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Abstract

" The rate-based congestion control scheme was adopted
Jor the available bit rate (ABR) service in ATM forum.
When using the ABR service to support applications, there
are two important issues on the packet scheduling. One is
the fairness on the bandwidth allocation; another is the
guarantee of minimum bandwidth. We propose a
scheduling scheme, called minimum-bit-rate fair queueing
(MBRFQ), which inherits the fairness nature of the self-
clocked fair queueing scheme (SCFQ) and guarantees
minimum bandwidth. The fairness of the scheme similar to
SCFQ can be proved via mathematical analysis. On the
other hand, the nature of the minimum bandwidth
guarantee can be verified by simulation results. Our
scheme not only possesses the capability of the two issues
required by ABR services, but also guarantees the
bounded delay and delay jitter on the constant bit rate
(CBR) services. This makes the scheme more applicable
for broadband services.

1. Imtroduction

Since asynchronous transfer mode (ATM) became the
solution [3] for B-ISDN, the ATM Forum has defined
several service categories [1], shown as below, to support
user applications. The constant bit rate (CBR) service is
used to support circuit switching connections. The
variable bit rate (VBR) is used in the real-time packet
switching. The unspecified bit rate (UBR) supports
applications with no guarantee; it only provides minimal
service capability for applications. With dynamic
monitoring of the status of network system and adjusting
the amount of input traffics, the available bit rate (ABR)
service can support a number of applications, especially
those with vague requirements for bandwidth, delay and
loss. Therefore, the ABR service becomes the focus of
ATM forum, since the most of applications can not
specify their requirements definitely.
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For the ABR service, ATM forum adopts the rate-based
congestion control scheme [1] as the standard of its flow
control mechanism. There are two important issues
proposed in the rate-based congestion control scheme.
One issue is the fairness of bandwidth allocation between
connections; the other is the guarantee of minimum bit
rate (MBR) of a connection. The rate fairness issue plays
an essential role in ABR service to prevent the bad-
behavior users from occupying the bandwidth belonging
to the well-behavior users. The MBR issue extends the
scope of the ABR service in the following ways [1]:

- To support the replacement of the resources supporting
fixed-bandwidth with ABR connections.

- To allow the prioritization of ABR traffic.

- To support quasi-real-time applications._

- To inter-operate with other emerging protocols, e.g.,
RSVP [6].

Although the MBR issue is argued with its necessity, we
think it is important and can give a good solution to a
number of real-time applications while the VBR service
has not been done well.

The concept of rate fairness is first applied to the fluid-
flow traffic model by Demers, et al. [17]. This is an
idealized model in which multiple connections can receive
service in parallel, i.e. simultaneously. Demers, et al.
defined the rate fairness and design a flow-fluid fair
queueing (FFQ) scheme to implement it. However, in a
realistic system, connections are served concurrently,
since the server serves packets, one at a time. This service
model is called packet traffic model. The model is merely
a special case of fluid-flow traffic model if the same input
packet traffic in the two models is scheduled with the
same departure sequence. The rate fairness queueing
scheme implemented in packet traffic model by Parekh
and Gallager [18, 19] is called packet fair queueing (PFQ).
The drawback of the PFQ is the complex computation in
packet scheduling. Therefore, Golestani [2] proposed a
self-clocked fair queueing (SCFQ) scheme to solve the
problem.



Based on the SCFQ, we design a new packet scheduling
scheme called minimum-bit-rate fair queueing (MBRFQ),
which guarantees both the rate fairness and the MBR issue.
The MBRFQ proportionally allocates bandwidth to each
connection whose packets are accumulated in queue, and
if congestion occurs, it would change the proportion of the
bandwidth allocation to guard the minimum bit rate of
each connection.

We. describe the FFQ, PFQ, and SCFQ schemes in
section 2, and propose the MBRFQ scheme in section 3.
The analysis of the rate fairness of MBRFQ is shown in
section 4. In section 5, the simulation results explain that
the scheme can guarantee minimum bit rate when
congestion occurs. Finally, conclusions are given in
section 6.

2. Background

The following discussion is focused on the busy period
of the queueing system of a link. We first introduce some
notations. The transmission rate of the link is C. Let the
set of the connections k set up on this link be denoted by K.
We say that connection k is backlogged at ¢ if there are at
least one packet of k& whose service has not finished at 7.

