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Abstract—The focus of our paper is on superposed and per- space and Markov processes with discrete state space [1], [2].
process performance evaluation of network node in terms of The latter one can be classified into continuous time Markov
losses, delays and jitter. We consider the case of d'screte't'mechains and discrete-time Markov chains.

queuing system, which is fed byfinite superposition of discrete- o . - .

time batch Markovian arrival processes (D-BMAPSs), and denoted 10 Overcome the difficulties of queuing anaIyS|s,. Markov
in Kendall’s notation by S°D-BMAP/D/1/K. Given such system chains should be used as a statistical model to fit the cor-
we obtain probability distribution functions of number of lost relation structure of arrival processes [1], [2]. One of the
packets, delay of arbitrary packet and jitter for both superposed most popular traffic model used to represent multimedia traffic
and single arrival processes. These performance parameters sources in high-speed packet networks, is discrete-time batch

describe the quality of service (QoS) provided by the network . . . . .
node to aggregated variable bit rate (VBR) traffic stream and Markovian arrival process (D-BMAP). A multimedia traffic

particular VBR traffic stream in presence of background VBR can be modelled by D-BMAP, where the underlying Markov
traffic with the same priority. It should be noted that analytical chain reflects the correlation structure of arrival process.

_solution Of. >"D-BMAP/D/1/K havg received a little attention Recenﬂy the Specia| attention has been pa|d to non-
in recent literature. Our purpose is to extend those Works 10 \arkgvian models of traffic sources. It was stimulated by the
the general case of D-BMAP arrival process and give results . . .
applicable to all particular instances of D-BMAP. measurements .of real t.rafﬂc camed out on several timescales
[71, [8], [9]. Particularly, it was claimed that almost all modern
|. INTRODUCTION traffic sources exhibit some sort of long range dependence
Comprehensive statistical studies carried out in last yedtdRD) behavior which can be characterized by special struc-
have shown that the major properties of multimedia traffic atere of autocorrelation function [7]. Moreover, it was found
characterized by complex structure of autocorrelation functidhat the empirical probability distribution function of real
and high diversity of probability distribution function of arrivaltraffic can sometimes exhibit a long-tail behavior (a lot of
process. However, one can notice that the classic queunegative frequencies corresponds to very big arguments [10]).
theory was developed in white noise environment of Poissdihese findings had stimulated telecommunication community
process, where correlation properties of arrival process weaeedevelop novel modelling techniques and researchers began
not taken into account [1], [2]. Nowadays, with introduction ofo characterize network traffic using models with self-similar
high-speed transmission technologies and bandwidth-gredmhavior. Among some advantages of such models one can
multimedia applications it is clear that the white noise emote that most of them cannot be applied in analytical the-
vironment does not occur in practice. For example, it wasy of queuing systems and, therefore, they produce a self-
shown that the arrival processes of both MPEG ftraffic sourcesntained class of simulation-oriented models. Since given
and voice traffic sources in packet networks are highly autte same computational efforts analytical approach can often
and cross-correlated [1], [2], [3], [4], [5]. In the past fewprovide more deep insights on real system behavior, it is often
years, when the assumption of white noise arrival process hamhsidered as a major drawback of these models.
been dropped, the authors began to characterize the correlatiolt was also outlined that those processes which are based on
structure of multimedia traffic using special types of versatilarkov property are limited to short range dependence (SRD)
stochastic processes [4], [5], [6]. behavior of autocorrelation function and fail to capture both
It is well known that the only property that allows ex-LRD and long-tail properties of real traffic sources. However,
tensive analysis of queuing systems’ performance using the to date several studies have reported that while strict
mathematical approach is the Markov one. In accordance wittathematical structure of Markovian processes was proved to
such approach, the behavior of queuing system is modelledtsy limited to SRD properties [11], [12], [13], the applications
certain type of stochastic process with Markovian structuref Markovian models can be properly extendedeimulate
where the states of the process represent the state spaceRb and self-similar behavior of real traffic sources up to the
the queuing system, i.e. number of customers that are dertain timescale of interest [14], [15], [16], [17]. Moreover,
the system [1], [2]. Based on properties (or more precisefpme Markovian models can also capture long-tail distribution
on physical nature) of both arrival and service processes wereal traffic sources [15], and D-BMAP process is among
distinguish between Markov processes with continuous statem.



In this paper we consider discrete-time queuing systemThese steady-state probabilities are the solution of the
with Markovian input, which can be represented in Kendall®llowing system:
notation by> D-BMAP/D/1/K, whereK is the capacity of the
system. We give reasons why instead }oD-BMAP/D/1/K {7? =7D 3)
gueuing system it is practically possible to consider equiv- Te=1"’
alent (sometimes approximating) D-BMAP+D-BMAP/DKL/ o .
queuing system. All arrival processes are assumed to \ggeree IS appropriate vector of ones. )
independent and, therefore, uncorrelated. Given such systerh€t 1" (n),n = 0,1,..} be the D-BMAP arrival process
we obtain probability distribution functions of number of lostVh0se underlying Markov chain i§5(n),n = 0,1,..}. We
packets, delay of arbitrary packet and jitter for both superposg@ifine D-BMAP process as a sequence of matriCh#),
and single arrival processes. These performance parame{fer:s 0,1,.., each of W_h'Ch contains probab|l|t|es of transition
describe the quality of service (Q0S) provided by the netwoHO™ State to state witlk = 0,1, .., arrivals respectively. For
node to aggregated variable bit rate (VBR) traffic stream aff@mPIe, the elemen;; (0) defines transition from stateto
particular VBR traffic stream in presence of background VB&@€J without any arrivals while the element; (k) defines
traffic with the same priority. trgnsmon from state to statej with a batch arrival of sizé:.

