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Abstract 

Mixed delay (data) and nondelay (voice/video) systems appear in the ATM networks, both 
in call level and in cell level. As the traffic control strategies for such mixed systems, we 
propose a partial preemptive priority (PPP) strategy for the call level and a selectively packet 
discarding (SPD) strategy for the cell level. The proposed PPP and SPD models are analyzed by 
using the matrix-analytic method, so that a series of explicit-form formulas for the performance 
measures of interest are derived which are easily computed. Through the numerical examples, 
the performances of the proposed control schemes are discussed. 

1. Introduction 
Recently, there have been most interests in the broad

band integrated service digital networks (BISDN), which 
handle a varity of traffic: data, voice, video, etc. In 
order to integrate such heterogeneous traffic efficiently 
and flexibly, the asynchronous transfer mode (ATM) 
is regarded as a key technology and being extensively 
studied[l]. 

The heterogeneous traffic to be handled in the ATM 
networks may be classified into two classes: loss-sensitive 
traffic and delay-sensitive traffic, both in the call level 
and in the cell level [2]. For instance, data traffic is 
queue able but loss-sensitive, and therefore may be han
dled on a delay basis. On the other hand, voice/video 
traffic is blockable but delay-sensitive, and should be 
served on a nondelay (including finite-buffer) basis. Thus, 
mixed delay and nondelay systems appear in integrated 
networks such CUI BISDN, where the heterogeneous traf
fic shares common facilities[3]. 

In the mixed delay and nondelay systems, however, 
the nondelay traffic generally suffers a relatively large 
blocking due to the existence of the delay traffic[6]. It 
is therefore necessary to introduce some kinds of traffic 
controls in order to provide appropriate GOS (grade of 
services) for both the delay and nondelay traffic. So 
far, preemptive priority[4], movable boundary[5] control 
strategies for the call level and bit-dropping[lO] scheme 
for the cell level have been proposed. 

In this paper, we propose partial preemptive priority 
(PPP) strategy for the call level and selectively packet 
discarding (SPD) strategy for the cell level. The PPP 
strategy may be regarded as a generic model for the 
mixed delay and nondelay systems which includes the 
conventional priority strategies as the special cases. The 
SPD strategy is based on the embedded ADPCM cod
ing technology[9] and, when congested, the LSPs (less 
significant packets) are selectively discarded[12]. Such 
a strategy is suitable to the ATM with the fixed length 
structure of the cells. 

Although the proposed models may be, analyzed by 
classical method (e.g., generating function method), it is 
often so complex that only small-size systems are numer
ically tractable. In this paper, we propose the matrix
analytic method[7] so as to obtain tractable solutions 
for the performance measures of interest. 

In Section 2, we introduce the proposed traffic mod
els. Sections 3 and 4 present the analyses and discus
sions on the PPP and SPD models, respectively. Numer
ical examples of the proposed control models are shown 
in both sections. 

2. Traffic Control Strategies in the ATM 
The ATM system is modeled as shown in Fig.1, where 

a call setup request arrives at random in the call level, 
and during the life time of the call, cells are generated 
at CLAD (cell assembly and disassembly) and contend 
for the common transmission resource in the cell level. 

2.1. PP P Strategy for Call Level Control 
In the call level, upon a call setup request, a deci

sion must be made whether or not to accept the call in 
order to provide appropriate GOS for the various traffic 
(call admission control). The requests not immediately 
accepted are handled according to the class of the call: 
placing a delay call in a queue or blocking a nondelay 
call. As indicated in the Introduction, the nondelay traf
fic generally suffers a large blocking probability in the ' 
mixed delay and nondelay system without control. In 
order to improve the service grade of nondelay traffic, 
preemptive priority scheme has been proposed[4]. How
ever, severe deterioration of the service grade of the de
lay traffic limits its application. 

In order to provide appropriate service grades for 
both the delay and nondelay traffic, we propose partial 
preemptive priority (PPP) strategy. This strategy may 
be regarded as an extension of the preemptive priority 
stra.tegy by limiting the preemption of the nondelay calls 
to a certain level

h 
rather than to an exhaustive level. 

