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ABSTRACT

In this paper, we consider a multi-traffic network sys-
tem with a transmission link shared by Available Bit
Rate (ABR) application for non-real time traffic and
Variable Bit Rate (VBR) application for real time
traffic. It is assumed that the VBR traffic has a
higher transmission priority than the ABR traffic.
We propose a new feedback control method to con-
trol the flow of the ABR traffic. In this method,
the ABR source has multiple states and the number
of cells transmitted by the ABR source is controlled
by the feedback based on the congestion state of the
buffer. By using the Markov chain method, we es-
tablish a tractable analytical model for the system.
We give some iterative formulas for calculating the
transition probabilities. Then, based on the analysis,
we calculate the cell loss probability and the utiliza-
tion of the network system. The impact of several
parameters on the system performance is presented
through some simulation results.

Keywords: ABR, VBR, performance analysis and
evaluation, loss probability, utilization

1. INTRODUCTION

Asynchronous Transfer Mode (ATM) is the first switch-

ing technology that can support both fixed band-
width services similar to circuit switching, and highly

variable bandwidth services similar to packet switch-
ing, in a single integrated environment [1]. ATM
networks are expected to support applications with
diverse traffic characteristics and Quality of Service
(QoS) requirements such as data transfer, voice, video,
multi-media conferencing and real time control. This
requires a QoS system that differentiates services ac-
cording to the level of quality required.

The Available Bit Rate (ABR) service in ATM net-
works is intended for non-real time traffic, where de-
lay can be tolerated. Yet, it can also efficiently co-
exist with other service classes such as Constant Bit
Rate (CBR) and Variable Bit Rate (VBR) which are
intended for real time traffic.

Since CBR and VBR traffic rates will fluctuate in
time, the ABR sources should need to their rates ac-
cording to fluctuations in order to utilize the entire
remaining capacity or avoid cell losses. Therefore, it
is necessary to control the ABR traffic sources. Over
the years, there have been two major flow control
mechanisms for the ABR services: the rate based
flow control and the credit based flow control [2]-[5].

[2] considered an ATM network system with a trans-
mission link shared by VBR and ABR applications
and studied the effects of various time scales on the
management of ABR traffic using a feedback based
flow control scheme. In this system, a feedback car-
rying information about the available bandwidth is



transmitted to the ABR source when the bandwidth
availability for the ABR source changes. The ABR
transmission rates are then determined by the feed-
back based on the VBR transmission rates. However,
the feedback does not contain the information about
the buffer.

[3] proposed a proportional feedback scheme for ATM
networks. There is a proportional multiplier in the
system. All the inputs to the multiplier are multi-
plied by a factor, which is updated by the feedback
from the receiver before forwarding the inputs. The
feedback contains the information about the number
of cells in the buffer. However, [3] only presented a
continuous time model to analyze the system.

In this paper, we apply the schemes utilized in [2] and
[3] to consider a system model of a multi-traffic net-
work under a new feedback control method for ABR
service. In this method, the ABR source has multi-
ple states and the number of cells transmitted by the
ABR source is controlled by the feedback based on
the congestion state of the buffer.

The rest of the paper is organized as follows. In Sec-
tion 2, we describe the system model. In Section 3,
we establish a tractable analytical model for the sys-
tem and give some iterative formulas for calculating
the transition probabilities of a Markov chain. Then,
based on the analysis, we calculate the cell loss prob-
ability and the utilization of the network system. In
Section 4, by simulating results, we show how various
operational parameters might impact on the system.
Conclusions are given in Section 5.

2. SYSTEM MODEL

In this section, we consider the system introduced
in [2]. In this system, there is a transmission link
shared by the Available Bit Rate (ABR) application
for non-real time traffic and the Variable Bit Rate
(VBR) application for real time traffic. The network
access node is assumed to have a finite buffer of ca-
pacity C for the temporary storage of the cells. If the
buffer is full, however, the ABR cells will be blocked
and cleared from the system.