It should be noted that performance evaluation of aggregalléés easy to see that:
traffic and single traffic source in presence of background
concurrent traffic have received only a little attention in receng(k)u — lim Pr{W(n) =k, S(n) = j|Stn—1) =i}, (4)
literature [5], [18], [19]. Both aggregated and single traffic = '’ n—oc ’ ’
source are often modelled by a special cases of D-BMAfhgre & — 0,1,., andi,j € {1,2,..,M} are conditional
process and process-specific solutions have been developgghapility distribution functions of D-BMAP process.
The aim of our paper is to extend those studies to the generajye have to note that in accordance with explained definition
case of D-BMAP processes and give results applicable to glls gjjowed for D-BMAP process to have different probability
particular instances of D-BMAP. _ _distribution function for each different pair of states. Such

This paper {s.qrganlzed as follows. In Section I we br!efl roperty, among others, makes D-BMAP quite versatile one
recall the definition of the D-BMAP process and highlighbng aliows to model empirical probability distribution func-
stru_cture an_d proper’gles_ of its autocorrelation functhn. Wsns of real traffic sources. The property of D-BMAP process
outline possible applications of ,\D-BMAP/D/1/K queuing that allows us to model a wide variety of arrival process from
system in Section Ill. Tagged and background processes gfitimedia sources is supported by special structure of its
also defined there. Queuing system description is given in Segiocorrelation function. Leti — (G1,Gs,..,Gpr) be the

tion IV. In Sections V and VI we derive performance pParamgnnt rate vector of D-BMAP process whose elements are
ters of superposed and single processes D-BMAP/D/LK  yafined as follows:

gueuing system. Conclusions are drawn in Section VII.

o0 o0
Il. ARRIVAL PROCESS G; = Z deij(k'), ie{1,2,.,M}. (5)
In this section we briefly recall the definition of D-BMAP j=1 k=1
process. Spec!al attention is .p.aid 'Fo §trupture anq behavioncl-he input rate in the slot is a random varialfé that
of autocorrelation angl probgblllty dlstrlputlon functions that,, o< the values of the vectdd — (G1,Ga,..,Gpr) with
allovy to _model_ a wide variety of arrival processes fror'?espective probabilitiest = (my,m2,..,mar). Therefore, the
multimedia traffic sources. input rate process of a D-BMARW (n),n = 0,1,..} is

defined by Markov modulated proce$&(n),n = 0,1,..}

A. Discrete-time batch Markovian arrival process - - s
. . . . with G(n) = G, i € {1,2,.., M}, while the Markov chain is
Consider a discrete-time homogenous, ergodic Marktﬂ){ the statei at the time slot

chain{S(n),n = 0,1,..} defined at the state spacdn) € Th : : I

’ T - ) e autocorrelation function =0,1,.. en
{1,2,..,M}. Let D be the transition matrix of the Markov by [6]: ! ' lon function diG:(n),n =0, 1, ..} is giv
chain with (i, j)** element defined in accordance with Marko- '
vian property:

K% (m) = > A'é, (6)
dy = Pr{sn) =jlsS-1 =i}, @ i
for eachi,j € {1,2,.., M}. where
Let # = (my,m2,..,mp) be the row array of equilibrium S R g B
state distribution of the Markov chain. For each element of ¢ =7 > _kD(k) | Gilu kD(k) | €, (7)
k=1 k=1

we have:

. o and ), is the I'* eigenvalue ofD, g; and h; are I'" right
mi = lim Pr{S(n) =i}, i€{1,2,., M}. (2 column and left row eigenvectors @ respectively.

n—oo



From (6) we have that the autocorrelation function of thef statistical multiplexing, their network node performance
input rate process of D-BMAP is the sum of several geometgvaluation is of paramount importance.
cally distributed terms which are given by non-unit eigenvalues )
of modulating Markov chain. This property has been used fiy ATM environment
many studies to derive models of various multimedia traffic Consider a simple ATM switch architecture. We assume a
sources with strong correlation properties [4], [20]. non-blocking output queuing switching system. In this case
To be precise we note that the expression (6) gives theeuing of cells occurs at the output ports. To simplify QoS
autocorrelation function of the input rate process of D-BMAProvisioning assume that at each output port several buffers are
for which the local dynamic in each state of modulatingnaintained (Fig.2). Three logical buffers can be used: constant
Markov chain is not taken into account. Most papers, ibit rate (CBR) and variable bit rate (VBR) connections share
which the traffic is modelled by D-BMAP processes, do ndhe same buffer; available bit rate (ABR) connections belong to
mention that local dynamics of D-BMAP can affect locathe next buffer, while the last buffer queues best-effort traffic
behavior of autocorrelation function. However, our experiencd unspecified bit rate (UBR) connections. To maintain the
in MPEG traffic modelling using D-BMAP processes hagequired QoS for every connection, CBR/VBR buffer may
shown that these changes can be neglected [20] and (6) gikiege strict priority in service over ABR queue, and ABR
a fair approximation of autocorrelation function of D-BMAPbuffer, in turn, may have strict priority over the best-effort
process. UBR buffer. Simple scheduling algorithm my be used between
them, and "first-come, first-served” (FCFS) service discipline
[1l. APPLICATIONS OF) D-BMAP/D/1/K SYSTEM can be implemented on each queue (Fig. 2). Thus, high priority