In other words, t e preemptive priority of the nonde-
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lay calls is assigned only to a part of servers (CLADs) 
to protect the delay traffic from extreme service deteri
oration. In this respect, we will refer the conventional 
preemptive priority scheme to as WPP (whole preemp
tive priority) scheme and the nonpriority one to as NPP 
(non-preemptive priority) scheme in what follows. 

2.2. SPD Strategy for Cell Level Control 
Once a call was accepted into the system, the cells 

generated from that call should be treated as well as the 
GOS requirements are satisfied. As for delay-sensitive 
voice/video cells, the cells experienced unacceptable de
lays will be discarded at the destination. Hence, it is 
natural to discard them before transmitted, thereby re
ducing the network congestion and the multiplexer oc
cupancy. This consideration suggests the idea of selec
tively discarding the less significant bits (LSBs), whose 
loss will produce a graceful degradation in quality[12]. 

There are various methods to discard the LSBs. Tak
ing the adaptability to the ATM into account, we focus 
on the selectively packet discarding (SPD) strategy[ll]. 
In this scheme, the MSPs (more significant packets) and 
LSPs (less significant packets) encoded by the embedded 
ADPCM are grouped into two classes in pair. When the 
congestion occurs, the LSPs are selectively discarded, 
and thus the cell length remains unchanged which is 
suitable to the ATM systems. 

3. Partial Preemptive Priority Model 
3.1. Model Description 

In the call level in Fig.1, both the delay and non delay 
calls are assumed to arrive at an s-server (CLAD) sys
tem in independent Poisson processes with rate Al and 
A2, and require exponentially distributed service times 
of mean 1-'1 and 1-'2, respectively. An incoming delay call 
finding all the servers busy will wait in an infinite buffer. 
When a nondelay call arrives at a busy system, it is al
lowed to preempt a delay call being served (if any) if 
there are less than s - n, 0 ~ n ~ s, nondelay calls in 
the system. That is, a nondelay arrival cannot preempt 
a delay call being served in order to reserve n servers for 
common use. In this respect, we call n the boundary of 
priority. The preempted delay calls are put back on the 
head of the buffer room to await service again. When 
a server becomes free, the waiting calls (including pre
empted ones) are served on a FIFO basis. Such a model 
is denoted by Mt, M2/M1 , M2/S(00, s) in what follows. 
Since the service times are exponentially distributed, the 
analysis holds for either preemptive-resume or -repeat 
schemes. 

3.2. Stationary Probability Vector 
The M1, M2/ M1, M2/ s( 00, s) model with the PPP 

control is described as a Markov process on the state 
space {(i, j); i ~ 0, 0 ~ j ~ s}. The indices i and j de
note the number of delay calls and nondelay calls in the 
system, respectively. Define the level i = {(i, 0), (i, 1), 
... , (i, s)}. Then, the transient process of the level i 
leads to a QBn (Quasi Birth-and-Death) process [8] 
with the infinitesimal generator, 

Ao Bo 
0 Ml ~ Bl 

A2 B2 

Q= M':"-l A'~l B, (1) 

0 
M, A, B, 

M, A, B, 

where all blocks are square matrices of order s + 1. The 
matrix Bi , 0 ~ i ~ s, is a diagonal matrix with all its 
diagonal elements equal to Al. The matrix M i , 1 ~ i ~ 
s, is diagonal with its diagonal elements, 

M.(' .) - { ipt, if j ~ s - i , 
• J,J - (s - j)pt, if s - i + 1 ~ j ~ s. 

The matrix Ai, 0 ~ i ~ s, is tridiagonal and the el
ements on the inferior dia.e;onal, diagonal and superior 
diagonal are given, respectIvely, by 

Ai(j,j - 1) = j1-'2, 1 ~ j ~ s, i ~ s, 
k(' ') - { -A - il-'l - j1-'2, if j < s - i, 

.J,J - -A1-(S-j)1-'1-jI-'2, ifs-i~j~s, 

'" 'f' (i <. n), 

{ 

-1\ - '1-'1 - )1-'2, I J < s - I, 
Ai(j,j)= -A-(S-j)1-'1-jI-'2, ifs-i~j<s-n, 

-AI - (s - j)l-'l - j1-'2, if s - n ~ j ~ s, 
(i ~ n), 

A ·(j J' + 1) = {A2' ~f j < s:- ~in(i,n), i < , 
, , 0, If s - rnm(l, n) ~ J < s, _ s 

The following equilibrium condition is proved: 

Proposition 1 The PPP model is in equilibrium if and 
only if the offered traffic loads a1 = Ad PI and a2 = 
A2/1-'2 satisfy the inequality, 

$-n/( )' 'th E( ) a2 s - n , 
Wl S - n, a2 = ",$-n i / .,' • 

L.Ji=O a2 2. 

