of the matrix columns ircontrols the influence of older valueg(t,) whose im-

A(t;) is not guaranteed at any tinte when the traffic pact decays exponentially witf. The computation of

composition changes. In this case, a unique solution fofi(t,) = (G4 (t;), .. ., Gn(t;)) can lead 057", d;(t;) #1

the equation system does not exist and the valli¢s;)  and, therefore, vectai(t;) must be normalized after the

cannot be included in the histograf(t,U). Therefore, application of the EWMA algorithm.

we simply insert the utilizationd/;(t; ) of the last  Finally, we construct a new matri¥(t;) from the
feasible LES until a new linearly independent LES ismatrix A(tj—1) by removing the oldesti-vector from
found. A(t;—1) and appending the transposed vecidt;) to it.

Algorithm 1 illustrates the computation of matti&(¢;)  However, if the input matrixA(t;_,) is not of sizenxn, a
with linearly independent column vectors. It takes thecolumn is appended and none is removed. The constructed
current traffic composition vector(t;), the previous matrix A(t;) is then tested for linear independency and,
matrix A(t;—1), and a setC of unuseda-vectors as if det(A) # 0, it is returned by the algorithm which also
input parameters and returns a linearly independent matrigmpties the set of unconsideredy-vectors. Otherwise,
A(t;) with 1 < i < n columns. The first call of this the previous matrixA(t;_,) is returned.
algorithm returns the transposed column veetdt;) to Algorithm 1 requires at least calls before it can
an n x 1 matrix. For any further call, vecto&(¢;) is  provide a matrix with linearly independent column vectors
initialized with «(t;). If there are recent-vectors not yet as necessary for a unique solution of Equation (8). Since
considered inA(t;_1), i.e. £ # 0, thena(t;) joins £ and  linear independency cannot be guaranteed for each new
a(t;) is set as an exponentially-weighted moving averagerector a(t), the continuous computation of current type-
(EWMA) [29] of all yet unconsidered-vectors inL. The  specific reservation utilizations by the LES method is not
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guaranteed. Therefore, this method must be considereg.
as approximation of the type-specific reservation utiliza=_
tions U, (t).
2) Estimation with Least Squares Approximation.
(LSA): The second approach estimates the type-specifi
reservation utilizationd/;(t) using a least squares ap-
proximation (LSA, cf. e.g. [36]). For the ease of un-
derstanding, we illustrate this method, without loss of,
generality, for two different traffic types € {1,2}.
The variabled/; () and Uy (t) denote their type-specific
reservation utilizations. The global reservation uttiiaa
is calculated ad/(t) = oy (t) - U (t)+aa(t) - Ua(t) and
with a1 (t)+as(t)=1 we get 0 100 200 300 400

U(t) = n(t) - (Th(t) ~ Ua(0)) + Ta(t).  (10) Simulation time t (s)

(a) Estimation with linear equation systems

U(
o
®

tion

liZa

uti

ion

Reservat

We SUbStitUt&L]‘ =U; (tj)_UQ (t]) and bj =U, (tj) and
obtain the least squares errofor parameters/; (t) and
Us(t) if we minimize the term

(t)

X
i

Reservation utilization U;

m

€= umibn Z [U(t;) = (a1(t;) - am +bm)]>. (A1)
mobm £

The time index; thereby covers all value§(¢;) and
a(t;) from the first probe {=1) to the last {=m) ever
determined by the EBAC system. We find the minimum
of ¢ where the first derivatives of Equation (11) yield zero,
ie., we setls 20 und g 20 and resolve these equations
to parameters,,, andb,, which yields

OO T T T T T T T T
0 100 200 300 400
_ ey ea(8)U) — 300 (t) 32,U (1) (12a) Simulation time t (s)
m'zjal(tj)2 _ (Zjal(tj ))2 (b) Estimation with least squares approximation

Zj U(tj) . Zj o (tj)2 — Zj oy (tj) . Zjal (tj ) U(tj) Figure 2. Comparison of measured and estimated type-specstc-re

5 vation utilizations.
me Y0 (t)2— (301(t)))