In this system, we consider that the VBR traffic has

a higher transmission priority than the ABR traffic.
If VBR cell and ABR cell arrive at the same time,
then the VBR cell will be transmitted firstly, while
the ABR cell will enter the buffer to wait. When
there are no VBR cells to transmit, the ABR cells
can be transmitted according first-in first-out disci-
pline.

The time axis is slotted and the frame has a fixed
length of L slots. According to the late arrival def-
inition, it is assumed that cell departures occur at
the beginning of a slot and the cell arrivals occur at
the end of a slot. It is possible that a cell arriving at
a slot will enter transmission at once if the system is
empty and depart immediately.

Let ¢ denote the beginning time instant of the kth
frame, £k = 1,2, ..., and let Sy = sg,sr = 0,1 be a
random variable to denote the VBR source activity
level or state. For example: let s = 1 denote the
traffic at a heavier level and s = 0 denote the traffic
at a lighter level at t;. We call s; the state of the
VBR source. Changes of the state s; occur only at
the boundaries of the frame.

Let r,(sg) denote the probability of transmitting one
cell by the VBR source in a slot of the kth frame
when the state of the VBR source is s; at the kth
frame. When s, = 0 (or =1), then the transmitting
rate of the VBR source at the kth frame is r,(0) (or
75(1)). In the above example, it can be assumed that
Ty (1) > 1r,(0).

The cell arrival process of the VBR is modeled as a
Markov Modulated Bernuolli Process (MMBP). The
VBR cells can arrive in an arbitrary slot. Let A(sy)
represent the number of VBR cells arriving in one
slot of the kth frame. Therefore, A(sy) is given by

A(sy) = 1, with probability 7, (sg)
"/ 71 0, with probability 1 — r,(s).

We assume the ABR traffic source to have M states.
We call zp,=1, 2, ..., M the state of the ABR source
at the kth frame. The number of ABR cells trans-
mitted varies with the state z, of the ABR source.
The higher the level of states of the ABR source is,
the larger the number of ABR cells transmitted will
be. When the state of the ABR source is in z, then



the ABR source can transmit a block of zxB cells
per frame of length L slots, where the batch size
B > 0 is an integer constant as a system parameter.
Therefore, the probability of transmitting one cell in
average by the ABR smgce in a slot of the kth frame
2k

is given by r4(zk) = 7

The changes of the state of the ABR source are con-
trolled by the feedback based on the buffer states of
the system. It is assumed that the changes in the
ABR states occur only at frame boundaries in ac-
cordance with the feedback. This means that the
changes in the ABR states cannot occur during a
frame.

We use two critical numbers g; and g, to character-
ize the congestion of the buffer, 0 < g1 < go. If the
queue length of the buffer is less than or equal to g1,
i.e., the buffer is in low congestion state I, then it
sends signal +1. If the queue length of the buffer is
greater than g; and less than or equal to g», i.e., the
buffer is in medium congestion state I, then it sends
signal 0. If the queue length of the buffer is larger
than gs, i.e., the buffer is in high congestion state II,
then it sends signal —1.

Assume that the ABR source is in state z; at time
tr. Then if the ABR source receives the signal +1,
then it will be in state zx +1 at time ¢ + L for zp=1,
2, ..., M —1, and in state M for z, = M. If it receives
the signal —1, then it will be in state z; — 1 at time
tr + L for z;=2, 3, ..., M, and in state 1 for z; = 1.
If it receives the signal 0 or does not receive new sig-
nals, then it will be in state z; at time t; + L, i.e.,
the state of the ABR source does not change at time
tr. + L, where L is the number of slots in a frame. A
queueing model of the network access node is shown
in Fig. 1.

3. PERFORMANCE ANALYSIS

In this section, we first establish an analytic model
by using the Markov chain method and give some it-
erative formulas for calculating the transition prob-
abilities. Then, based on the analysis, we calculate
the cell loss probability and the utilization of the sys-
tem.
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Figure 1: Queueing model of network access node.