This proposition suggests the reduction of the max
imum utilization of delay calls due to the preemption of 
the nondelay calls. Specifically, a2[1- E( s - n, a2)] is the 
average number of the servers occupied by the nondelay 
calls and, therefore, only s - a2[1- E(s - n, a2)] servers 
on the average are available to the delay calls, 

Partition the stationary probability vector according 
to the levels into 

1r = (1ro, 1rt,"', 1r$, 1r$+1," ,), 
1ri = (1ri(O), 1ri(l),"', 1ri (s)) , 

where the 1ri(j) denotes the stationary probability that 
there are i delay calls and j nondelay calls in the sys
tem. Then, by using the matrix-analytic method [7], we 
obtain the following proposition: 

Proposition 2 The stationary probability vector 7r is of 
modified matrix-geometric form and satisfies 

i ~ s, (3) 

where the rate matrix R is the minimal nonnegative so
lution to the following quadratic matrix equation with all 
eigenvalues less than 1: 



R2 M. + RA. + B. = O. • (4) 

For the stationary probability vectors {7ri: i ~ s - 2}, 
we have the following proposition: 

Proposition 3 The stationary probability vectors {7ri: 
o ~ i ~ s - 2} are given by 

o ~ i ~ s - 2, (5) 

where 

C.-2 = (-A.-1 - RM.)(B._2)-I, 
C.-l = I, } 

C.-i = (-C.-i+1A.-i+l - C._i+2M._i+2)(B._i)-I, 
(3=5i=5 s), 

(6) 
with I denoting the identity matrix of order s + 1. • 

It is readily seen from the Propositions 2 and 3 that 
all of the stationary probability vectors are given in 
terms of the boundary vector 7r.-l, which in turn can 
be computed by solving the system of equations, 

(7) 

which come from the initial conditions and normalizing 
condition. 

3.3. Performance Measures 
With the stationary probability vectors obtained, in

dividual performance measures of interest may be easily 
computed. 

Blocking Probability of Nondelay Calls 
Denote by A = diag(Ao, Ab' . " A., A." . . ) the over

flow rate matrix of the nondelay calls, where the diago
nal elements of the diagonal matrix Ai are given by 

k(' .) - {O, if j < s - min(i, n) , 
,),) - A2, ifs-min(i,n)~j~s. 

Then, the blocking probability of the nondelay calls is 
given by 

which leads to the following matrix expression: 

.-1 

PL = A2 -1 1r._l [I: CiAi + R(I - R)-1 A. le. (8) 
.=0 

Mean Waiting Time of Delay Calls 
Since the delay calls may be preempted (possibly sev

eral times) by nondelay arrivals during its service and 
wait again, the mean waiting time will get longer than 
that of the noncontrolled system. Define the mean wait
ing time of the delay calls (W) to be the sum of the suc
cessive waiting times. Then, from the Little's formula, 
we have 

- 1~ 1 W = Al L.J i7rie - -, 
i=O PI 

which leads to 
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.-2 

W = A11
1r._l [I: iCi+(I -R)-2+(s-2)(I -R)-l]e-~. 

i=O ~1 
(9) 

The formulas (8) and (9) are generic results for the 
mixed delay and nondelay systems with priorities such 
as the PPP, WPP, MB as well as NPP. They are easily 
computed, since in which only elementary matrix com
putations of order s + 1 are involved. 

3.4. Numerical Examples and Discussions 
Figs.2 and 3 show the blocking probabilities of voice 

(nondelay) calls and mean waiting times of data (delay) 
calls, respectively, for various models. All of them are 
obtained from (8) and (9). The results for the WPP 
and NPP are obtained just by setting n = 0 and n = s, 
respectively, and those for the MB by truncating the 
corresponding matrices in the PPP model at j = s - n. 
From these figures, it is recognized that the PPP or MB 
controls can provide the GOS of the data and voice calls 
at each given level. The selection of the strategies will 
dependent on the matter of implementation. 