Qm

m

(12b) typesie{1,2}. Type 1 has a mean PMRR &f[K;]=2

for 1 <j <m. The sums in Equations (12a) and (12b)and an initial mean share df[a;] = 0.2 in the traffic
can be computed iteratively which helps to cope with themix. Traffic type 2 is characterized b¥[K>] = 8 and
large set of parameter values observed over all titges  Efas] = 0.8. All simulations use the same seed for the
To limit the effect of short-time fluctuations, we apply the random number generator to exclude effects of different
TEWMA algorithm to these sums. L&t,, denote any of statistical characteristics of the simulated traffic. This
the sums in Equations (12a) and (12b) at titpg then  guarantees a fair comparison of the results.
the TEWMA at timet,,, 1 is Figure 2(a) shows a comparison of the measured type-

_ (b1 —tm specific reservation utilization& (¢) and their corre-

S(tm41) = S(tm) -7t ating). (13) sponding estimatelg 5 (¢) obtainecg t)Jy the LES method.

In Equation (13), the devaluation facter € [0,1]  Figure 2(b) compares the valué§" (t) to their approx-
leads to an exponential decay of older valuds;<,,)  imations UF%4(t) achieved with the LSA method. The
in the sumS. This incremental implementation of the measured and the type-specific reservation utilizatioas ar
LSA method is efficient and enables its application todetermined every second. On the packet scale level of
more than two different traffic types. With the calculatedthe traffic, we have Poisson distributed inter-arrival tme
parameters,,, andb,,, the estimates for the type-specific which lead to short-time fluctuations for the measured
reservation utilizations are finally obtained &s(t,,) =  valuesU> (t). These fluctuations are clearly damped by
A by, @nd Us (t,) = by, - the TEWMA algorithm used for the estimated values

3) Comparison of Measured and Estimated TypeU/®(t) andU}/*4(t). Obvioulsy, the LES method is not
Specific Reservation UtilizationsWe perform simula- feasible for the approximation of type-specific reservatio
tions with both previously described methods estimatingitilizations since the resulting estimates deviate stsong
the type-specific reservation utilizations. For the sakdrom the exact measurements. The reason is that, in many
of clarity, we simulate with only two different traffic cases, the linear equation system in Equation (8) does
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not yield a unique solution. In contrast, the LSA method
provides good estimates for the corresponding measureg<
utilizations. Hence, this approach enables EBAC With§
TSOB without type-specific traffic measurements and i
used for the following performance comparisons.

V. PERFORMANCECOMPARISON OF
CONVENTIONAL EBAC AND EBAC wWITH TSOB

To investigate EBAC with TSOB, we perform a number @
of simulations each associated with a different traffic 0 ‘ ‘ ‘ ‘
situation. For all simulations, we use a link capacity 200 400 600 800 1000 1200
of ¢; = 10 Mbit/s and simulate with two traffic types Simulation time t (s)

i € {1,2} with characteristic peak-to-mean rate ratios
(PMRRs) E[K;] =2 and E[K3] = 8. A flow f; of any

type i reserves bandwidth with a peak ratg = 768 50 -
Kbit/s and has a mean holding time ofu; =90s. — K(t) R(t)
The mean interarrival time of flow requests is set to= 40 |
1/\; =750 ms such that the link is saturated with traffic, 2 0
i.e., some flow requests are rejected. For conventions/ 30 1

EBAC we use the overbooking facter(¢) according to % f T4
Equation (3) and for EBAC with TSOB, we calculate the = 20
factor.(t) according to Equation (7). We first investigate 2 o l _______ l 2
EBAC with TSOB for a rather constant traffic mix and
then study its behavior for a suddenly changing traffic 0 : : : : 0

compositiona(t). 200 400 600 800 1000 1200

andwidth (Mb

()M ¥4INd ‘()9 490

(a) Conventional EBAC

()M "4INd ‘()9 490

Simulation time t (s)