Let A(?) and B(2) denote the set of the connections not
backlogged and the set of connections backlogged at ¢,

respectively. Also define by #(%,1,) and B(%,,1,), the
set of connections continuously non-backlogged and the

set of connections continuously backlogged from # , o 1,,
respectively. %, (7,,%,) is defined as the data amount of
connection k having been transmitted during ( t,%,). Let
I, and O, denote the requested rate and minimum rate of

connection k, respectively. The normalized service

received by connection k during (t,,%,) is denoted by
a(1,,1,) and defined as follows:

“‘k(tvtz)E?”k(tlatz)/rk. (1
We define the fluid-flow fair queueing (FFQ) as the
normalized services offered to two different backlogged

connections in time interval (#, ,, ) are equivalent, i.e.

“‘i(tlﬂtz):“‘j(tvtz). 2)

Since the packet traffic model is the special case of the
fluid-flow traffic model in packet departure scheduling, to
implement the packet fair queueing (PFQ) scheme is only
to use the packet's departure sequence of FFQ to schedule
the PFQ. However, it is difficult to find the actual
departure time of a packet when it is arriving in a FFQ
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system. Fortunately, with the virtual time concept from
Zhang [21], there is a mapping from actual time to virtual
time in the FFQ system, and the mapping function is
mono-increasing and easily found. Since the objective of
packet scheduling is to find the departure order of
incoming packets, the mono-increasing nature of the
mapping function makes the virtual time correctly and
efficiently replace the actual time on the role of scheduling.

The mapping between virtual time v(¢) and actual time ¢
in the FFQ system is shown as below.

v(0)=0; (3)
dv(t) _ C ‘ @
dt Z I
i€B(t)

Eq. (4) depicts that the differential of virtual time to actual
time is equal to the ratio of link's transmission rate and the
summation of the specified rates of backlogged
connections at ¢. The derivation of Eq. (4) is shown in
details in the document [4].

We describe how to find a packet's virtual departure
time in the FFQ system. Let Pki be the Jith packet of
connection k, and d ,: and a:. be the actual departure and
arrival time of F;: , respectively. L';c is the length of F;: .
Time stamp E: denotes the virtual departure time of P’
which is written as

F =v(d),where ke K,i=0,1,2, .. (5)
We can evaluate FZ by the following expressions:

F =0; ©6)

F = max(F" vah)+ 2,
k

(N

where k€ K,andi=1,2, ...
Eq. (7) means the key of finding the virtual departure time
is to find the virtual arrival time, v(az,) .

PFQ discipline is implemented by scheduling the
departure order of incoming packets by the time stamps
calculated in Eq. (6) and (7). However, to compute the
value of v( a;) by Eq. (4), we must keep track of the
backlog set B, (f) . If the set changes frequently in short
time interval, the computation of v( a;;, ) would become the
bottleneck of performance. To solve the problem, the
SCFQ provides a good solution. Instead of referring to the
virtual time of the FFQ, the SCFQ uses its own virtual
time to find the time stamps of packets for scheduling.
This makes the very For

computation simple.
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distinguishing it from FFQ, we use different denotation in
the following explanation.
The SCFQ scheme is shown as below. Let each arriving
packet P,: be marked with a time stamp ﬁ',: .
F/ =0,ifi=0; )
El =max{F™ $(a))+ L, [r, ,iti 20, 9
where v(#) denotes the virtual time at the actual time ¢ in
the SCFQ. Let §hj and ci,{ be the respective actual time
when Phj starts and finishes service; that is, they are the
actual sending and departure times. V(#) is defined as
Sy=F) i 5l <i<d). (10)
The fairness in the SCFQ is merely approximate because
the virtual arrival time ﬁ(a;;) in here is different from
v(a,';) in FFQ. However, Golestani [2] proves that the
approximate fairness is under a near optimal bound. We
show the bound in the following. Let L™ be the length
of the longest packet of connection k. For any connections
iandj, I, j€ ‘z'sg(t,, t,), according to the concept from Eq.
(2), the error of fairness between connection i and j is
defined as |&(t,t,)— @ ,(#,1,)l and its bound is as

follows:
max n)ax
(1, 8,) = & (1, 8IS ——+ —1—;
5 Fi
where the meanings of {sg(tl,tz) and &,(1,1,) are the
same as those of &(#,,%,) and @ (#,,), but only in
different systems.