To motivate obiectives of our paper let us firstly consid traffic is well isolated from low priority one and its service
) pap y ?Efrocess can be modelled /G/1/K queuing system.

protocol stack widely used in current communication networks
(Fig. 1).

Nowadays, TCP(UDP,RTP)/IP is de-facto standard for mul- MMLMMM " .
timedia and data communication. Though, TCP and IP pro- — ChR/VDR_duene .
tocols’ philosophy remained unchanged some modifications —+crassiier [ |[[[][[[[1I]I[1]F~ i @"
have recently been made to both of them. Currently, there are Arrival PR duee § |server
a number of slightly different TCP implementations like TCP ~ ©7°°°*° e

Reno and TCP Tahoe and it is supposed that TCP will approve
more changes when wireless access will become reality [21].
When we are concerned with network layer we should note
that IP protocol did not undergo considerable improvements
except for minor changes accepted for IPv6. Nowadays, tBe DiffServ environment
role of ATM is not well defined. Although, it is clear that ATM Currently,
have mainly lost its significance as a network layer protoch )

land how mos(;ly used like Ef‘ point-to-ﬁ)?ai\_rll_fvlprlqlt(ocol aStthe lin rvice only, which does not satisfy the needs of real-time
ayer, most advantageous features o (like Qo SUppogiplications. In the past IETF has proposed two QoS frame-

retaintheirsignificance.Additionally, itis widely accepted thaj <. Integrated Services (IntServ, [22]) and Differentiated
the Iénkéayerhﬁrotc;]colsharg Cl:r:ently based OnIIEEFbEthern,gErvices (DiffServ, [23]). IntServ can provide deterministic
Staﬂ alr s while the physical layer may employ fiber Optﬁos guarantees, uses explicit resource reservation technique
technologies. and requires signaling protocol in order to inform network
elements about the necessary resource reservation. DiffServ

Fig. 2. Structure of the output port of ATM switch.

Internet does not provide any QoS guarantees
applications which run over it. It provides the best-effort

Application Application layer employs a different approach. It defines packets marking
TCP/UDE/RTP Transport layer procedures to distinguish between packets with different QoS
IP Network layer . . . S

ATM requirements. DiffServ provides probabilistic guarantees to
Ethernot Link layer aggregated traffic flows and uses a sort of CAC algorithms,
Fiber optic Physical layer which is based on service level agreements (SLAS). DiffServ

approach is more promising compared to IntServ because of
Fig. 1. Protocol stack used in current communication networks.  its simplicity and scalability.
IETF DiffServ working group has standardized two PHB
Note that while some modifications to the abovementionggoups. Assured Forwarding PHB (AF PHB, [24]) is desighed
protocol stack are, of course, possible a good alternative for applications, which need different QoS guarantees. There
implementing current networks is to use TCP/IP over ATMare four classes of PHB identification codes within the AF
While IP QoS frameworks are not widely accepted, the usaB&iB group. Within the each class there are three distinct
of ATM - TCP/IP combination can provide a lot of benefitDiffServ codepoints (DSCP) with different packet drop prece-
in QoS support. Since both IP and ATM make extensive usence. Expedited Forwarding PHB (EF PHB, [25]) is targeted



on applications, which require strict guarantees of end-to-eod those studies, we can state that D-BMAP process is quite
delay and should not suffer from packet losses. versatile one and is able to model a wide variety of multimedia

In accordance with DiffServ specifications [25], [24] eaclraffic streams. Therefore, in this paper in order to model
AF PHB class and whole EF PHB must have a predefinedidio, video and data traffic we use D-BMAP process.
minimum amount of bandwidth and buffer space at each Since the arrival process from every background multimedia
node along the path of behavior aggregates. Therefore, w@nnections can be represented by the special case of D-
can assume that the process of behavior aggregate’s trafMAP process, we can theoretically consider their superpo-
treatment is independent from other traffic treatment withisition as the one background arrival process. However, it is
the network node, and its service process can be modelledggctically impossible due to exponential growing of the state
G/G/1/K queuing system. space. At the same time, the development of special structures
of D-BMAP [6] and possibility to implement some advanced
techniques developed for MMPP [1], [2] processes helps us