A. Simulation with Constant Traffic Mix (b) EBAC with TSOB

The first experiment simulates traffic with rather con-
stant traffic shareal(t) i.e., the composition of the traffic Figure 3. Conventional EBAC vs. EBAC with TSOB for a constant
) . P\ - .~ traffic mix.
mix remains constant except for statistical fluctuations. &
The results of a single simulation run are shown in
Figure 3(a) for conventional EBAC and in Figure 3(b)
for EBAC with TSOB. The mean shares of the traffic
types in the aggregate are set fa;] = 0.2 and EBAC -
. - . response times.
FElas] = 0.8. We repeated this experiment 50 times to P

obtain reliable confidence intervals which proved to be D t_SlmtuIzti;[]lon hw'th Defctrre]:as:n%_ Tfaf'c I_?tefnsnyNeh_ h
very small. However, the illustration of a single simu- Investigate the change ot the traffic intensity from a hig

lation run shows more clearly the advantage of Epacie @ low value. Figure 4 shows the average results over

with TSOB over conventional EBAC. For EBAC with 50 simulation runs. We use the same two traffic types
TSOB (cf. Figure 3(b)), the decreases of the PMRRWith their characteristic PMRRs as before. However, we

start with mean traffic shareB[a;] = 0.8 and Eas] =
0.2. At simulation timet, = 1000 s, the mean shares
of both traffic types are swapped tB[a;] = 0.2 and

The increases of{(¢) due to changinga(t) lead to Elas]—0.8 by changing the t ii t arrival
a significant increase op(t). For conventional EBAC [a2] =0.8 by changing the type-specific request arriva
tes, i.e., the traffic intensity of the entire aggregate

(cf. Figure 3(a)), these changes happen rather slow and; due t h in the traffic m Thi
therefore, the QoS may be at risk or the link capacity ma ecdreatses ueddo a change mf tﬁ rg|vl|c mix). hi |rs]
be underutilized. In contrast, EBAC with TSOB adjusts its €ads 10 a sudden Increase of the RRt) whic

compound overbooking factas, () ver icklv to the results in an immediate decrease of the measured traf-
bou v ng ac(t) very quickly fic M (t) for conventional EBAC (cf. Figure 4(a)). With

modifications ofa(t) and, therefore, it is able to keep the )
measured raté/(¢) on a clearly more stable level than observable delay, the conventional EBAC system adapts
jts overbooking factorp(t) as a result of the slowly

conventional EBAC. This, in turn, leads to better QoS and ) X ; .
also improves the resource utilization. decrea5|ng)u-percen_tlleUp(t) in the hlstogramP(z_f, U).
From other simulations [26] we know that this delay

] ] ] ) S strongly depends on the EBAC memory defined by the
B. Simulation with Changing Traffic Mix half-life period T in Equation (4). In contrast, EBAC
In the following two simulation experiments, we focus with TSOB (cf. Figure 4(b)) increases its overbooking
on the reaction of EBAC with and without TSOB after a factor . (¢) almost at once since thg,-percentiles of the
decrease or an increase of the traffic intensity. We consideype-specific histogram# (¢, U) remain rather constant.

sudden changes of the traffic compositiaft) to have
worst case scenarios and to obtain upper bounds on the

K(t) due to statistical fluctuations of(¢) lead to a
significant decrease of the overbooking factor (OBR)).
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Figure 4. Conventional EBAC vs. EBAC with TSOB during a dese  Figure 5. Conventional EBAC vs. EBAC with TSOB during an e&se
of the traffic intensity. of the traffic intensity.

Since 0n|y the shares of the traffic types in the mixWith TSOB. However, this hlgh utilization comes at the
have changed, the compound overbooking fagtoft)  €xpense of a violation of QoS guarantees as the measured
is immediately adapted. As a consequence, the fastdfaffic M (¢) consumes the entire link capacity for a
reaction of EBAC with TSOB leads to a higher and moreshort period of time (cf. Figure 5(a)). As a consequence,
stable link utilization. the packet delay probability, = P(Packet delay>

