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Abstract 0 This paper proposes an analytical method to evalu-
ate the delay violation probability of traffic flows with statistical
Quality-of-Service (Qo0S) guaranteesin an Earliest Deadline First
(EDF) scheduler. The statistical QoS targetsfor each service class
are expressed in terms of a delay threshold and delay violation
probability. We study both cases isolated nodes and end-to-end
paths comprising multiple schedulers. M oreover, we assume that
traffic admits a linear variance envelope, therefore, we account
for Leaky-Bucket-regulated traffic, for general Markov-
Modulated Poisson Process sources and Markov-Modulated
Fluid Process sources and, more in general, to the wide class of
sources for which the variance of the cumulative generated traffic
can be upper bounded by a linear function of time. Under these
assumptions, we are able to derive an approximation on delay
distributions for each class of the EDF scheduler. Moreover, by
exploiting a novel framework for the calculation of satistical
end-to-end delay bounds (the bounded variance network calcu-
lus) we iterate our formulas, derived for the isolated node, to
multi-node paths and, in turn, we provide analytical formsfor the
end-to-end delay. Numerical investigation shows that our ap-
proximations are very close to the simulated values.

Index Terms O End-to-End delay, Markov Modulated Poisson
Process, statistical guarantees, network calculus, Earliest Dead-
lineFirst.

|. INTRODUCTION

he provisioning of Quality-of-Service (Q0S) guaeet

has become an important and challenging topic éndi

sign of differentiated and high-speed packet netaioOne

way to accomplish QoS differentiation is to defemaumber

of QoS classes and use a scheduling mechanisraabtlrese

classes differently. A popular scheduling paradigniarliest
Deadline First (EDF) [1, 2].

An EDF scheduler assigns deadlines to packetsiragriat
the scheduler and then serves the packets in a@asiog or-
der of their assigned deadlines.

In addition, characterization of aggregate multiraeicaffic
also plays a potential role in controlling of thetwork per-
formance. In literature, both deterministic andist&al mod-
els have been extensively treated [3]. While deitistic ser-
vices [1] provide a simple model for resource algn, they
are largely conservative [4, 5] and network resesirare used
inefficiently [6]. On the other hand, statisticareices [1] al-
low to a given fraction of traffic to exceed a fikalelay
threshold. With statistical services it is possitdeignificantly
increase the utilization of network resources.ha literature,
it is well known that statistical services can aslei much
higher efficiency than deterministic services [T][8

The literature on the provisioning of statisticahsces [9,
10] is wide, both in single-node and multi-noderso@s and
with different service disciplines.

In this paper, we analyze and propose a novel isaldor
the provisioning of statistical services in singlede and
multi-node scenarios, for EDF schedulers, as thienap solu-
tion of this problem is not provided in the litars.

EDF is known to be the optimal scheduling policy &ode-
terministic service at a single switch, in the settsat it has
the largest schedulable region among all schedyivligies
[11, 12, 13]. Even though such an optimality of tBBF
scheduling has not been proven in terms of steaistQoS
guarantees, it has been shown in [14] that an EthEduler
has a better performance than Generalized Proc&soing
(GPS) scheduler even for a statistical service.

First, we address the single EDF scheduler whengsflof

the service clast request a statistical QoS are expressed in

terms of delay threshold; and delay violation probability;.
We calculate the expression of the complementastyidution
function of the scheduling delay for all servicasdes given
the statistical description of the input trafficdathe output
link capacity,C. The second novel contribution of this paper is
the extension of our analysis to the cascade of E&fedul-
ers.

The performance of EDF single-node scheduler haenb
extensively investigated, in [15] the author desivechniques
for bounding the probability of delay violations &rhthe ses-
sion injections are independent but no closed-féormulas
are given. The extension to multi nodes is obtaingdnsert-
ing appropriate rate controllers between each hofil6] and
[17] the extension to the multi-node case is pdsgising re-
shaping at each node and coordinated schedulspeatvely.

Recently Liebeherr et alii in [18] have providednaw
framework, using the network calculus, for the aidtion of
end-to-end delay in multi-node paths, which prosidetter
results than [15].