1n

3. Proposed Scheme and Architecture

Our proposed scheme, MBRFQ, implements the
minimum-bit-rate and bandwidth fairness issues in the
packet traffic model. It schedules the packets in different
way depending on which state, either normal or abnormal,
the system stays. Initially, the system is in normal state,
and, for a connection k, we use its requested rate ¥, as its
share of bandwidth. When the combination of backlogged
connections in the system makes the original bandwidth
allocation not satisfy some connection's minimum bit rate,
we must replace 7; with O as the new share base of
bandwidth for each i. Then, the system is in abnormal
state until a new combination of backlogged connections
can make system return {0 normal state. In the following
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context, we give the abnormal state a more representative
name 'MBR state'.

For keeping the fairness of bandwidth allocation,
regardless of the states in which the system stays, we can
not assign the departure time stamp to a packet when it
arrives, since the state might not be the same as the packet
is served. We utilize a per-connection queue structure to
assign the departure time stamp to the packet when it
becomes the front of the queue of the connection it
belongs to. Select the packet with the minimum time
stamp among the front of all queues, and then serve it.

In the following, Theorem 1 depicts how to know the
time when a state changes. The formal definition of the
MBRFQ is described in Definition 1 and its operation is
shown in Algorithm MBRFQ_OP.

Theorem 1. During a busy period, the MBRFQ system
will enter the MBR state if

Cc/ Zieé(:)ri <max{o;/r;} (12)

jeB(t)
The proof is depicted in the document [4].
Definition 1. When a packet P, arrives the MBRFQ
system, it is tagged with a time stamp ﬁk' as its departure
priority. The smaller the F i, the earlier the departure.

The time stamp is defined as follows:

Fl=0,ifi=0; (13)
~ . ~ . . Li
F} =max{F,/",V(a;)}+—%,ifi# 0, (14
R,
R, =1, , in normal state
where ]
R, =0, , in MBR state
and V(Z) denote the virtual time in the MBRFQ system
at actual time t. Let Ehj and dhj be the respective time
instants when Phj starts and finishes service in the
MBRFQ system; that is, they are the actual sending time

and departure time. Then, V(7) is defined as below:

V() =F/, where §] <t<d)]. (15)

According to Definition 1, the system architecture is
designed as Fig. 1. Each connection established in the
system has a dedicated queue where only the control
informations of the packets are stored, and the packet
bodies are stored in the shared buffer. In Fig. 1, assume
there are total n backlogged connections at time ¢, denoted
by 1, 2, 3, .., n, whose packets are scheduled and
transmitted by the server., The server has two parts:
scheduler and transmitter. The (ransmitter transmiis a
packet bit by bit. The scheduler has two tasks. One is the



adding of a time stamp into the candidate packet, which is
in the front of each connection queue; the other is the
selection of a candidate packet into the transmitter.

ﬁnncction \
1

2 Server

3

i SR:scheduler
TR:transmitter

7 :candidate packet

Fig. 1. MBRFQ system architecture

The operation of the MBRFQ system is described in the
following algorithm.
Algorithm MBRFQ_OP ();
{
define { '
eventl = apacket P, arrives;
event2 = a packet I:;,j departs;
}
label waiting, s1, s2, s3, p1, p2, p3;
variable {
B : set of connections;
/* currently backlogged connection set */
v : real number;

/* current virtual time */
event : {eventl, event2};

}
B=:
vV =0;

wailtimg: wait (event); ‘
if (event == eventl) {/* P, arrives */
if(k & By
B=Bulk});
: i < o
si: if(C/ max{c, /1,})

xeB
R =0,VieB;
else

R =

.=r,VieB;
Pki becomes a candidate packet;

pl:  Fl=V+L /R,;
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if (V ==0)
/* the arrival of I:;c' starts the busy period */

move P, into ransmitter;

}

else
if (the queue of i is empty) {
Pk' becomes a candidate packet;
p2: F =v+L /R,
}
}

if (event == event2) {/* Phj departs */
if (h is not backlogged) {

B=E. {h};

it(B=0)q |

/* the departure of F;,’ ends the busy period */
V=0
goto waiting;

}

if(C/ Y r.<

xeB
R=0,Vie B ;
else
R=rVieB;
Ef becomes a candidate packet;

}

s3: Find }N?l ", where ]:"1 " = min {the time stamps of all

s. max{c /r})
o,

candidate packets};
move P into transmitter;

V= ]?'2'";
if (™" is in the queue of 7) {

szl becomes a candidate packet;

p3:  F™=v+IL"/R;
}
}
goto waiting;
}

In the algorithm above, the three statements labeled by
s1, s2, and s3 exhaust most of the computation time, since
the time complexity of the computation max{...} (min{...})
may be O(N), where N is the maximum number of the
connections allowed to establish in the server. We use a
heap [7] structure for the operation of max{...} (min{...}),
and this decreases the complexity to O(log N). Since a
heap tree can keep the maximum (minimumn) value at the
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top, we can find the maximum (minimum) in O(1) and
insert or delete a value in O(log N). Another advantage is
that heaps are easily implemented by hardware, because
its data structure can be a linear array.