2) Simulation with Increasing Traffic Intensitwe 50 MS) increases, rising fronps = 0 for EBAC with
now change the traffic intensity from a low to a high value TSOB to @ maximum of,; ~ 0.3 for conventional EBAC
which leads to a decrease of the PMRR¢) of the traffic I this experiment. This ob\{lpusly favours the extension
aggregate. The simulation results are shown in Figure $f EBAC towards type-specific overbooking.
Using the same two traffic types as before, we start with
mean traffic sharef[a,]=0.2 and E[a] =0.8 and swap VI. FURTHERWORK ON EBAC

them at simulation time, = 1000 s to Efa;]=0.8 and This section briefly presents further work on
E[a2]=0.2 by changing the type-specific request a”ivalexperience-based admission control (EBAC). We
rates. This increases the traffic intensity of the aggregatgsirate the performance of EBAC in steady state and
due to a change in the traffic mix(z). In this simulation i the presence of traffic changes on the packet scale

experiment, the QoS is at risk because flows with loweye|. \We also present a feasible application of EBAC in
traffic intensity are successively replaced by flows withy network-wide scope.

high intensity and, therefore, the load on the link is

rising. Conventional EBAC (cf. Figure 5(a)) reacts again i

slower than EBAC with TSOB (cf. Figure 5(b)) although A- EBAC in Steady State

this time, their speed of adapting the overbooking factor The intrinsic idea of EBAC is the exploitation of the
differs less. From other simulations [26] we know thatpeak-to-mean rate ratify' (¢) of the traffic aggregate ad-
the response time of conventional EBAC is independenmitted to the link. In [25], we simulated EBAC on a single
of the EBAC memory in case of a sudden traffic increaselink with regard to its behavior in steady state, i.e., when
Our simluation results show that conventional EBACthe properties of the traffic aggregate are rather static.
yields a slightly higher link utilization compared to EBAC These simulations provided a first proof of concept for
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EBAC. We showed for different peak-to-mean rate ratioaneasurements on the links, routing and load balancing
that EBAC achieves a high degree of resource utilizatiorin the network. As a consequence, the network-wide
through overbooking while packet loss and packet delaydmission decisions cannot be made independently of
are well limited. Further simulation results allowed useach other since they have a correlated impact on the
to give recommendations for the EBAC parameters suchink loads in the network.
as measurement interval length and reservation utilizatio However, if a network architecture fulfills certain re-
percentile to obtain appropriate overbooking factofs).  quirements, the application of EBAC in the scope of a net-
They furthermore showed that the EBAC mechanismwork is well feasible. The border-to-border (b2b) budget-
is robust against traffic variability in terms of packet based network admission control presented in [6] is a
size and inter-arrival time distribution as well as againstfeasible approach which implements admission control at
correlations thereof. the border of a network and uses directed b2b tunnels
with pre-determined capacities. For a simple deployment
. ' of EBAC in a network, these tunnel capacities can be
B. EBAC in the Presence of Traffic Changes overbooked by the EBAC mechanism like physical link
In [26], we investigated the transient behavior of con-capacities, i.e., the tunnels are considered as virtus lin
ventional EBAC after sudden traffic changes on the packefpig approach requires separate EBAC instances for all
scale level of admitted traffic flows. We analyzed thecapacity tunnels and, hence, the complexity of the prob-
EBAC response timd'z(¢) and the QoS performance in |em s now reduced to appropriate tunnel dimensioning
terms of packet losp; () and packet dealyq(?) (cf. Fig-  and to b2b aggregate-specific traffic measurements. If the
ure 1) which are potentially compromised in case of traffichetwork is based on, e.g. the (generalized) multiprotocol
increases. As EBAC partly relies on traffic measurementggpg| switching ((G)MPLS) architecture [34], [39], tun-
it is susceptible to changes of the traffic characteristics one|s can be implemented as label switched paths (LSPs)
admitted flows. There are certain influencing parametergetween label edge routers (LERs) and traffic can be
coupled with this problem. One of them is the lengtheasily measured per tunnel. Traffic matrices determined
of the EBAC memory which has been defined by itSyith help of the label distribution protocol (LDP) [40]

half-life period Ty (cf. Equation (4)). We evaluated the provide the necessary traffic measurements per LSP.
impact of the EBAC memory on a sudden decrease and