Let us define input traffic levels we have to deal witho limit the state space of superposition to several tens or
to quantitatively study QoS provided by the network nodever several digits [1], [2]. Based on abovementioned reasons,
These are so-calledhultiplexedand per-sourcelevels. The we define superposition of arrival processes from background
multiplexed level consists of aggregated traffic. Performanegeultimedia sources as a single background D-BMAP process.
parameters of aggregated traffic are very important for dimen-Note that in ATM environment the usage of D-BMAP is
sioning of network nodes. If we want to derive performancsupported by the fact that the service time of every cell is
parameters of aggregated traffic sharing the same buffer, géhstant and therefore equals to the time to transmit one cell
can model it by queuing system with one arrival procesat the outgoing link rate. However, in DiffServ environment
which models aggregated traffic. length of the packets is variable. Additionally, the lengths of IP

Additionally, it is also crucial to be able to evaluate perpackets are not spread uniformly and cannot be approximated
formance parameters of every traffic flow. These are so-callegl simple analytical continuous or discrete-time distribution.
per-sourceperformance parameters and they are of paramouRécently, it has been shown that the lengths of IP packets
importance for dimensioning of network services. To tacki®llow special type of discrete distribution [27], [28]. It was
with the problem of per-source performance evaluation, firstiylso shown there that the packet lengths of 40, 576 and 1500
we have to derive traffic model of single source (taggesytes dominate with an overall percentage of 80% of all IP
process). Because of large number of multimedia servicgaickets. D-BMAP process can capture these characteristics of
in order to model all concurrent traffic, we have to consideP networks. Given a certain relatively small block of bytes
a wide variety of mathematical models and model the agmich corresponds to time interval needed to transmit such
gregation of voice, video and delay sensitive data traffic ylock at the outgoing link share (assigned to AF PHB class or
one complex arrival process. To allow analytical evaluation @fhole EF PHB) it is possible to approximate the length of IP
queuing system, very strict restrictions are posed on taggesckets by arbitrary discrete-time distribution. Since in every
and background processes. state of the modulating Markov chain we can use different and
arbitrary probability distribution function, D-BMAP process
can capture the lengths of IP packets.

In this paper we propose to model both tagged and back-Based on these assumptions we can formulate the prob-
ground arrival processes by D-BMAP. It is a quite gener@dm as follows: given several independent D-BMAP arrival
model, which belongs to class of Markov modulated arrivgrocesses it is needed to derive performance parameters of
processes and includes a number of well-known discrete-ti\gperposed and single processe$ iD-BMAP/D/1/K queu-
arrival processes. ing system (Fig. 3), wher& is the capacity of the system

We assume that the arrival process of tagged multimedifeasured in proper units (cells or constant length blocks of
source is modelled by D-BMAP process. In early"Blondia bytes, we called they "packets” here).

and Casals had proposed D-BMAP process to be a general
traffic model in ATM networks [26]. All studies carried out __,

. . . 1°* D-BMAP process
later have just proved that statement. Particularly, it has been _

C. Performance parameters

D. Tagged and background processes

shown that the arrival process of the MPEG traffic can be well HHHHH‘HHHHHHHH ®_>

approximated by D-BMAP process [20], [4]. For example, - -

authors in [4] use D-BMAP process to represent MPEG traffich™ D-BMAP process | Buffer, (K-1) cells 'Server, FCFS

at the frame level while authors in [20] use D-BMAP process

to model MPEG traffic at the group of pictures (GoP) level. Fig. 3. 3>_D-BMAP/D/1/K queuing system.

Lombardoet al. [3] have shown that the traffic of distance

learning session constitutes the special case of D-BMAP pro-Further in our paper we use superscripté and (5! to

cess. Authors in [5] have proposed to model traffic generatdistinguish between two defined processes, namely tagged and
by complex audio codec with advanced silence suppressimackground processes. In addition, superséfiptienotes the

and different rate levels using the D-BMAP process. Basg@arameters of superposition of these processes.




IV. QUEUING SYSTEM DESCRIPTION

D(0) D(1) D(K—-1) D(>K)
System time diagram is depicted in Fig. 4 [29]. In accor- D(0) D(1) D(>K-1) 0
dance with such system packets arrive in batches, and the 0 D(0) D(> K -2) 0
batch of packets arrives immediately before the end of timel = : : . : : 9)
slot. Packets are not allowed to enter service immediately ) '
: . 0 D(>1) 0
after arrival. The service of any packet starts exactly at the 0 0 D(> 0) 0

beginning of time slot. It should be noted that in such system
the time of service is counted by the number of time slotg,q e matricesD(> k), k = 0,1,.., K, define transition

speng by pﬂckgtfifn theds3;]stem which is the sum of time Jfohapilities with at least = 0, 1, .., K arrivals respectively.
spends in the buffer and the service time. Let ¥ = (2o,1,., 7k pm141) be the row array that con-

Queuing system can accommodate at mdspackets in- tajns stationary probabilities of two-dimensional Markov chain
cluding the one being served. We assume a classic par{igl4l(y), 5[@(n),n = 0,1,..}. Solving matrix equations
batch acceptance strategy. In accordance with that strateggidhilar to (3) (the computational effort is not the same, since
the batch ofR packets arrives wheh packets are in the buffer we are dealing with two-dimensional Markov chain) we can
andR > (K — k), then only(K — k) cells are accommodatedcompute the steady state distributien;, & € {0,1,.., K},
and thE(R - K+ k) are discarded. We consider an outgoing c {17 2, .., M[A]}, that & cells are in the system and the
link as server with rate equal to the tinze to transmit one arrival process is in the state
packet at the outgoing link rate or link rate share.

