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Abstract

In this paper we propose a multiplexing scheme of real time and non-real traffics in which a con-
gestion control is embedded. Real time traffics are assumed to be nonqueuable and have preemp-
tive priority over non-real time traffics in seizing the common output link, whereas the non-real
time traffics wait in the common buffer if the output link is not available for transmission. Real
time traffics are encoded according to the bandwidth reduction strategy, particularly when conges-
tion occurs among non-real time traffics. This scheme provides us an efficient way for utilizing the
costly bandwidth resources, by accommodating as many real time traffics as possible with
gauranteeing its mimimun bandwidth requirements, and also resloving the congestion encountered
among non-real time traffics. We describe the system as a Markov queueing system, provide the
analysis by exploiting the matrix geometric method, and present the performance for various per-
formance measures of interest. Some numerical results are also provided.
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I. Introduction

We consider a situation in which a bandwidth
resource multiplexes heterogeneous traffics that
request a different amount of network bandwidths.
This could represent an intergrated terminal gene-
rating different types of traffics, or a multiplexing
/switching unit accepting traffics with different
characteristics. A control mechanism is necessary
to regulate the input stream of mixed traffics,
thus to achieve the efficient use of the bandwidth
of the common ouput link.

This kind of control problem can be formulated
as a dynamic optimization problem in which one
would find the structural form of the optimal
access control policy with an appropriate set
performance measures (1], such as maximizing
the system throughput constrained by a given
bounded delay for a certain traffic [6]. In most
cases, however, it is known that finding an optimal
policy is tremendously, although not possible, diffi-
cult, and also not practical due to the computational
complexity involved.

For this reason, many researchers have dealt
with this control problem by adopting heuristic
schemes. In this approach, one first considers as
access control policy that is intuitively appealing
easily implementable, then evaluates performances
of the system under this policy. Several schemes
have been proposed, and some representatives are
the Complete Sharing (CS) scheme, the Complete
Partitioning (CP) scheme, the Movable Boundary
(MB) scheme, and the Bandwidth Reduction
(BR) scheme. The CS is an uncontrolled, where
the incoming traffics share the total bandwidths
on a First-In-First-Out (FIFQ) basis. In the CP
scheme, the bandwidth resource is divided into
partitions, each of which is dedicated to a particular
traffic. These two schemes, although simple, be-
come inefficient in using the bandwidth under
unbalanced load conditions. For instance, in the
CS schems, the traffic condition loaded with several
narrowband traffics(traffics that require a small

amount of bandwidths) may leave insufficient
bandwidth for accommodating wideband traffics
(traffics that require a large amount of bandwi-
dths), resulting in bandwidth inefficiency. In the
CP scheme, sometimes called fixed boundary
scheme, on the other hand, the bandwidths for a
certain traffic may be exhausted, resulting in
substantial amount of delay, while the bandwith
for the other traffic remain unused. Among
alternatives that overcome this bandwidth inef-
ficiency are the movable boundary and bit rate
compression schemes, which are in fact the
variations of the CP scheme, In the MB sheme, a
traffic is allowed to use the bandwidths that orig-
inally allocated to the other traffic, but can be
preempted by the latter [4, 8]. In the BR scheme
[2], it is assumed that a cerain class of traffics,
such as voice and video, is tolerant to bandwidth
reduction to a certain extent, thus can be tra-
nsmitted at a lower bit rate whitout loss of infor-
mation for its transaction. Traffics are normally
transmitted without compression in lightly loaded
condition, however the band-width reduction
strategy along data compression is executed con-
gestion becomes serious. Embedded voice coding
(see the references in [9]}) and subband video
coding (see the references in [3]) are examples
employed in the BR scheme.