increase of the traffic intensity expressed by changes of
the peak-to-mean rate ratios of the simulated traffic flows.
For a changing traffic intensity, the response tiffig Experience-based admission control (EBAC) is a new
required to adapt the overbooking factor to the new traffidink admission control paradigm [24] representing a hy-
situation depends linearly on the half-life peridd;. brid solution between parameter-based and measurement-
For decreasing traffic intensity, the QoS of the traffic isbased admission control. In this article, we gave a general
not at risk. For a suddenly increasing traffic intensity,0verview of EBAC and, in particular, presented its ex-
however, it is compromised for a certain time spgfd. ~ tension towards type-specific overbooking (TSOB) which
The corresponding experiments used an unlimited lindmproves the original EBAC concept. We briefly reviewed
buffer and illustrate the performance of EBAC underthe EBAC system and explained the simulation design and

extreme traffic conditions corresponding to a collaboeativ the traffic model used for the analyses of the performance
and simultaneous QoS attack by all traffic sources. ~ of EBAC with and without TSOB. We simulated EBAC

under changing traffic conditions on the flow scale level
o ) and presented the corresponding simulation results as the
C. Application of EBAC in a Network Scope main contribution of this article. Finally, we summarized
The performance of EBAC has intensively been studiedurther work on EBAC regarding its steady state behav-
by simulations on a single link. A simple deploymentior [25], its behavior in the presence of traffic changes
of EBAC in a network-wide scope is the link-by-link on the packet scale level [26], and its application in a
application of the concept. However, this method requiresetwork-wide scope.
a lot of signaling which may lead to scalability problems. The extension of EBAC towards TSOB [27] yields a
Another option is to perform admission control only atcompound overbooking factor which considers different
the network border by using separate instances of EBAGaffic types subsuming flows with similar peak-to-mean
at all network ingress routers. This approach guaranteaste ratios. A major challenge regarding this extension is
scalability, but requires further investigation of theukts the determination of type-specific reservation utilizasio
ing distributed network admission control (NAC) system.required to calculate the compound overbooking factor. In
A prototype applying EBAC at the network border general, the traffic cannot be measured for type-specific
exists for the purely IP-based network architecture of theaggregates and, as a consquence, the type-specific reser-
KING (Key components for the Internet of the Next Gen-vation utilizations cannot be obtained directly. Therefor
eration) project [37], [38]. Its implementation requirbet we proposed two different methods to estimate them.
collection, synchronization, and correlation of many dis-Only one method, based on a least squares approximation
tributed network information about, e.g., resource reseref the type-specific reservation utilizations, proved to be
vations of flows admitted at the ingress routers, trafficsufficiently accurate and was thus used for the further

VIl. CONCLUSION
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performance investigations. For the comparison betweern9] M. Fidler and V. Sander, “A Parameter Based Admission
conventional EBAC and EBAC with TSOB, we simulated

sudden changes on the flow scale level of the traffic mix t
have worst case scenarios and to obtain upper bounds

Bo

the EBAC response times. To that aim, the share of flows

with highly utilized reservations, i.e. the traffic intetysi

(11]

was either suddenly decreased or increased. As a result,

we found that if the traffic intensity decreases, EBAC
with TSOB adapts faster than conventional EBAC an

leads to a significantly better resource utilization during
the adaptation phase. If the traffic intensity increases,

the advantage of EBAC with TSOB over conventional[13]

EBAC becomes even more obvious. While EBAC with
TSOB can prevent overload situations due to even extreme
changes in the traffic mix, conventional EBAC has no

appropriate means to avoid them.

This article provided a proof of concept for EBAC
with TSOB but many technical details must be clarified
before it can be deployed in practice. E.g., a reliable[15]
network-wide measurement system needs to be installed,
an appropriate number of different traffic types for TSOB
must be found, and applications with similar peak-to-

mean rate ratios have to be identified and classified. The
issues must certainly be solved. However, we alread

had a prototype of the conventional EBAC running in
a real network testbed which showed the feasability to
implement the concept. [
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