4, Analysis of Fairness

The degree of fairness in the bandwidth allocation of a
queueing system is measured by the normalized service
difference of any pair of backlogged connections. Let

;;f(tl,tz) and B (1,,1,) denote the non-backlogged and

backlogged connection set in the MBRFQ system,
respectively. The following theorem illustrates the
MBRFQ is a good scheme in rate fairness, since it has the
similar bound to the SCFQ.

Theorem 2. Vi, j€ 'g(t] ,1,), the difference of the
normalized services of any two backlogged connections in

a busy period (1,1, ) is bounded as follows:

\@,(t,, 1)~ &, (1, IS L™ [0, + L™ [0 .
The proof of Theorem 2 is shown in [4].

5. Simulation Result on MBR Issue

For verifying that MBRFQ supports the guarantee of
minimum bit rate (MBR), we perforred simulations and
do a lot of tests with some represer.tative input traffics.
These are variable-rate, constant-rate, and bursty traffics.
For saving space, we only show one test in here. The tests
mainly focus on the constant-rate traffics, since this kind
of traffics must be served with enough bandwidths at any
time. The requested rates of constant-rate connections
become the minimum bit rate guaranteed by the MBRFQ.
Therefore, if a constant-rate traffic always departs from
the system with a acceptable bounded delay, the scheme is
successful in the guarantee of the MBR. We also take care
of the bursty and variable-rate traffics and have
observation and analysis [4] on them. However, due to
limited space, we do not show them in here.

The system architecture is like Fig. 1, and we set up five
connections in the system with various traffic
characteristics. The parameters of the test are shown in
Table 1. For an input traffic from connection %, its

characteristics is described by its peak rate r,, average
rate A, , and average bursty length f3, . The system will
allocate bandwidth to connection k according to either the

peak rate 7, or minimum rate O, , depending on the state
in which the sysiem stays.
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In the test, connection 0 is modeled as a variable-rate
traffic with a peak rate ;. Let L be the length of the ATM

cell, and then the minimum interarrival time of connection

-0, denoted by 17, , is equal to L/ Iy . We first generate the

cell interarrival time according the poisson process whose
average arrival rate is A, . If the interarrival time is less
than 7], , it will be replaced with T}y - Therefore, the rate
of the connection is under the peak rate #,. The relation

among the average rate A, A,, and is as follows:
b4 g 0 0 0

%’o =y’b+%\o'e—l\%)'

This connection provides a variable-rate traffic, shown in
Fig. 3, and makes the traffics of other connections
oscillate.

Another connection 1, 3, and 4 are modeled as constant
rate traffics. They should obtain the fixed bandwidth in
any time since their minimum rate is equal to their
maximum rate, even if congestion occurs.

Finally, connection 2 is modeled as a bursty traffic. Its
traffic source alternates between active and silent periods.
We model the traffic by the two-state Modulated Markov
Deterministic Process (MMDP [8] [9] [20]). Fig. 2 depicts
its state transition diagram. Since the sending rate in the

(16)

active period is 7,, the size of a cell time slot is L/ r.

Let the random variable N and M represent the lengths of
active and silent period respectively in terms of number of
time slots. The probability is denoted by a that no cell will
arrive in the next time slot if the connection is active now.
Also the probability is denoted by b that a cell will arrive
in the next time slot if the connection is silent now. The
probability distributions of N and M are both geometric,
and shown as follows:

P,(n)y=(1-a)"a, P,(m)=(1->b)"b,
where m and n are non-negative integer numbers.
Given the peak rate r,, average rate /12, and the average

burst length ﬁ2 (i.e. the average active period in two-state
MMDP), we have

-2
E[N]:ﬁz’E[M]:ﬁz.rZ 2
A
1 1
a= ;b=
1+, 1 .M
+ﬂ2 .H,

2

By 1, a, and b, we can generate the traffic of connection
2, which is shown in Fig. 5.