Let Zy, = zg, 2z = 1,2,...,M and Qr = qx, qx =
0,1,...,C be random variables to denote the ABR
source state and the queue length of the buffer at
the beginning time tj, of the kth frame, respectively.
Then, we have a 3-dimensional stochastic process
{(Sk, Zk,Q), k = 1,2,...} which is embedded at the
beginning of frame {tx, k = 1,2, ...}. It is easy to see
that {(Sk, Zr, Qr), kK = 1,2,...} is a Markov chain
with state space given by

Q = {(sks2r, k), sk =0,1,2e =1,2,..., M,
a.=0,1,..,C}

where M is the state of the ABR source and C' is the
capacity of the buffer.

Let P(Sk+1,2k+1,4k+1 | Sk, 2k, qr) be the transition
probability that the Markov chain {(Sk, Zx, Qk),
k=1, 2, ...} moves from state (s, 2k, qx) at time
tk, to state (Skt1, Zk+1, Qrt+1) at time tpyp. It is
easy to see that {Sk+1=sk+1} and {Zp11=2r+1} are
independent with {Sk=s, Qr=qr} and {Sk=s},
respectively, and that {Qr+1=¢x+1} is independent
with {Sk+1=Sk+1, Zk+1=Zk+1}. Then P(Sk+1, Zk+1,
gk+1 | Sk, 2k, Q) can be expressed as follows:

P(Skt1, 2415 Ght1 | Sk, 2k, qk) = P(sky1 | k)
P(zks1 | 2k, @) P(Qrs1 | Sks 2, qr). (1)
The probabilities on the right side of Eq. (1) can be

calculated separately as the following.

Let ps(sk) denote the probability that S changes
at the end of the kth frame, and at the beginning



of the kth frame it was in state s;. Since the VBR
cell arrival process is an MMBP, {Sj, k=0, 1} is a
two state Markov chain. It is easy to see from the
definition of ps(s) that

P(Sk+1 =1 | Sk = 0):p5(0)7
P(Sk+1 =0 | Sk = 0):1 —ps(O),
P(Sk+1 =0 | Sk = I)ZPS(I)a

)

Moreover, if g < g1, then we have

1, ifz=2,+1

’ 2
0, otherwise @)
for z;, =1,2,..,M — 1, and P(zp41 = M | 21, = M,
qr)=1. If g1 < qx < go2, then we have

P(zry1 =2 | 2r,qr) = {

1, if 2 =2z
P(zpy1 = ) = ’
(zk+1 = 2 | 2k, q1) { 0, otherwise (3)
for zx, =1,2,..., M. If g > g2, then we have
1, ifz=2,—-1
P == o = ’ 4:
(zk41 = 2 | 2k, q1) { 0, otherwise (4)

for zx = 2,3,..., M, and P(Zk_H =1 | zr =1, qk): 1.

Let gx,; denote the queue length at the end of the ith
slot of the kth frame. Let Pa(qx,i+1 | Sk, 2k, qr,;) and
Pg(qk,i+1 | Sk, 2k, qr,;) denote the one slot transition
probabilities from g ; to g 41 over the first 2z, B
slots of the kth frame and the remaining L — 2z, B
slots, respectively. They are given as follows:

Pa(qr,iv1 | Sk> 2k, Qryi)
P(A(sk) = qk,i+1 — Qk,i),
0<qr: <C—-1,
= Qi+l = Qh,irGr,i + 1 (5)
1, Qi = Qr,iv1 = C
0, otherwise,

P (qr,itv1 | Sk, 2k, Qr,i)

1, Qi = Qrit1 =0
P(A(Sk) = Qr,i+1 — Qr,i + 1),
= 1<q; <C, (6)
Qk,it1 = Qri — 1, qr
0, otherwise.