In this paper, we consider a multiplexing scheme
of real time and non-real time traffics in which a
congestion control 1s embedded by adopting the
bandwidth reduction strategy for real time traffics.
Real time traffics are assumed to be nonqueueable
and have preemptive priority over non-real time
traffics in seizing the common output link, whereas
the non-real time traffics wait in the common
buffer if the output link is not available for trans-
mussion, The underlying idea of the proposed
bandwidth reduction scheme is as follows. Real-time
traffics are encoded with as much bandwidth as
possible to carry a sufficiently large amount of
informations ; but, the bandwidths assigned in
this fashion are larger than the predetermined
minimum bandwidth requirements. Furthermore,_
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if the number of non-real time traffics present in
the buffer exceeds the given threshold, the real
time traffics are transmitted with the minimum
bandwidths that guarantee the certain level of
quality of the real time traffic at the receiving
end. And the bandwidths extracted from real
time traffics in this way are offered to non-real
time traffics, thus resolving the congestion
occurred among the non-real time traffics. In
consequence, this scheme provides us an efficient
way for utilizing the costly bandwidth resources,
by accommodating as many real time traffics as
possible with gauranteeing its mimimun bhandwidth
requirements, and also resloving the congestion
encountered among non real time traffics. This
proposed scheme is relatively simple compared to
the one reported carlier | 3], thus we believe it
can he easily implementable and suitable as a

congestion control scheme 1in a high speed envi

ronment .
NB calls ———ggm- —>
Bfit«rate
Compression . ___’
‘ .
WB calls a . . i
¢ channels

Fig 1. A traffic multiplexer

In section 2, we formulate the problem as a
Markov queueing model, and propose the congestion
control algorithm. Then, the model is analyzed in
section 3 by exploiting the matrix geometric
method with some performance measures provided.
In the subsequent sections, some numerical
computations for the performance measures of
interest are presented, followed by concluding

remark.
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II'. Problem Formulation

Figure 1 shows a multiplexer for intergrating
real time and non-real time traffics. In this figure,
n 1s the number of lines for WB calls, 1.¢e., the
maximum number of WRB calls that can be simul-
taneously accommodated in the system. From
now on, we assume that the real time traffics
require larger bandwidth than the non-real time
traffics, so that for convenience we call the former
as the wideband (WB) calls and the latter the
narrowband (NB) calls. let b, and b,( >b,) be the
bandwidth requirement of NB and WB calls
respectively, and ¢ be the bandwidth capacity of
the common output link, Note that the bandwidth
requirement b, can be reduced to a certain
amount as the number of NB calls i the buffer
increases, However, it cannot be reduced below
m, which 1s the minimum bandwidth requirement
gauranteeing a certain level of quality of real
time traffics (WRB calls) at the receiving end. On
the other hand, the bandwidth requirement of NB
calls 1s fixed to b, in any case. NB calls may join
a common buffer shared by all NB calls if ouput
iink is not available transmission. NB calls
constitutes a Poisson arrivals with rate A;, and
the service time 1s exponentially distributed with
rate . We also assume that the time in active
for WB calls and the idle time, ie.. the time
interval between two adjacent active WB calls,
have exponential distribution with rate g and A.,
respectively. And all the stochastic processes
involved in the model are assumed to be mutually
imdependent .

In the following we describe the congestion
control algorithm in the proposed multiplexing
scheme. We define the light load as the traffic
condition in which there are enough rooms to
accommodate the arriving NB and WB calls, and
the heavv load otherwise. During light load
condition. the incoming WB calls are accepted
without bandwidth reduction as well as NB calls.
During heavy load condition, on the other hand,
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WB calls have proeemptive priority over NB
calls, and the preempted NB calls are assumed to
be stored in the common buffer for future service.
The bandwidth requirement of NB calls 1s not
affected in any case. However, the bandwidth
requirement of WB calls can be changed depending
on the congestion level of NB calls present in the
buffer. Namely, if the the number of NB calls
present in the buffer does not exceed the given
threshold value 4, then WB calls are transmitted
with reduced bandwidth, but as large as possible
in order to carry as much information as possible,
And, otherwise, WB calls are carried with mirumum
bandwidth m, and the bandwidths thus extracted
from WRB calls are offered to serve more NB calls,
thus can resolve the congestion among NB calls,
Let (4, 7) be the state of the system, with 7 and j
denoting the number of NB calls and WB calls in
the system respectively, then they take values ¢
=(), 1,--, and 7 =0, 1,---.#. And »1s the maxmum
number of WB calls that can be accommodated to
the multiplexer. This congestion control algorithm

is summerized as follows :