Ty = lim Pr {S[Q] (n) =k, S (n) = j}, (10)

Arrivals n— 00

=) i o) wherek € {0,1,...K}, j € {1,2,., M}, and M) =

l ‘s[‘ol (n-1) l 5[‘01 (n) i ‘s[‘@l (n+1) M T 1Bl
J > One can choose certain algorithm [30], [31], [32], [33] to
¢ o' SlotT* (n+1) " slot L time compute these probabilities.

5 V. PERFORMANCE EVALUATION OF SUPERPOSED PROCESS
epartures

In this section we obtain probability distribution function
of lost packets and probability distribution function of delay
of arbitrary packet as well as probability distribution function

Consider the system state at the end of arbitrary time s|8f. delay jitter. These functions describe the QoS degradation
For such system the following dynamic equation must hold€XPerienced by aggregated traffic.

Fig. 4. Time diagram of the queuing system.

A. Probability distribution function of lost packets

S (n + 1) = max(0, 519 (n) — 1)+ Let the random variablel, L € {0,1,..}, be a number
) (4] @] of packets which are lost at the arbitrary time stotand
+min(WH (n +1), K = 5% (n)), @) et ,(0) = Pr{L = v}, v = 0,1,.., be its probability
distribution function.
where W4 (n + 1) denotes the number of arrivals from Consider the event when the arrival process loses =

superposition of tagged and background processésnl )t 1,2, .., cells, i.e. compute the probabilifiy (v) = Pr{L = v},
slot. v =1,2,... This event occurs in slat when and only when

Complete description of the system requires a two dimeﬂf'g' 5):
sional Markov chain{ Sl (n), SI?l(n),n = 0,1,..} embed- « there arek, k =0, 1,.., K, packets in the system, which
ded at the moments of packet departures from the system, implies that the state of the systemd&?!(n) = k, k =
where 514 (n) = 51T (n) x SIBl(n) is the state of superposi-  0,1,.., K, there arg(k — 1) packets in the buffer, and at
tion of tagged and background processes at timerslatnd most (K — k) cells can be accommodated by the system;
SlQl(n) € {0,1,.., K} is the state of the system (number of « there are exactlyK —k+wv) arrivals from arrival process.
packets) at the moments of packet departures. We denote theg determinef., (v) = Pr{L = v}, v = 1,2, .., we, there-
state of the buffer by superscrifstl. fore, have to take into account all abovementioned conditions

At this point we can define the transition matrix of Markowver all possible transitions of underlying Markov chain with
chain as follows [29]: exactly (K — k + v) arrivals. We have that:
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Fig. 5. lllustration of loss in D-BMAP/D/K queuing system.

MAl prlAl
U) = E E mOidij(K + U)+
=1 =1
MIAL LAl
5 3) e
=1 =1
MIAT prlAl
+ E E Tridij(v) =
1=1 =1
K MlAl prtAal

Z Zx;w i (K —k+v),v

k=0 i=1 i=1

—1+v)+-+

. (12)

From these conditions it immediately follows that:

MIAT prlAl
S S aou
i=1 j=1
M AT plAl
+ 30 woidi (K + 1D)UEH +
i=1 j=1
oo ML prlAl

=2 D D waidi(m

m=K i=1 j=1

where U2, m = K,K + 1,..., is the probability that the
tagged packet is on th&*" position in arrival batch. Since
it was assumed that all packets have the same pridify,is
independent of and has uniform distribution over::

UK, (13)

1

gm
K m

(14)
Note that whenS!®l(n) = 0 the tagged packet can also

suffer delay which is less thai time slots. Therefore, to

determine fo(w) = Pr{Q = w}, w = 1,2,...,K — 1,

It covers all possible states of underlying Markov chain djiven thatS @l(n) =0 we have to take into account different
arrival process in previous and next slots and all possible stag@sitions of tagged packet in arrival batch:

of the queuing system. Note thgy (0) = Pr{L = 0} =

1= Pr{L =k} =1-3.7, fu(k), and finally, we
have:

K
fr(v) = Zx’;}D(K—k—i—v)é’, v=1,2,..,
k=0
oo K
v)=1-Y Y @D(K - k+i)e,v=0. (12)

1=1 k=0

From (12) it is easy to obtain first and second moments
number of lost packets.

B. Probability distribution function of delay of arbitrary
packet

Let @, @ € {1,2,..,K} be a random variable, which
denotes delay of arbitrary packet and Jef(w) = Pr{Q =
w}, w = 1,2,.., K, be its probability distribution function.

Recall that in our case the delay suffered by arbitrary packet
is equal to the sum of service time and time it spends in the

buffer.
Let us tag an arbitrary packet of the arrival process th

0o MIAl pptAl

=2 2 2 e

m=w i=1

for w =1,2,..., K — 1. The probabilityU!}, m = w,w +
1,..., is independent ofv, has uniform distribution ovem
and can be found similar to (14¥7} = —-.