4. Selectively Packet Discarding Model 

4.1. Model Description 
In the cell level in Fig.l, we assume that the data 

cells arrive in Poisson process with rate Ad, and the 
voice/video cells are generated in the Markov modulated 
Poisson process (MMPP) [13] taking their bursty prop
erty into account. Since the MSPs and LSPs are always 
~enerated in pair, MMPpIX] with batch size X = 2 
(fixed) will be applied for the voice/video cell arrival 
process. In order to apply the matrix-analytic method, 
we use the Erlangian distribution with sufficiently large 
number of phases (e .g., k 2:: 30) to approximate the fixed 
service time (cell length). 

With the SPD control, we mean that only the MSPs 
in the arrival groups of the voice/video cells are accepted 
into the system and the corresponding LSPs are dis
carded if the number of the cells in the system exceeds 
the first threshold ml but is still smaller than the second 
threshold m (buffer size + 1). If the number of the cells 
in the system exceeds the second threshold m, the LSPs 
and MSPs are both discarded. On the other hand, the 
data cells will be always accepted. In what follows, we 
will refer the model to as M, MM p pIX]/ Ek/l/oo, m(ml)' 

4.2. Stationary Probability Vector 
The M, M M p pIX]/ Ek/l/oo, m(ml) queueing model 

is described as a Markov process on the state space de
fined by 

o = {(i,j,~);i ~ .1, 1 ~ j ~ r, 1 ~ h ~ k}, 
0 0 = ((O,)); 1 ~) ~ r}, 
r = pliase size of the arrival process, 
k = phase size of the service time distribution, 

where the index i denotes the number of cells (voice/video 
+ data) in the system, j the phase of arrival process, 
and h the phase of service process. Define the level i = 
{(i, 1, 1)"", (i, 1, k)j··· j (i, r, 1)"", (i, r, k)}. Then, we 
have the infinitesimal generator Q of the system, 
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Ao Do Vo 
Ml Al Dl VI 

M"'I-2 -1"'1-2 !?"'1-2 l?""'1-2 

Q= M"'I-1 A"'I-1 B"'I-1 

M",-l A",-l B",-l 

0 
M", A", D", 

M", A", 

with 

Ao = T - AdI(r), 
A. = [T - AdI(r)] ® I(k) + I(r) ® S, 1 :$ i < m, 
Am = [T + TOa - AdI(r)] ® I(k) + I(r) ® S, 
Vo=Toa®p, 
~ = TOa® I(k), 1:$ i:$ m, 
Do = AdI(r) ® P, 
D. = AdI(r) ® I(k), 1 :$ i:$ m, 
B. = D. + ~, ml - 1 < i < m-I, 
Ml=I(r)®SO, - -
M. = M = I(r) ® sop, 2:$ i :$ m, 

0 

D", 

(10) 

where (a, T, TO) and (/3, S, SO) are the representations of 
the arrival and service process, respectively, I(n) is the 
identity matrix of order n, and ® denotes the Kronecker 
product. The ~ and D, represent the arrival rate matri
ces of the voice/video and data cells, respectively, and 
M, the departure rate matrix (For details see [14]). 

Similar to the approach in Sect.3, partition the sta
tionary probability vector according to the levels into 

-n- = {-n-o, -n-1I"', -n-m, -n-m+l . .. }, 
-n-o ={ -n-o(l, 0), .. " -n-o(r, O)}, 
-n-, = {-n-,(I, 1),· . " -n-.(I, k)j· .. j -n-,(r, 1), ... ,-n-.(r, k)}, 

where -n-.(j, h) denotes the stationary probability that 
there are i cells in the system, the arrival process is in 
phase j, and the service process in phase h at an arbi
trary instant. Then, from the matrix-analytic method, 
we have the following proposition: 

Proposition 4 The stationary probability vector -n- is of 
modified matrix-geometric form and satisfies 

... A A i-m 
1I'.=1I'mR , i ~ m + 1, (11) 

where the rate matrix .k. is the minimal nonnegative so-
lution to the quadratic matrix equation, . 