IFbi+b,5<c,
THEN send all NB and WB calls with bandwidth
b, and b,, respectively.
ELSE
IFi—d < h,
THEN send WB calls with calls with ', and
NB calls with &, througth the remained cha
nnels.
ELSE and WB calls with m and NB calls
with &, througth the remained channels,

where &, =min {bg, max { m f; ] } } explains

the reduced bandwidth of WB calls, and d =

I’MC‘:[?LZUJ is the number of NB calls that can
1

be accommodated simultaneously for the remained

bandwidth obtained after allocating WB calls. { - |

is a floor operator that takes the greatest integer

value among the ones smaller than its argument,

The first IF condition determines whether the
current bandwidth requirement of the system
resides within the output link capacity. If it does,
then both the NB and WB calls are sent without
compression with their normal bandwidth requi-
rements, b, and b. respectively, since enough
bandwidths are available to accommodate them.
Otherwise, the second I} statement is evaluated
to determine whether the number of NB calls in
the buffer exceed the given threshold value #, 1.
e.. to determine the congestion level among NB
calls, [f the queue size of NB calls is not greater
than h, we see that the congestion among NB
calls 15 not serious. In this case, when the number
of WR calls are large enough to outweigh the output
link capacity (i.e., 7b.>¢), then the bandwidth of
each of WB calls is compressed in such a way as
to accommodate as many WB calls as possible,
but not below the level of its minimum bandwidth
requirement of m. The expression of b, above
explains this notion. If the queue size of NB calls
exceeds h, then it 18 assumed that congestion
becomes serious and each of WB calls is transmitted
with 1s minimum bandwidth requirement m. In
any case, the remained bandwidth after allocating
WB calls are used to accommodate the NB calls,
and the WRB calls that cannot be accommodated
due to the resource limitation (i.e., when jb%)¢)
are blocked to enter the system.

Il. Analysis and Numerical Computation

We can describe the system as a continuous-time
Markov process, and establish the state transition
diagram as shown in Figure 2. Considering the
algorithm described above, the transition rate
from a certain (source) state to the (destination)
state, the number of whose NB calls is one less
than the source state (ie., the transition rate
marked 1n exclamation in Figure 2) is computed by

753

www.dbpia.co.kr



BEEEEMRLE 944 Vol.19 No 4

Fig 2. State transition diagram

i/ll ,1fb11+b2]£€

min (i, " 1) m i byi+b, jycand (i=d) <h

min (, f;b»J w L ifbyi+b,jocand (i-d))h

where béimin{bz, max{m, F]fC.J } }

For the stability of the system, we assume that
A>u. Let p,; be the steady state probability when
system in state (¢, 7). For the continuous-time
Markov chain, the following equation holds

1Q=0, n=(p,, P;,~) (1

where 0 is an infinite dimensional row vector with
all its elements 0. p, p,,--, are the steady state
probability row vectors. The steady state prob-
ability vector p, is composed of » steady state
probabilites along the #-th row in the state transition
diagram in Figure 2, ie, p,= (p;p iy Din)-
From the state transition diagram, we obtain the

754

infinitesimal generator of the Markov chain which
is of the following block partitioned form

(‘l Al
Q= e, 0
.
Ay B
0 ¢ A,
Cray

Each component of infinitesimal generator @ is a
square matrix of dimension »n, whose z-th row and
7-th column element is given by

.. A =7
BG, y=1{""! / )
0 ,otherwise

Cld, J) =
ku, =/ and b k+b,5<c

min(, f-¢—f#—3-J,)u1 =, bk +b, jcand(i=d) < h
!