In [18] the multi-node analysis is carried out bypiting
the min-plus algebra, a powerful tool of the statitanetwork
calculus to calculate end-to-end service curves antlirn, to
determine a statistical approximation for the emaitd delay.
Our approach is alternative, as we construct ouhaakestart-
ing from the two-moment analysis of isolated nodesdevel-
oped and formalized by Choe and Shroff [20] andparticu-
lar, we use the Maximum Variance Asymptotic uppaurd to
calculate the distribution of delay at a single od/e iterate
our single-node formulas by adopting the methodseld@ed



in the Bounded Variance Network Calculus [19]. histway,
starting from the single-node expression of deley,are able
to calculate an approximated analytical expresseiotihe end-
to-end delay. With reference to [18], we provide aoproxi-
mation of end-to-end delay rather than a statilstigaper
bound. The numerical analysis will show that oupragima-
tions of end-to-end delay are closer to the achetivork
performance than the statistical bounds of [18].

The rest of the paper is organized as follows. éntisn |
we provide a brief summary of the two-moment arialys
Section Il we develop the analysis of isolated Ed2Redulers
and the multi-node case is dealt with in SectionS¥ction V
presents numerical analyses and comparisons. ¥itladl pa-
per is concluded in Section VI.

Il. TWO-MOMENTANALYSIS: SINGLE AND MULTI NODES

A. Two-Moment Analysis of Network Delay

In this work, the Choe’s and Shroff's Maximum Varta
Asymptotic upper bound [20] is used for the analysfi delay
in isolated schedulers. Thus, the analysis fallthencategory
of the two-moment analyses of network delay, basedn ap-
proximated Gaussian model of traffic, driven by ttenver-
gence rules of the Central Limit Theorem [21]. Mwrer, the
analysis uses widely the concepts of statisticfitr and ser-

ance target is the maximum probabilityf exceeding the de-
lay threshold:

Pr(D>d)<p, (1)

where D is the actual delay experienced by traffic in the
scheduler. The probability of violating a givenalethreshold,
d, has the following statistical upper bound [23]:

Pr(D>d)< Pr( rtrgéa>(B(t)—S(t+d))> () 2

In general, the calculation of (2) is quite compl&kere-
fore, the Maximum-Variance Asymptotic upper boukti/g)
is commonly adopted, under the assumption that B@)hand
St) are Gaussian. By considering a traffic flow wsthatistical
traffic envelopeB(t), statistical service enveloj®t), and a de-
lay threshold, the MVA defines:

o° (t) =Var (B(t) - S(t+d)), ©)
a(t):O—E(B(;)(;)S(Hd))l @

It can be shown that
Pr(D>d) < Pr{ maYB(t)-S(t+d))> ()se (5)

vice envelopes, as defined by Qiu and Knightly [ZHe cu-  with a,, = qan(a(t)).

mulative trafficX(t) generated by a flow in a time interval with

durationt is described by its statistical traffic enveloft),
which is defined as a random process such thataffec gen-
erated by the flow in a time interval with duratiequal tot

satisfies the conditionzlz, t : Pr(X (t)> z) < Pr(B(t) > z) .
This inequality is commonly referred to astatistical ine-

quality and it is represented alternatively )ﬁ(t)g B(t). The

dtatistical service envelope is defined as a probabilistic de-
scription of the service that can be offered toaffit flow at a
given node [22]. In order to define the statistisatvice enve-
lope, the notion ofvailable service is needed. Given a multi-

class scheduler and the input traffic of classx”"(t), in a
reference time interval [@], the available service foX" (t)

(t)
i, when class is minimally backlogged. At a given time in-
stant, thebacklog of a service class in a scheduler is the tot
amount of traffic stored in the corresponding buffgaiting
for transmission. A service class is minimally bagiged in
[0, t] if (i) it is continuously backlogged in [@] and (ii) the
input of clasg in [0, t] is the minimal input traffic such that
condition (i) holds (this input traffic is referred as themini-

mally backlogged input traffic and it is denoted aX" (t)).
The statistical service envelope of clags the random proc-
essS(t) such thatS (t)z X2 ().

By using statistical traffic and service envelofids possi-

ble to exploit statistical multiplexing in order ¢dtain statisti-
cal service guarantees. A commonly used statisfieaform-

is referred to asx®"

av

Since the service envelopes of many important sdbes
are known, with (5) it is possible to calculate uigper bound
of the probability of violating a given delay thhedd, if traffic
is Gaussian, or an approximation of end-to-endydélaaffic
is non-Gaussian. The quality of the approximatioprioves as
the number of flows grows, under the rules of thent€al
Limit Theorem, as discussed in [20].