Then, P(qk+1 | Sk, 2k, k) can be calculated through
these two probabilities as follows:

c
P(qr+1 | ks 26, qk) = Z Pa(qr,ze8 | Sk, 2k Gk)

qk,z, 8=0

“Pp(qr+1 | Sks 2k, Qr,z8)  (7)

where the two probabilities Pa(qk -8B | Sk, 2k, Qk)
and Pg(qr+1 | Sk, 2k, Qk,=, B) can be calculated itera-
tively using one slot transition probabilities P4 (qk,i+1
| sk, 2ks Qr,i) and Pp(qr,iv1 | Sk, 2ks Qr,i), respec-
tively. For example,

c
Pa(qk,=8 | 6,25, 0) = Y Palaen | sk, 2k, 1)
qr,1=0

-Pa(qr,x B | Sk, 2k, Qk,1)-

After calculating the transition probabilities P(sg+1,
Zk+1, Qk+1 | Sk, 2y Qr), k =1, 2, ..., the steady state
probability distribution w (s, 2k, gr) can be solved
from the matrix equations: wP = 7 and we = 1,
where P is a 2M (C + 1) x 2M(C + 1) matrix of the
transition probability P(sk+1, 2k+1, @k+1 | Sky 2k, Qk)-
7 is a 2M (C + 1)-dimensional row vector with ele-
ments 7(sg, 2k, qk), and e is a column vector whose
elements are all equal to 1. By using the matrix tech-
nique we presented in [6], we can obtain the explicit
expression of the transition probability matrix P.

In the following, we calculate the ABR cell loss prob-
ability and the utilization of the transmission link.
Let L(sg,zk,qx) and M (s, 2, qr) denote the aver-
age number of ABR cells lost and arrived over the
frame at the beginning of which the process {(Sk,
Zy, Qr), k=1, 2, ...} is in state (sk, 2, qr), respec-
tively. Then, the ABR cell loss probability denote
by LP is given as follows:

IP—E |:£(5kazk>qk) } '
M (sk, 2k, qk)

(8)

Let L;(sk, zk, q) and M;(sg, 2k, qx) denote the num-
ber of ABR cells lost and arrived at the ith slot of
the kth frame in state (s, 2k, g ), respectively. It is
easy to see that

0, ifi > z;,B
M;(sk, 2k, qr) = { 1 otherwise (9)
and
A(Sk)7 if Qk,i—1 = C7
Li(skazkHQk) = { S ZkB (]‘O)

0, otherwise.



Therefore,
zp B
M (sk, 2k, qr) = ZM Sk,zk;qk]
_ B (11)
and
Zk-B
Lsk,ze,qe) = E ZLi(Skazk>Qk)]
=1
zp B
= ZPA(Qkﬂ?l = C|sk, 2k, qk)
i=1
-E[A(s)]
Zk-B
= ZPA(Qk,i—l =C'| sk, 2k, qr)
=1
To(Sk)- (12)

Taking the expectation over all possible states, we
get the ABR cell loss probability LP given by

ZkB
‘ZPA(Qk,i—l =C'| sk, 2k, qr)To (). (13)

i=1

The utilization of the transmission link can be calcu-
lated by considering the busy probability of the link
at one slot of the frame in which the process {(Sk,
Zy, Qr), k=1, 2, ...} is in state (sg, 2k, qx) and tak-
ing the expectation over all possible states.

Let U;(sk, 2k, qr) and U(sg, 2k, qr) denote the busy
probability of the link at the ¢th slot of the kth frame
and the average busy probability of the link at the
kth frame in which the process is in state (sg, 2k, gk ),
respectively. It is easy to see that

]., [} S ZkB

1—P(gr; =0 sk, 2r,qe)  (14)
-P(A(Sk) = 0), 1>z B.

Ui(sk, 2k, qk) =
Hence,

U(Ska 2k Qk

L
E SkazIka

L

1
=1-Z-rs] Y

i=zp B+1

b«l'—‘

c
Z Pa(qr,=oB | Sk; Zk; Qk)
qk,z, B=0

-Pe(qr,; =0 | Sk, 2k, k2, B)- (15)

Taking the expectation over all possible states, we
get utilization U of the transmission link given by

1
:Z Z Z 7(Sky 2k, @)U (Sky 21, k) (16)
sp=0 =

where U (sg, 2k, qx) is given by Eq. (15).