• (12) 

Substituting (11) into the system of equilibrium equa
tions -n-iJ = 0 yields the following proposition: 

Proposition 5 The stationary probability vectors {-fi'i: 
i ~ m} satisfy the recursion formulas, 

?rm = ?rm~lUm' } ?ri = ?ri-lUi, ml + 1 :$ i :$ m-I, 
?rml = ?rmJ~-lUml + ?rml -2Fml , 
?r. = ?ri-.lUi + ?ri-2Fi, 2:$ i :$ ml - 1, 
?rl = ?rOUl, 
?roUo = 0, 

(13) 

where the matrices U. and F, are defined by 

U'" = B",-d-A", - RM",)-t, 
u. = B.-d-A. - U.+lM'+l)-l, ml + 1 ~ i ~ m-I, 
U"'1 = B"'I-1[-A"'1 - U"'I+1M"'I+1)-1, 
F"'1 = V "'1-2[-A"'1 - U"'I+1M"'I+l)- 1, 
U. = [D.-1 + F;+lM'+l)[-A. - U'+lM'+l)-l, 2 ~ i < ml, 
F. = V._ 2[-A. - Us+1M'+lt1, 2 ~ i ~ ml - 1, 
U1 = [Do + F2M2J[-Al - U2M2)-1, 
UO =..4.0 + U1M1. 

(14) 

It is readily seen from the Propositions 4 and 5 that 
all of the stationary probability vectors can be computed 

m-I 
with the help of the normalizing condition E -n-.e + 

i=O 

-n-m(I - R)-le = 1. 

4.3. Performance Measures 
With the stationary probability vectors obtained in 

the last subsection, the performance measures of interest 
such as cell loss rates and cell mean waiting time are 
readily computed. To do that, we first introduce the 
following proposition: 

Proposition 6 The stationary probability vector that 
there are i cells in the system just prior to a voice/video 
cell arrival is given by 

i = 0,1,2, .... • (15) 

Loss Rates of Voice/Video Cells 
Define whole loss rate (Lw) of the voice/video cells 

to be the probability that both the MSPs and LSPs are 
discarded, and partial loss rate (Lp) to be the probabil
ity that only the LSPs are discarded. Then, from the 
Proposition 6, they can be evaluated by 

00 m-I 

L~ = L qie, Lp = L qie. (16) 
i=m '=ml-l 

Waiting Time Distribution of Voice/Video Cells 
Similar to the approach developed in [14], the follow

ing proposition can be proved: 

Proposition 7 The LST WV(O) of the waiting time 
distribution of the front cells in the voice/video arrival 
Z;oup which have been transmitted by the system is given 

m-I 
qOel + E qi[el ® I(k)](OI(k) - S)-lSO[H(O)],-l 

WV(O) = .=1 
1- Lw 

(17) 

where H(9) is the LST of the service time distribution 
and el is the unit columnn vector of order r . • 

By successively differentiating (17) at the origin, the 
mean as well as the higher moments of the waiting time 
can be obtained. 
Waiting Time Distribution of Data Cells 

Since the data cells are assumed to arrive in Poisson 
process, the delay they experience is the same with the 
virtual waiting time from PASTA (Poisson arrivals see 
time averages) [15], which has been derived in [13]. 



4.3. Numerical Examples and Discusions 
FigsA f'V 7 show the numerical examples for voice/video 

and data integration, respectivelY[13][16]. By compar
ing the curves of Lw for the SPD control models (ml = 15 
and 10) with that for the model without control, we find 
that the whole loss rate of the voice/video cells can be 
greatly improved at only a little expense of the less sig
nificant information by using the SPD control. This is 
also the case for the mean waiting time of voice/video 
cells. Moreover, it is clear that the threshold (ml) plays 
an important role in the performance measures of the 
SPD systems. 

5. Conclusions 
As a traffic control scenario in the ATM networks, 

we have proposed the partial preemptive priority (PPP) 
strategy for the call level and the selectively packet dis
carding (SPD) strategy for the cell level. By means of 
the matrix-analytic method, we have derived a series of 
explicit-form formulas for the performance measures of 
interest for the mixed delay and nondelay systems with 
the proposed strategies. The numerical examples have 
indicated superior performance of the proposed systems. 
Since the obtained results are easily computable, they 
will be useful for design and dimensioning of the ATM 
networks. 

The authors would like to thank K. Kawashima, Dr. 
F. Machihara, I. Ide, and H. YamadaofNTT Labotoraties 
for their valuable discussions on this work. 
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