B. The Bounded Variance Network Calculus

In order to extend the two-moment analysis to endsid
paths it is necessary to introduce the concepbahbed vari-
ance network calculus, firstly discussed in [19heCof the
hardest problems to be faced by multi-node netveordlysis
is the characterization of the output traffic of@eduler, an
unavoidable task, as the traffic output by a sclexds the in-

and it is defined as the output of classPUt traffic of the next scheduler.

The bounded-variance network calculus addresseptbb-

em by providing an approximation of the variandetioe
cheduler’s output traffic, in order to be ableiterate the
MVA equations (3), (4), (5).

This approximation is based on the novel inequatitpved
in [24], on the variance of the minimum of two hilete Gaus-
sian random variables. This inequality state tigaten two
bivariate Gaussian random variableandy, the variance of
z=min(x,y) is bounded as

var(z) < max( va(x) ,va(y)). (6)

This inequality allows us to bind the variance loé butput
traffic of a node as a function of the node’s injaffic.

In fact, let us consider a tagged flow crossingguence of
H schedulers, where each scheduler provi@gs service



classes and, in theth scheduler, the flow is served in servicehas a linear variance envelope. Given a traffievfleith X(t)

classq,. By denoting the input and output traffic envelemd
the tagged traffic flow at thiath scheduler of the end-to-end
path asB} (t) and B“(t), respectively, and by referring to
the service envelope of the tagged flow athtescheduler as
S, (), an approximation of the output traffic envelogete

Gh

tagged flow at théth scheduler is given by:
By (t) = min(B; (1).5, (1)). (7)

T 0
In fact, if the tagged flow offers more traffic thahe
amount of service that the scheduler can provlte) the out-
put traffic is equal to the service capacity, otvise equals the
offered traffic. By applying inequality (6) to (%ye find an
upper bound for the variance of the output tradgficodeh:

var(B;’;“ (t)) < max( va(B;: (t)) ,va(Sqh (t))) (8)

If traffic is not Gaussian, the proposed variam®edf out-
put traffic is an approximation, as discussed B1.[2

Given a sequence @ nodes crossed by a tagged traffic

flow, it is possible to proceed iteratively stagifrom node 1
and, sinceB; (t)=B"(t), a statistical characterization of

the input traffic of each node can be calculatedhwB).
Therefore, by applying the MVA, the probability bty

f, (t) of the delayd, at thehth node is easily derived. Fi-

nally, the end-to-end delagle. is equal tod;+d,+...+dy, the
density of the end-to-end delay is
f,,. (t)="f, (t)*f, (t)--* f, (t), by assuming statistical
independence of the delay accumulated in diffenedes (this
assumption is discussed in [25]). The probabiligttthe end-
to-end delay of the tagged flow exceeds a threstiatdthen
calculated as:

J.fdeZe

d

Il. SINGLE EDFANALYSIS

In this section, we develop the analytical modeévaluate
the distribution of delay and to treat the resoualecation
and the admission control problems for a single EoRed-
uler.

An EDF scheduler servesqueues, where thiéh queue has
service class, an associated delay threshdidand delay vio-
lation probabilityp.. The delay boundd; refers to the time
elapsing from the instant when traffic enters itewg in the
scheduler to the instant when the traffic is traittemh on the
output link. The output link has a transmissionazy of C
[bit/s].

In an EDF scheduler, every class associated with a delay
bound §. A classi packet arriving at is assigned deadline
t+d, and the EDF service discipline always selectspineket
with the smallest deadline for service.

A. Traffic models
Our analysis is carried out with the hypothesig thaffic

Pr(d,, >d) = (r)dr 9)

e2e

cumulative arrivals, its two-moment statistical elope is:
E(X(t))=rt; var(X(t))<rbt, (10)

wherer is the average rate of the traffic flow abhds a posi-
tive real constant. This type of envelope accotiotstoken-
bucket-regulated traffic [26, 27], by settingequal to the to-
ken rate and equal to the bucket depth. The envelope (10)
applies also to the universally known Markov ModeithPois-
son Process and Markov Modulated Fluid Processeswand

in [28] it has been recently provided a methodthar calcula-
tion of ther andb parameters of a generic Markov-Modulated
source.