0: silent state; rate: 0

1: active state; rate: b}
Q,b: transition  probabilities

_/

Fig. 2. two-state MMDP

With the test, the total peak rate of established
connections is 191 Mbps, much larger than the server
capacity 150 Mbps; that is, the server will be saturated
often. However, the total average rate is 140.91 Mbps,
which means queues will not grow infinitely. Assume,

during time interval (Z,,f,), connection 0, 1, and 2 are
backlogged, i.e. é(t],tz) ={0,1,2} and connection 3 and

4 are non-backlogged, i.e. #(t,,t,)={3,4}. For (1,,1,),
if scheduling state is not changed to MBR state,
connection 0, 1, and 2 would get the bandwidths of 75
Mbps, 25 Mbps, and 50 Mbps, respectively. Obviously,
connection 1 lost the MBR guarantee. The similar
situation may happen on other connections in other time.
In the following, we analyze the simulation result of the
test and explain the MBRFQ system can support MBR
issue.

Consider the connection 1, 3 and 4 which are all
constant-rate. Ideally, the cell interdeparture time of a
constant-rate connection k should keep constant and be

L/o, (which the
"isochronous" [10]). However, this is impossible due to
the traffic interferences from connection 0 and 2. The
packet scheduling scheme is difficult to generate an
isochronous traffic, unless adopts the mechanism of time
framing [11] [12] with fixed time slot allocation in every
frame. From our simulation, we find that the queueing

implies departure traffic is

delay of connection k is always under L/ o, . Fig. 4

depicts the packet queueing delay of connection 1, and the -

other results can be seen in [4]. With the nature of
bounded queueing delay, it is easy to form an isochronous
traffic by adding a buffering technique to filter the delay
jitters. This gives us a sufficient evidence to say the MBR
issue is supported in the MBRFQ scheme.
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6. Conclusions

Adding the minimum-bit-rate (MBR) issue into fair
queueing schemes is important and not easy. With the
issue, network providers can support real-time services
and fairly guarantee their users with basic quality.
However, doing this carelessly might harm the original
fairness or not respond to the immediate congestion which
can destroy the MBR guarantee. In the SCFQ scheme,
whenever a packet arrives, the scheduler gives it a time
stamp and then inserts it to the correct location in the
scheduling queue. We call this way as pre-scheduling.
Implementing the MBR issue by this mechanism will lose
the MBR guarantee because the packet may be scheduled
in normal state and sent out in MBR state. Instead, we
schedule a packet when it becomes the candidate of
entering server, and the mechanism is named critical-
scheduling. This almost makes the scheduling and sending
of a packet in the same system state. Even if they are in
different state, the error is merely on the candidate packet.

Our proposed scheme, MBRFQ, adopts the critical-
scheduling mechanism such that the system sensitively
allocate proper bandwidth to a connection k according to

either the peak rate 7, or the minimum rate O,.

Therefore, our scheme can efficiently access the available
bandwidth in the normal state and guarantee the minimum
bandwidth whenever congestion occurs. Also the scheme
can fairly allocate bandwidth to each connection. Such
guarantee and support give many real-time applications a
good solution.
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connection k input traffic peak rate averagerate | minimumrate | average burst
characteristics 7, (Mbps) A ¢ (Mbps) G, (Mbps) ,B r (cell)
0 poisson process(! 90 59.91 50 @
under a max. rate
1 constant bit rate 30 30 30 1
2 2-state MMPP 60 40 20 29
3 constant bit rate 10 10 10 1
4 constant bit rate 1 1 1 1

Table 1. traffic parameter specification

() The average rate, A, , of the poisson process is 75 Mbps
@ The field is ignored for poisson process, since it is useless on describing
the process.
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(a) comnection 0 : quasi poisson process; peak 90Mbps, avg 59.91:Mbps, min 50bps
) ) L) L] T L) ) )

L — ] ] ] | [l L }

500 1000 1800 2000 = 2600 3000 3500 4000 4600 B00O
packet armval ime (micro second)

Fig. 3. The input traffic pattern of connection 0

(b) connection 1 : constant bit rate; 30 Mbps
] T ) L)

500 1000 1600 . 2000 2500 3000 3600 4000
packet arrival time (micro second)

Fig. 4. The packet queueing delay of connection 1

(a) connection 2: 2-state MIMPP; peak §0Mbps, avg 40hdbps, min 20hbps, burst 29 cells
L) T 1 ] 1

1 L L) b

NN E

800G 1000 1600 2000, 2800 @ 3000 3600 4000 4500 8000
packet arrival time (micro second)

Fig. 5. The input traffic pattern of connection 2
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