min(i, " 1w =i bbb jcandi=d) b
i
0 , otherwise
c—b3j
where k=1,2,---,{, and d:f_—b*—*J.
1
AL, 7) =
(n—1)A, =71
Ty Jd=5+1
¢] ,otherwise

where k=0, 1,---,/.

where % is the threshold value of the number of
NB calls in the queue excluding the ones in service,
and / is the maximum number of NB calls that
can be accommodated simultaneously in the system

¢
and given by /= PITJ.
1
For easy understanding of the state transition

diagram and the composition of the infinitesimal
generator, we provide a simple example, where

www.dbpia.co.kr
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we set the values of the parameters as follows : b,
=1, by=3, m=2, ¢=7, h=1, and n=2. With

these values, bézmin{b2, max{m, V—J;C‘J} }

becomes 3 regardless of 7, and d = c—b; j becomes
7.4, 1 for =0, 1, 2, repectively. Then, the state
transition diagram can be depicted as shown in
Figure 3 and the infinitesimal generator of this
example becomes

—(nm+2a,) 24, 0
M —(A 2+ p) A
0 25 — (A + 2u1)
H 0 0
0 Hi 0
0 0 M
A 0 0
0 Ay 0
0 0 A
—(n o +22y) 21, 0
723 =t mtapt ) Ay
0 24t — (A, + p + 2u)
21 0 0
0 21 0

0 0 H

Note that since » =23 the dimension of all subma-
trices is 3 and the submatrices of @ become

[ = (422 21, 0
4o= Ho —(AF A+ ) A, ,
| o 2y — (A 2m)
I 0 0
=1y w0 | ,andsoon.
L 0 0 m

Visiting each state of the state transition dia-
gram from left to right and from top to bottom,
the bandwidth reduction for the WB call is applied
to the state (3, 2), since b,i-+b,7=9 which
exceeds the channel capacity ¢=7, and i~d=
3—1=2 exceeds the threshold A==1. Thus, the

bandwidth for the WB call is reduced to its mini-
mum bandwidth requirement of m==2, and the
extracted bandwidths in this way of the amount
of 2(1 for each of two WB calls) are allocated to
NB calls, Thus, total of 3 NB calls, one originally
allocated and two allocated to the bandwidths
extracted from WB calls, are served simul-
taneously. Similarly, the bandwidth reduction
strategy applies to all the states in the third
column from the state (3, 2), and all the states in
the second column down from the state (6, 1) of
the state transition diagram. Also, note that the

Fig 3. State trasition diagram of the exemple
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state transitions in each row of the state tran-
sition diagram all the way down from 8th row are
identical, which leads to submatrices B, 4,, and ¢,
of the same form located at each column starting
from /th column of the infinitesimal generator Q.
In here, / is the maximum number of NB calls
that can be served simultaneously when WB calls
are not in the system, and is 7 in our example.

Steady state probabilities p,'s are now urniquely
determined by equation (1) togeter with the
normalization equation

ne=1 (2)

where e is a column vector with all its elements
1. We note that the state transition diagram infi-
nitely repeats all the way to the downward,
which leads to infinitesimal generator @ being
composed of block partitioned submatrices with
its off-diagonal blocks 0. This structural form of
Q@ and the stability condition A;<{y;, which makes
the process positive recurrent, enables us to use
the matrix geometric method [7] as a solution
technique. To do this, we first obtain the minimal
non-negative solution R to the matrix quadratic
equation

R2Ci o\ +RA,+B=0 (3)

which has all its eigenvalues within radius 1.
Then, the steady state probability vectors p,, for
k =, each of which corresponds to the steady
state probabilities of a row in the lower portion of
the state transition diagram is computed by

pk:pl—l Rk~l+1’ k 21

And the steady state probabilities corresponding
to each row in the upper portion of the state tran-
sition diagram is obtained from the finite set of
linear equations (the 2nd step in the following
procedure) combined with appropriate normalization
equation. The whole procedure to obtain the steady
state probilities is summerized as follows :

756

1. Obtain R from R?*C;4,+ RA,+ B=0.
2. Obtain p, for k Zlypk:p[71 Re-I+1

3. Obtain n = (p,, p,,".p,_,)from the following
fimte set of linear equations along with
normalization equation. In fact, these steady
state probability vectors are iteratively
obtained computing backward starting from
D, that is obtained from step 2.