To fulfill the condition that the packet will be able to suffer
w time slots delay the first summation in (15) should start
from m = w.
of Consider now the case whefi?!(n) # 0 (Fig. 6). Tagged
packet sufferaw, w = 1,2,.., K — 1 time slots delay if only
if the following conditions are satisfied:

o there arek, k = 1,2,.., K — 1, packets in the system,
which implies that the state of the systensi&!(n) = k,
k=1,2,.., K—1, there arg k — 1) packets in the buffer,
and at most K — k) packets can be accommodated by
the system;

« there argw—k+1) or more arrivals from arrival process;

« tagged packet are at thf@ — & 4 1)*" position in arrival
batch.

(15)

at

arrives at the slotx. Note that for our system we have to

distinguish between two casesi?!(n) = 0 and SI9!(n) # 0.
Indeed, the packet can suffé slots delay when and only
when the following conditions hold:

« there are no packets in the system, which implies th
the state of the system i§/?!(n) = 0, and at mostK’
packets can be accommodated by the system;

(k-1)

3 4
w

(K k) free

»| ©

ets: 1.2 3
‘(w—k—l)
Arrival batch of size R

-
-t
-

Packets: 1

R

-

at

« there arel or more arriving packets from arrival process;

« tagged packet is at th&*" position in arrival batch.

Fig. 6. lllustration of delay in D-BMAP/D/K queuing system.



To derive the probability that the packet suffers =

1,2,.., K — 1 time slots delay when the queuing system is o L 18
in any state ofS?l = {1,2,.., K — 1} subset we have to fi(u) = wfo(w) - Z_:lwa(w)’ (18)

take into account all possible transitions of modulating Markov

chain of arrival process:

whereu = w — ij:l wfg(w).
Note thatE|[J] %0 and the variance can be obtained from

o MIAl prlal ) (18).
fo(w) = Z Z z1idi; (m)—+ However, one can note that probability distribution func-
i—1 m tion of delay jitter i I defined di
m=w i=1 j—1 y jitter is no longer defined on discrete space
o MlAl plal {1,2,...,K}. To derive delay jitter in (18) we have used
+ Z ind-j(m)l +oet approximation wherew fo(w) is assumed to be rounded to
e 4 the nearest integer. It is also possible to obtain delay jitter

i=1 j=1
]

-1
MM plA

m=1 i=1 j=1

:kg zi

m=w—k+1 =1 j=1

forw=1,2,..,. K — 1.

MAL prlAl

Z -’L‘kidij (m)%, (16)

1

Iwidij (m)E =

exactly using the notion of continuous distributions. Due to
space limitation we omit it here.

VI. PER-PROCESS PERFORMANCE EVALUATION

In this section we derive probability distribution function
of lost packets, probability distribution function of delay of
arbitrary packet as well as probability distribution function of
delay jitter. These performance parameters describe the QoS

Combining (13) (15) and (16) we obtain probability distridegradation experienced by the single VBR traffic source in
bution function of packet delay in D-BMAP/DM/ queuing presence of VBR background traffic.

system:

fow)=>" ac_{)D(m)%é’—&-

m=w

k=1m=w—k+1

—

+ i i ka(m)%e, w=1,2 .. K—

A. Probability distribution function of lost packets

Let the random variablel”!, LIl ¢ {0,1,..}, be the
number of cells of the tagged source, which are lost at the
arbitrary time slotn and let !’ (v = Pr {LITT =17},

vl = 0,1, .., be its probability distribution function.

Consider the event when the tagged process lasEs

o7l = 1,2, ., cells, i.e. compute the probabilitg}”’ (o) =

oo Ml pplAl

faw)= 32 323 wdiglm) w = K.

m=K i=1 j=1

Pr{L1T =T} T =1 2, .. The event when loss of "]
packets of tagged source occurs in the slavhen and only
when (Fig. 8):
Mean and variance of packet delay can now be obtained. « there arei, i = 0,1, .., K, packets in the system, which
implies that the state of the system§&?l(n) = i, i =
C. Probability distribution function of delay jitter 0,1,.., K, there arg(i — 1) packets in the buffer, and only
Let J, J € {1,2,..,K} be the random variable, which (K — %) packets can be accommodated by the system;
denotes delay jitter of arbitrary packet and Igf(u) = . there are exactly(?] arriving packets in the slot from the
Pr{J = u}, v = 1,2,..,K, be its probability distribution tagged process and”! > o], kI < (K — i +oT);
function. « there are exactly:[”! arriving packets in the slot from
We define delay jitter as a delay deviation from its mean the background process anfl = (KT + &TT) - >
filu) = Pr{J = u} = (Q — M[Q]), where Q, Q & (K —i+olT);
{1,2,.., K} is random variable which denotes delay (Fig. 7). * there are exactly!”! packet betweefiik —i+ 1) packet
and R = (k1 + k[T in arrival batch.
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Fig. 7. lllustration of delay jitter definition. Fig. 8. lllustration of loss in D-BMAP+D-BMAP/D/K queuing system.