4. NUMERICAL RESULTS

In this section, we present some simulation results to
demonstrate how the various parameters of the sys-
tem influence the loss probability LP and the uti-
lization U. In all numerical results, we assume that
r»(1) = 0.8, 7,(0) = 0.4, and ps(1) = ps(0) = 0.6 by
referring to [2]. The simulation results of LP and U
are illustrated in Figs. 2-5.

In Fig. 2, we fix the capacity of the buffer C' = 500,
the number of ABR source states M = 10, the length
of the frame L = 2000, the lower critical number
g1 = 50 and the upper critical number g, = 100, and
display the LP and U by varying the batch size B.
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Figure 2: Loss probability LP and utilization U ver-
sus batch size B with C' = 500, M = 10, L = 2000,
g1 = 50 and g, = 100.

In Fig. 3, we fix C = 500, B = 50, L = 2000,
g1 = 50 and g = 100, and display the LP and U



by varying the number of ABR source states M. We
can see from Fig. 1 and Fig. 2 that the loss prob-
ability LP and the utilization U initially increase
as the batch size B or the number of ABR source
states M increases, but they rarely change when B
or M exceed a threshold. This is because that the
ABR cells transmitted with an ABR state increase
as B or M increases, it causes the increasing of LP
and U. However, when B or M becomes larger, the
buffer will be in a higher congestion state. Thus, the
ABR source will go from a heavier state to a lower
state according to the feedback information. As a
sequence, LP and U will be kept stable.
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Figure 3: Loss probability LP and utilization U ver-
sus number of ABR source states M with C' = 500,
B =50, L = 2000, g; = 50 and g = 100.

In Fig. 4, we fix B = 50, M = 10, L = 2000,
91/C = 0.2 and g»/C = 0.6, and display the LP
and U by varying the capacity of the buffer C'. Intu-
itively, the critical numbers ¢g; and g» should increase
as C increases. Therefore, it is reasonable that we
fix the ratios g;/C = 0.2 and ¢»/C = 0.6. Fig. 4
shows that: LP decreases significantly as the capac-
ity C of the buffer increases but U rarely changes as
C increases. Intuitively, the larger the capacity C of
the buffer is, the less congested the buffer will be.
This results in the decreasing of LP.

In Fig. 5, we fix B = 60, M = 10, C' = 1000, ¢, =
100 and g, = 200, and display the 100LP and U by
varying the length of the frame L. Fig. 5 shows that:
LP decreases significantly and U decreases slightly as

09

08 -

07l — Lo_s_s P_robability LP
- = Utilization U

06 |

05+

Loss Probability LP and Utilization U

. . . . . . .
100 200 300 400 500 600 700 800 900 1000
Capacity of Buffer C

Figure 4: Loss probability LP and utilization U ver-
sus capacity of buffer C with B = 50, M = 10,
L =2000, g;/C = 0.2 and ¢,/C = 0.6.

the length of the frame L increases. Intuitively, the
larger the length of the frame L, the less frequently
the VBR source states change. Thus, more ABR cells
have the opportunity to be serviced. As a sequence,
the buffer will be less congested. This results in the
decreasing of LP.
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Figure 5: Loss probability LP and utilization U ver-
sus length of frame L with C' = 1000, B = 60,
M =10, g; = 100 and g, = 200.

5. CONCLUSIONS

We have analyzed a system with a transmission link
shared by Available Bit Rate (ABR) and Variable



Bit Rate (VBR) applications. We proposed a new
feedback control method to control the flow of the
ABR traffic. We established a tractable analytical
model for the system and obtained some iterative
formulas for calculating the transition probabilities.
Based on this, we have presented the calculation of
the cell loss probability and the utilization of the
system. Furthermore, we investigated the impact of
several parameters on the system by analyzing the
numerical results. The numerical results indicated
that: (i) B and M affect both LP and U, but the
impact is not significant when the values of B and
M are large enough, (ii) C and L only slightly affect
the utilization U, but affect the loss probability LP
significantly.
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