7Q =0
{7 +p, [RUI-R)le=1

where
~ 1“ B
Q - ( 1 Al 0
¢,
B
0 A, B

(.2 A[fl +R(,‘[

and [ is the indentity matrix dimension #.

Once the steady state probabilities are deter-
mined, we can now derive the various perform-
ance measures of interest. Let E[N,,], E[N7,],
P, E|B,;] be the mean number of NB calls in the
common buffer, the mean number of NB calls in
the system, the probability that the number of
NB exceeds the threshold value %, and the mean
bandwidth allocated to each WB call, respectively.
These are expressed as :

E[. an,] = Z (7] pi/’
L7

where #;; is the number of NB calls in the queue
when the system in the state(s, 7), Le.,

0 Jif bii+bj<c
nll: . . . .
i—min(z, d) , otherwise

EIN/nh]:v Z.p

£ i
L)

Py= Z P,-/-
L7

byt by
i—mun(i.d)zh
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Byy= Z m; p;;
5

where m; is number of channels of a WB call
when the system in the state (7, 7), i.e.,

7 ,ifbit+bi<c
mij= . .
j—d , otherwise

We give some comments on the solution pro-
cedure of matrix geometric method mentioned
above, in terms of computational complexity. It is
shown that matrix R can be obtained from the
following iteration whose convergence has been
proved in [5]

R(0)=0
Rn+1)=—BA, ' —R*(n)C;4, A} and

Rr}gl;l R(n)

This iteration and the linear set of equations involve
a large amount of rmatrix operations, and requires
lots of computation time. Furhermeore, due to
the round-off and the precision of the number,
the accuracy of computation becomes critical,
particularly as the dimension of the matrix
increases. The accuracy of computation can be
improved somewhat by proper rearragement of
equation (3), so that the matrix inversion in the
above 1s applied to the diagonal matrix with its
diagonal elements respectively being equal to the
diagonal elements of the matrix A, itself. Some
other computational methods are studied by
researchers in order to save the computation time
and increase the computation accuracy.

Some numerical computations are carried out
for various performance measures derived in the
above, and their results are shown in Figure 4-9,
For all computations, it is assumed that 1,=1/
180, u,=1/20, u,=1/90, &,=1, b,=8, ¢ =24, and
n=7. Then, we examine the performance as a
function of the threshold value 4 for a different
set of the arrrival rate of NB calls, 1, =0.01,0.03,

0.05, and the minmum bandwidth requirement of
WB call, m=1,2,3.

1amdal =0.01
I ramdal =0.03
¥ ramdai =005

0 1 2 3 4 5 6 7 8 9 10
threshold h

Fig 4. Mean number of NB calls in the system
(n=7, c=24, by=1, b,=8, m=3, 1, = 1/180,
wuy =1/20, py=1/90)

15

* ramdal =0.01
ramdal =0.03
¥ ramdal =0.05

10

0 1 2 3 4 56 7 8 9 10
threshold h

Fig 5. Mean queueing delay of a NB call for A; =0.01,0.
03,0.05
(n=7 c=24 by=1, by=8, m=3, A,=1/180,
1 =1/20, pp=1/90)
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0 1 2 3 4 5 6 7 8 9 10
threshold h
Fig 6. Mean queueing delay of a NB call for m=1,3.5

(n=7, c=24, by=1, b,=8, ;= 3/100, 2. =1/
180, g == 1/20, pp = 1/90)

0.0007 e,
* 1amdat =0.0! SIS
0.0006 gk GRS

! ramdal =0.03
0.0005

Yramdal=005 |77
0.0004 5 - : RO NS I T
0.0002} "