Our analytical formulas apply for traffic with enéar vari-
ance envelope. However, the basic principles oMag&mum
Variance Asymptotic upper bound and of the boundethnce
network calculus hold in general, for any arbitrdoym of
var(X(t)). For a non linear vax(t)) our method holds, but so-
lutions can be very complex.

In the numerical analysis of Section V we will cioles the
Markov-Modulated On-Off sources selected in [18]ffic is
a continuous time process driven by a homogenevostate
Markov chain with transition raté [s’] from the Off state to
the On state, while the rate of the inverse traorstis equal to
4 [s7. In the On state, an individual source transraita con-
stant rateP [bit/s]. No arrivals are generated in the Off stat

We denote as(t) the traffic envelope relative to the fresh

calculated agrrivals of an individual source. The upper boufidhe vari-

ance ofa(t) is equal to (see [28] to compute easily the verga
of the traffic envelope of Markov-Modulated sources

Au

var(a(t))< 2 P%t. 11
()= 2575 (11)
The average value aft) is easily calculated:
A
E(a(t))=-————Pt (12)

Therefore, the two-moment envelopeaff) can be written
as (10) withr andb given by:

A

(A+u)

U
(/] + ,u)z

B. Resource Allocation in EDF scheduler

We analytically calculate the output link capadityneeded
to satisfy the performance constraint, expresseeduyation
(1), in an EDF scheduler with priority levels. The service
classi transports a traffic aggregate composedlghdividual
flows, each of these traffic flows has a two-momemgelope
as specified in (10). For the individual flow oktkervice class
i ther andb parameters ang andby;, respectively. All individ-
ual flows are assumed to be mutually independéetetore,
the two-moment envelope of the traffic aggredas feeding
the priorityi queue has average value and variance given by

E(B(t))=Nrt; var(B (t))<Nrht (14)

P.

(13)

In an EDF scheduler the statistical service of fhierity i



traffic is given by [22] for the maximum number of flows in service clasas a func-
tion of the number of flows in other service classé i:
Sl(t):max( O,Ct—;Bn (t— may OJH—(Z))) (15) - 1 :
Therefore, the average value of the statisticaliserenve- n(z(b (de —max( O0Ad _E))+ ma>( Bd _F)u)_b2 Irp)
lope available for service classan be evaluated as

E(S,(t))=Ct—Z:Nnrn (t-max(04,-7)) (16)

(Ab +B ~Ch)(max(0Ad, ~E ) -Cd ) + (1)
and the variance is equal to: (1-2(max 0Bd -F))(A-C)+hB Inp +
var(§ (1)) = XNeb (t-max{ 0g,-a))  (17) .((max( 0Ad ~E)-cd )
¥ (-Ah+B+Ch)[ - | ]

By substituting (14), (16) and (17) in (4) we obtdhe ex- +2max 0Bd -F) Inp
pression of the functiom, (t):

o (0)= -Nrt+E(S(t+d,)) IV. MULTI-NODEANALYSIS
' \/Niﬁb.HVar(S. (t +d, )) In this section, we provide the delay violation lpability in
o ) cascade of EDF schedulers. We adopt the referezersaso
whose absolute minimum is equal to: used in [18] with a series &f nodes and two traffic classes, as

__2((m>(0Aq_E)_Cq)(3+Nm)_nﬁ*(ﬁq_p‘)m_cm‘r‘)) (18) shown in Fig. 1. In this scenario, an aggregate-terehd

n - flow, composed by multiple individual flows, pasgbesough
(B +Nr|lq)\/—n‘ax( 0Bd _E)+(n1a><(0Aq ~)-Cd)(8 +Nib) all schedulers from 1 td. These end-to-end flows are referred
A=C+Nr to asthrough flows.
in (18), the symbolic parameters are defined devid: Each scheduler serves another aggregate flowyeeféo as
cross flows. Each cross flow traverses one node, intesfe
A=>Nr E =Y N,r,max(0J,-9) with through flows, and then it exits the netwogtoss flows
n#i n#i offered to different schedulers are distinct aratistically in-
_ _ dependent. The network is composed by a serié$ mddes,
B _gNnrnbn R —;:Nnrnhq max( 04, - J) and each node receives and forwards to the nex¢ imothe

chain the through traffic flows. Each node actsaasEDF
scheduler with two traffic classes 1 and 2. Evdagsi (with
i=1, 2) packet arriving dtis assigned deadlirte+d, and the
Pr(D >d)< EDF service discipline always selects the packeh whe
smallest deadline for service.