From delay jitter definition it immediately follows that: From the above statements we have that:



I anda}”! (k1B)), b € {1,2,., MIB1}, is the probability of
itolT] itolT) k™! packets emission by the background process going from

K
f[T ; Z Z 1 % stateh:

[Tl =p[T] kBl =i —E[T] 4(T]

kT LB ) X [T](k[T]) _
x U T (1) | (19) M _ [T
’“<“”<R( ) —ZPT{ )(_)ki. S[T(n—1):z}
where the first ternf (k!7), kB, Kk — i) is the probability j=1 n=J
that the number of cells arriving from tagged and background (k[B]) -
processes i%!”! and kB! respectively and the state of the .
system isS®(n — 1) =i,i=0,1,.., K: wBl( ) = k[B] B _
W (n) = k7], (23)
QM KB K —4) = Pr{ wiBl(n) = kB, - (20)
S9n—-1)=K —i Probabilitiesz x ;) 1,n) are given by the stationary distri-

bution of two dimensional Markov chain (10), while prob-
The second terrﬂ!HKU[TkR( [T} involved in (19) is the gpjjities a[T] (KT}, KT = 0,1,.., and a[B] (KIB), KB =
probab|||ty thatv!”] cells from the tagged stream are betwee, 1, .., can be estimated from elements of transition matrlces
(i + 1) packet and k[") + k!P ])t packet of the batch given D[T](k[T]) kTl = 0,1, .., and DIBI(KIB]), kBl = 0,1, ..,
that there arek!”] arrivals from the tagged process ahf!  follows:
arrivals from background process:

\Pf&-1<v T]<R(U[T]) = (k[T) Z d[T ( ) ,led{l,2,.. .71\4[T]}7
arrangement w Tl n) = kIT] }
= Pr{ ; (1) ’ (21)
i+ 1<v <R | wiBl(p)=§lBl (°
() 5] (k[B]) - Z di! (k[31) Che{l,2,..., MP). (24)
arrangement j=1 '
where i +1 <07l <R denotes arrangement of packets
within the batch such that there are exactl&T] packets Calculation of second term involved in (19) requires com-
between(i + 1)t packet andR = (k[T] + km) one. binatorial approach. Observing Fig. 8 we note that the arrival
Consider the first term involved in (19). It is necessary tBaich of sizeR = (kIT) + k1) has k"] packets of tagged
mention that the tagged and background arrival processesPfRCeSS. However, onlyK — i) packets can be successfully

general, can generatd?!, k7] = 0,1,.., and k5], k[B] = accommodated by the system. Therefore, we have to find a
0,1, .., packets respectively given all p055|ble pair of states Bfobability that there are exactly’! packets of tagged process
processes. Therefore, we have to consider all possible state¥@fin the R = (K —) cells which cannot be accommodated
both tagged and background arrival processes with all possiBethe system. o . .
number of arrivals. We have that: Since we do not distinguish between packets in arrival
batch there can bé’]’gm = Wikm)! combinations of
[Tl packets from tagged process in arrival batch of dize
KB K — i) = (0D ()l (BB g e, kU packe gged p
& (k KL K Z) (al (e (B )eac—i.ant agditionally, there ATy iy = s oy Combinations
+- +a[T](k[T])aEg](k[B])x(K_iMLM)) +oet of v[7] lost packets from tagged process in overall arriving
(1), 171 (B 1.(5] number of packets!”! from tagged process. All other packets
+ (aM (K Day (BN k-, o)+ + (K — i —v!Tl) accommodated by the system belong to back-
n a[T](k[T])a[B] (k:[B])x( oo M)) ground process. Note that the overall numberKof pa%ets from
background process iR — k(7). There areC! (R ;[T”) ) =
M7 LB (Rik,[T])I bi (K
= Z (’“[T) }<k[B]>x(K—i)7(l,h)a (22) K-~ IRk —(K—i—erTyy COMbinations of K" —i —

=1 he v!T]) packets inR — k"] packets. Finally we get:

=

wherez (ki any, L € {1,2,.., MT1}, h e {1,2,.., MBI},
are probabilities that there afd{ — i) cells in the system, R i\ _ Y Cre k[T)
tagged process is in the stdtebackground process is in the Viti<uimi<r (“ ) - Ok : (25)
stateh, aET] (k1), 1 € {1,2,..,MT1}, is the probability of "

kTl packets emission by the tagged process going from stateéSubstituting (22) and (25) in (19) we have:

[T]C(K i—olT])
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7] Fig. 9. Accommodation of the batch of packets by the system.
Ov O(K i—olT])
MT(R-ET) )
k[T] ’
Cr However, when the state of the system3&!(n) = 0

We note that ng] (0) = Pr {L[T] =0} = 1 - arriving packet of tagged source can suffer delay less than

Pr LT = BT — 1 — 5 ¢ (LI71) and there- K time slots, and therefore, given the state of the system
Zin r{ J Yz i (B7) S[@l(n) = 0 we have that:

=1,2,... (26)

fore, fI" (v") ,w = 0,1, .., can be derived from (26) similar
to (12). Both first and second moment of number of lost
packets in the slot of the tagged process can be obtamed T Z Z Z

(T] 1.[B]
immediately from its probability distribution function (26). QR K, 0) x

m=1 glT]=m k[Bl=w[Tl —m

B. Probability distribution function of delay 1
Let the random variabl®!”!, Q" € {1,2,.., K}, be the X BT 4 Bl (28)
random variable of the delay of the arbitrary cell from tagged

When the state of the system $#%!(n) # 0 the arriving
packet suffersw!”!, wlTl = 1,2,.., K — 1 slots delay when
and only when the following conditions are satisfied (Fig. 9):
o there are( K —i),i=1,2,.., K — 1, cells in the system,
which implies that the state of the systemd&?l(n) =
(K—1),i=1,2,.., K —1, there arg K — i — 1) packets
in the buffer, and onlyi cells can be accommodated by
the system;
« there are exactly:["] arriving packets in the slot from
the tagged process and!! > 0;

« there are exactly:!®! arriving packets in the slot from
the background process such that= (k[”! + k[Pl) >
(W™ +i— K +1);

« one packet of tagged process is at thé’! +i— K 41)"
position in arrival batch.

From the aforementioned conditions we have that:

source and letfS (w™) = Pr{QIl =™}, Tl =
., K, be its probability distribution function.
Con5|der an arbitrary cell of the tagged source that arnves
at the slotn and tag it. Note that we again should consider
two cases:SI?l(n) = 0 and SI?l(n) # 0. Indeed, the packet
from tagged source can only sufféf slots delay when and
only when the following conditions hold:

« there are no cells in the system, which implies that the
state of the system i§[?l(n) = 0, and therefore, there
are no packets in the buffer, and at méstcells can be
accommodated by the system;

« there are exactly:["! arriving packets in the slot from
the tagged process and’! > 0;

. there are exactly:!"! arriving packets in the slot from
the background process such tifat’! + k1) > K ;

« one packet of tagged process is at t#hi¢" position in
arrival batch.

. . w[T] w[T]—i 1 o) )
Given that the state of the system B%(n) = 0 it ), 7 *
immediately follows that: v () = L Zl [; Z 1%
1= m= kTl =m k[Bl=w[T
1
s oo T pBl 5y~
= Y Y Q@™ kB oywk T+ XU R ) ST (29)
kT =K k[Bl=0 Finally, combining (27) (28) and (29) we get the proba-
>0 bility distribution function that the packet of tagged source
(7]} 18]
+ Z Z QT KL o) T 4+ suffer wl™!, wl™l = 1,2,.., K slot delay in D-BMAP+D-
kM=K -1 klPl=1 BMAP/D/1/K queuing system:
(7] 5]
£Y Y a0 R
ElTI=1kIBl=K—1 [T T)
K 0o [eS) w[ Z Z Z 1 x
Z Z Z Q(k[T k‘ )\I’k[ +klB (27) m=1glTl=m kBl=w[Tl—m
’ 1
- (1] LBl gy~
=1 kl[TI=m kB x QY E ’O)k[T]+k[B]+
where the first ternf (k;[T ,kP),0) was derived in (22) and Wl ol i1 oo

KT+kB _ \pETl4kB 1
the seconds termij = U = e was + Z Z Z Z 1 x
derived in (14). m= —m klBl=w(T] _m
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Fig. 10. lllustration of per-process delay jitter.
1
7] Bl )y = T = _
x QY K ,Z)k[T] B w =12 ., K~—1,
K ) 0o
f[T w[T Z Z Z 1 x
m=1 k[Tl =m k[Bl=K —
QT 7] 0)4443;44, UJT]::;( (30)
T RBD :

(3]

(4]

(5]

(6]

(7]

(8]

&l

(10]

From (30) both first and second moment can be obtained.

C. Probability distribution function of per-process delay jitter[

Let JIT1, JUTT € {1,2, ..
denotes delay jitter of arbitrary packet and &t (u)
Pr{J"l =u}, u=1,2,.,
function.

K, be its probability distribution i

, K} be the random variable, which ;5

We define delay jitter as a delay deviation from its mean

fulth) = Pr{stf) = ulfl) = (@I — MQITY), where
QML QM e {1,2,.
delay (Fig. 10).

(14]

., K} is random variable which denotes

(18]

From delay jitter definition and (30) it immediately follows

that:
K
T T T
AP @y = w S @) — 3w Wl (32)
w[T]zl

whereu!™! = ™1 — S5, wT]f[T (wlT).

We recall thatE[J17)] &'
from (31).

(16]

(17]

0 and variance can be obtamec}

The same considerations regarding the nature of delay jlt&}%]

(see subsection V.C) are also applied here.

VIl. CONCLUSIONS

(20]

In this paper we extended previous works targeted on both

superposed and per-process performance evaluationDn

(21]

BMAP/D/1/K to the general case of D-BMAP arrival process
and gave results applicable to all particular instances of P2
BMAP. These results together with output process definition

obtained previously in [29] completely describe the gener

class of queuing systems denoted B}D-BMAP/D/1/K.
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