0.0001

0t 2 3 4 5 6 7 8 9 10

threshold h
Fig 7. Probability that the number of NB queueing
calls excced k& for A1 =0.01,0.03,0.05

(n:7. c=24, blzl, bg::& m=3, 12:1/180,
u; =1/20, g,=1/90)
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{.600E-04 — - -
1.200E-04
8.000E-05)--: -

4.000E-05/ - s = iy

0.000E+00 L2 RE
01t 2 3 4 5 6 7 8 9 10

threshold h

Fig 8. Probability that the number of NB queueing
calls excced & for m=1,3,4
(n=7, =24, b,=1, b,=8, A, =3/100, x,=1/
180, gy = 1/20, . == 1/90)

ramdat =00t
I yamdat =0.03

T ramdal =005

4 5 6 7 8 9 10
threshold h

Fig 9. Mean bandwidth for a WB call

(n=7 c¢=24, b, =1, b,=8, m=3, 1,=1/180,
= 1120, uo=1/90)
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Figure 4 gives the mean number of NB calls, E
[N,,] in the system as a function of threshold 4
for various arrrival rate of NB calls &, increases
monotonically, and rapidly as A, increases, Note
that monotonicity works since as h increases the
chance to compress WB calls to its minimum
bandwidth e decreases, so that the bandwidths
extracted from WB calls and offered to NB
traffics are small, thus the number of NB calls in
the system increases as a function of 4. Figures 5
and 6 shows the results of the mean queueing delay
of a NB call obtained by changing A, and »4 respect-
ively. The results in Figure 5 are obviously as
expected due to the similar arguments mentioned
above, Figure 6 illustrates that the effect of the
minimum bandwidth requirement of a WB call, m,
on the mean queueing delay of a NB call can be
negligible for the selected set of parameters in
this experiment. In Figure 7-8, we present the
performance of the probability of the number of
NB calls in the buffer exceeding the threshold 4
for various values of A, and ». As shown in Figure
7, for a small value of A, such as 2,=0.01, this
probability becomes zero. Also, from these figures,
we see that the monotonicity of this probability
as a function of & is not satisfied. But, the value
of this probability is very small, namely less than
107¢. Figure 9 indicates the results of the mean
bandwidth allocated to each WB call. The curve
is monotonically increasing This owes to the fact
that the smaller the threshold is the more the
chance of congestion among queueing NB calls
increases, so that bandwidth of each WB call has
more likely to be reduced. From this figure, we
also see that the mean bandwidth for a WB call is
less than its bandwidth requirement b,=8, so
that the difference of these two bandwidths is
used to allow more WB calls and to allocate the
NB calls in the waiting buffer.

IV. Conclusion

We have proposed a multiplexing scheme for
integrating the real time and non-real time traffics

with congestion control embedded that is primarily
attained by bandwidth reduction strategy operated
on real time traffics, assuming that the real time
traffics require larger bandwidth than the non-real
time traffics. The real time traffics are assumed
to have a preemptive priority over the non-real
time traffics. In order to resolve the congestion,
as the congestion among the non-real time traffics
increases, the bandwidths of each real traffic are
reduced by a proper amount so that the bandwidths
extracted from real time traffics are to be allocated
to non-real time traffics. But, the bandwidths of
the real time traffic are not allowed to be reduced
below a given threshold, in order to guarantee a
certain level of quality of the real time traffics
when played out at the receiving end. In conse-
quence, the scheme provides us an efficient way
for utilizing the costly bandwidth resources, by
accommodating as many time traffics as possible
with gauranteeing its mimimun bandwidth requi-
rements, and also resloving the congestion enco-
untered among non-real time traffics. The system
is described by the continuous-time Markov process,
and analyzed by exploiting the matrix geometric
method from which various performance measures
of interest are derived. Computational issues,
which becomes critical as the dimension of the
matrix increases, are also discussed. In order to
validate the analysis, some numerical computa-
tions are provided.
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