—2(N,r,d‘(b(C—A)+B)+E(3+N‘r‘b)+F,(C—N,r‘ _A")) (19) The cross and through traffic flows are served iantl 2

ex QC—N‘r‘ -A) service class, respectively.
(B+Nrh) ooz ooz ooz

Node 1 I Node 2 I Node H I

Finally, by substituting (18) in (5) we obtain ttelay viola-
tion probability of the traffic aggregate with s class:

In order to satisfy concurrently the QoS targetslbtraffic
aggregates, (19) must satisfy (1), for all serdtesses. For

example, by applying the performance constraintesged by Through Through
(1) to (19), we obtain the capacity, needed to serwd, traffic flows
flows of served in class by satisfying the QoS requirements Fig. 1: Network with cross traffic.
expressed bgh andp; We specialize our calculations for the scenaridistl in
(max( 0Ad, ‘Ei)+\/(5 +N, ‘di)z - 2Inp, (F, +Nirhd,) [18], where both through and cross sources are lmddes the
C> C Markov-Modulated On-Off sources described in SectlbA.
' 2(F+Nrhd) (20) The total number of through flows is equaNgand the num-

ber of cross flows that traverse each node is efudl. The
parameters of the Markov model of cross and thrdilmlis
are (3, 4, Py) and Q,, 15, Py), respectively.
C. Admission Control in EDF scheduler In order to calculate end-to-end delay of throulghwf the
By solving (19) for\;, we determine the number of flows of service envelope at the generic nbdes n.eeded. The result is
i priority, for each service class, that it is pbigsito accept on ©btained by applying the bounded variance netwalkutus
a link of capacityC, guaranteeing the QoS targets expressed i8] whose basic principles have been outlineddatidn I1.B.
terms of delay and delay violation probability éndp;). The ~ The traffic envelope of the aggregate input créses at the
calculation requires a long algebraic manipulatibat it is  hth scheduler is referred to &, (t) and it evaluates to
possible to obtain the closed-form expression oiagign (21)



E(Brh (t)) =Nt Var(Bilr;m (t)) < NJPL

where ther; andb; parameters of the linear traffic envelope o

the individual cross flow is calculated with (13he service
envelope of the through flows at thth scheduler, referred to

as S, (t), is calculated with (16) and (17):
E (Sz,h (t)) =Ct- N (t - max( 0,51—52))
var(s,, (1)) = Nyrp, (t - max 04,-3,))

1171

We note that ifo,< o, the service envelope of the EDF sched- f

uler becomes equal to that of the SP schedulefobud{> J; it
is different. In particular, in this paper we assud o, and
then we are able to substitute the max{0,%,) with J - .
The fresh input through flows at the first node éadlve traffic
envelope

E(B,(t))=Nrt; var(Bj,(t))<Nybt,

and we proceed with the following conservative appna-
tion

E(B‘”())=Nrt
)< max(N Jbt Nybt (51_52)))

that will allow us to derive simple expression bé tend-to-
end delay. By applying (8), the variance of théfizaenvelope
of through flows at the input of node 2 is compuasd

var(BY, (t)) = var(By (t)) <
) max(Nzrzbzt ,Nlrpl(t—(dl—éz)))
N,rb,(t=(4,-3,))
max(Nzrzbzt Nyrb,(t=(8,- 62)))

var( B'"

e (22)

By iterating this procedure for the downstream sode ob-
tain the bound for the variance of the throughfizadt the in-
put of all the EDF schedulers:

) vafs,, ))

OhO[1,H] : var(B}, (
Therefore, we can apply (19) to calculate the delalation
probability at thenth scheduler:

Pr(D,>d,)<
p[ (C=N,r,~
ex —27
(B +N,rb,)
@XD[— 2Nzr2 (C B Nzrz - Az) (bz(C B Az) + Bz)
(BZ + N2r2b2)2
where

< ma>( va B'Z”h .

[{E,(B,+Nsb,)+F,(C-Ny,- A?))][ (23)

.

E,=Ny,(3,-9)
F,= N{P1(51‘59)
To simplify the notation
P(D, >d,) < x,exp(-«,d
multiplying d, in (23) and y, a multiplicative constant. The
probability density of delay for the through (cl&dsflows at

AZ = Nlrl
BZ = Nlrlbl
we write (23) as
2) where «, is the coefficient

nodeh is equal to f, (t)=x,&,exp(-,t) and we find

sthe density of the end-to-end delay as:

~ D(Z)H tH-

0=

The explicit expression of the end-to-end delayrizbuola-
tion probability is calculated with (9):

. , i
Pr(di,eZe >t) :J fo o (T)dT =y IE'K!HZ?(K}?_ .

=0

exp(-k,t) . (24)

(25)

V. SIMULATION RESULTS

In this section the quality of the approximatiorfislelay ob-
tained with our method are compared with the bouwfdhe
min-plus algebra. Moreover, both results are coenpdo the
actual network performance obtained by simulation.

The computer simulation model of the activity oé tEDF
scheduler with two queues is simple: then, a citoafic
packet arriving to the scheduler at timés stamped with a
deadlinet + J;, whereas, a though traffic packet is stamped
with a deadlind + &,. All packets in the scheduler are served
by increasing order of their deadline. When a tgtopacket is
served, it is passed as input through traffic ® lext sched-
uler, while served cross packets are dropped (ged F-

In Section V.A, we analyze a multi-node scenarid are
compare our approximations of the end-to-end deldly the
probabilistic end-to-end delay bound of the minsphigebra
[18] and with the delay measured with simulatiddisnulation
results are reported together with the width of &6 confi-
dence intervals. In Section V.B, we analyze and pama the
schedulability regions of our approach, of the mpims algebra
and the real region obtained with computer simofatiThe
parameters of the traffic sources are given inddblThe ca-
pacity of the output links of all schedulers is algto 100
Mbit/s. The local deadlines assigned to the serclesses 1
and 2 are equal té, = 0.02 andd, = 0.01 seconds, respec-
tively.

Table 1: Source Traffic Parameters.

Traffic parameters

Priority Classi A(s?) u(sh) (Mg Us) calculated with (13)
r (Mbis) b (kbit)

High 1 40 960 5 0.2 9.6
Low 2 80 920 25 0.2 4.6

A. Multiple Nodes with Cross Traffic

With reference to Fig. 2, we consider a sequendeasfd 10
EDF schedulers and we show the delay exceeded prath-
ability 10%, 10° and 10 in the subplots (a), (b), and (c), re-
spectively. For each value &f the Figure shows results ob-
tained with min-plus algebra, our analysis, andusirtion.

The comparison of the numerical values of delay®wvsh
that the bounded-variance network calculus [19]afincases
(a), (b), and (c)) provides a significantly betestimation of
the end-to-end delay than the min-plus algebra.dgxample,
in (b) with H=10 and a total of 450 flows per nodg;¥100



and N,=350), the simulation results provide a measuréhef
end-to-end delay in the range 3 ms +/- 0.42 mspilreplus
algebra provides a delay threshold of 49.83 msh(\witper-
centage deviation of +1,561% from the simulatiosut®,
while our delay approximation with our analysiseigual to
3.73 ms (with a percentage deviation of +24.33%nfrihe
simulation result).

) L (b)
||—*—Our, H=1
—e—0ur, H=10 P
80 + ) [P -
—O— Min-plus algebra, H=1 1
70 | —o— Min-plus algebra, H=10~ ~ = .~
60 -+~ Simulation, H=1

100

|| =—*—Our, H=1

|| —=—Our, H=10

—o— Min-plus algebra, H=1
1l —o—Min-plus algebra, H=10
| -+ simulation, H=1
- simulation, H=10

I Simulation, H=10

End-to-End delay (ms)
End-to-End delay (ms)
@
3
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(©)
——0Our, H=1
| —s—our, =10
1 —o—Min-plus algebra, H=1 |
T —0o—Min-plus algebra, H=10
T e Simulation, H=1
T Simulation, H=10

End-to-End delay (ms)

[¢] 100 200 300 400
Number of through flows, N,

Fig. 2: End-to-end delay exceeded with probability (a), 10° (b), and 16
(c) as a function of the number of though flows peden{(N,) with N;=100
flows, and 1 and 10 EDF schedulets=0.02 s,0,=0.01 s).

B. Single Node scenario: Number of Admission Flows
We consider an isolated EDF and fix for servicesgld a

tion curve corresponds to the policy of allocatthg average
rate to each traffic flow, it is represented by tti@ngleN, ry +
N, r,< C and, given a paif\;, Np) in the region delimited by
the average allocation rule, the QoS constrainDP¥ d,) <
10° is not guaranteed. The Figure also plots the regio-
tained with the very conservative peak allocatiole ridenti-
fied by the triangleN; P; + N, P, < C. All the (N, Ny) pairs in
this region guarantee the QoS target but the lmacity is
severely underutilized. From the analysis of tHeeslulability
regions we observe that the match of our analytoave and
simulation is satisfactory. The difference between method
and the min-plus algebra is smaller with one isalatode and
it increases as the number of nodes grows.
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Fig. 3: Isolated EDF scheduldfi£1) with local deadline»=5 ms, delay

delay thresholdd, = 5 ms and a delay violation probability thresholdd,=5 ms. Number of admissible through flows as a tiencof the

lower than or equal to 10 The method to determine the

schedulability region of the EDF scheduler, prodide [18],

fixes a statistical delay requiremem,(p,) for the flows in
service class 2, but no delay targets are est&lliftr class-1
flows and their number is let range from 0 up t® theoretical

number of cross flows witp,=10° and local deadliné, equal to 10 ms (a),
20 ms (b), and 50 ms (c).

VI. CONCLUSIONS
In this paper we have provided two main contribngio

maximum valueC/r,, corresponding to the policy of allocating First, given an isolated EDF scheduler witlservice classes,

the average rate and causing an infinite delapenstheduler.
In order to compare our method with the method1&j,[ we
fix a statistical delay target for class-2 floves, (p,), while we
setd; = o as it is done in [18].

Fig. 3 shows the schedulability regions of the Eakedul-

ers, i.e., the region of th&l{, N,) pairs satisfying the statistical
QoS constraint PR, > d,) < 10°. In particular, we plot the
schedulability regions witl, = d,= 5 ms, and deadline service

where each class is associated to a differentiatatistical

QoS target expressed as a delay threstialdd a delay viola-
tion probabilityp, we have developed a method to calculate in
closed-form (a) the complementary distribution fime of the
scheduling delay, (b) the capacity needed to fytintly all

QoS targets given the traffic profiles and numbkesaurces
and (c) the solution of the admission control peohb| i.e. the
identification of the maximum number of flows thats pos-

class 16, equal to 10, 20 ms, and 50 ms in (a), (b), and (C)5|ble to accommodate in each service class satgi@oS tar-

respectively. We plot the regions obtained with mathod (by
applying (21)), with the min-plus algebra and wsimulation.
We note that increasing progressively the numbeclass-1
flows, the maximum number of class-2 flows accepted
crease. Moreover, the number of class-2 acceptwusfide-
pends by the local deadline of the class-1 fléwdn particu-

lar, by increasing the local deadlide the schedulable region

increases, as shown in Fig. 3.
Fig. 3 shows two additional curves, i.e., the ageralloca-
tion curve and the peak allocation curve. The ayeeraloca-

gets. We have carried out the analysis by assutheiginput
cumulative traffic has a linear variance envelophis as-
sumption accounts for token-bucket-regulated twafffor
Markov Modulated Poisson Process sources, and &okdw-
Modulated Fluid Process sources.

Secondly we have provided a method (in the frambkvabr
our new bounded-variance network calculus) to feeraur
analytical formulas in a multi-node scenario, iclsa way to

calculate analytically the closed-form expressidrthe end-
to-end delay of traffic flows crossing a cascad&bf sched-



ulers.

We have compared our results both with simulatiod a
with the min-plus algebra, the most recent metlwocadculate
end-to-end delay bounds in both single-node andimaotie
paths. As far as multi-node paths are concerned,hae
shown that our analytical evaluation of end-to-efefay is
much closer to simulation results than the min-migebra.
Remarkably, our results are expressed as analyticasled
forms while numerical optimizations are requiredtbg min—
plus algebra.

We have also compared our methods with the min-alus
gebra in a single-node scenario, by solving theisslon con-
trol problem with both methods. The result of tleenparison
is that our method provides results closer to sitivg meas-
ures than the min-plus algebra. However, the difiee be-
tween the two methods is smaller than in the mdtle case.
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