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A Stable Random Access Protocol For A Computer Network

Sang-Keon Lee'

ABSTRACT :

A near perfect stable random access protocol for a broadeast channel, the distributed queuing random access
protocol(DQRAP), is presented and evaluated. The DQW protocol utilizes minislots to provide temmary chan-
nel feedback and two distributed queues to:(a) resolve contention and (b) to schedule the transmission of
messapes. Three minislots are sufficient to resolve collisions faster than the transmission times of all involved
arrivals when ternary minislot feedback is used. Modelling and simutation indicate that the DQRAP protocol,
using as few as three minislots, achieves a performance level which appreaches that of a hypothetical perfect
scheduling protocol, ie., the M/D/1 system, with respect to propagation delay, thus offers the potential of

improved performance over current protocols in satellite, metropolitan and packet radio networks.

1. Introduction

In the past two decades various random access
protocols have been developed and applied to differént
types of multiaccess broadcast system, such as radio
broadcast channels, satellite channels and local and

metropolitan networks. Basically all random access
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protocols can be categorized into two families by the
characteristics of the system stability. One is the
ALOHA family of protocols, including the ALOHA,
the slotted ALOHA, the CSMA, CSMA/CD and
CSMA/CA protocols, which are well known and
have gained wide application, but are unstable in
nature[1]. Another is the tree family of protocols, or

simply tree protocols, which are not as well known

. [24]. The first tree protocol was proposed by

Capetanakis in 1977. Slotted channel is used, and
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collisions are resolved by splitting involved transmitters
in a binary tree structured network. Any subsequent
arrivals are blocked for channel access while initial
collision resolution is in progress. It achieves 2 maximum
throughput of 0.43, and is stable for all input rates of
less than 0.43[3]. The maximum throughput achieved
by tree protocols without using minislots is 0.487 [4].
Collision is resolved in FCFS basis on the time of
packef arrival by dynamically adjusting window size.
The tree protocols that use control minislots(CMS) to
obtain extra feedback can achieve higher throughput
than those without using minislots[5-8]. Among them
the announced artival random access protocols AARA]
proposed by Towsley achieve the best performance
with respect to throughput and delay characteristics
[7]. The performance of AARA is related to feedback
availability of data slot (DS), minislot (MS), and the
number of minislots used. With three minislots the
AARA protocol can achieve a throughput of 0.853.
In general, contention resolution algorithms using
minislols achieve better performance than alogorithms
without minislots since more information about channel
state is achieved. Minislot is a necessary overhead for
faster contention resolution. However, to achieve
throughput approaching one, the AARA protocol
must use an infinite number of minislots. The AARA
protocols do not achieve the bound of performance in
this context.

We introduce a new stable random multiple access
protocol, the distributed queuing random access pro-
tocol(DQRAP), for use in a broadcast channel shared
by an infinite number of bursty stations. We aobserved
that existing tree protocols use data slots to resolve
contention thus reducing system throughput. Reduc-
ing or eliminating contention in the data slots would
improve system performance. Implicitly, even though
counters, efc. , are often used, there is a single queue
in all tree algorithms. We achieve the desired per-
formance by introducing an additional queune, the
data transmission queue, to schedule data transmission
parallel to the contention resolution queue. The minislots

are used for contention resolution thus almost elimina-
ting contention in the data slots. The DQRAP protocol,
using as few as three minislots, achieves a perform-
ance level approaching that of a hypothetical perfect
scheduling protocol, ie., the M/D/1 system, with
respect to throughput and delay.

2. Channel Model And Protocol

We consider a communication system serving an
infinite number of bursty stations which communicate
over a multiaccess and noiseless broadcast chanmel.
The stations generate single messages of fixed lcn;gth.
The channel is divided into slots of fixed length. Each
slot consists of m control minislots(CMS) followed by
a single data slot(DS). The size of a data slot is
assumed to be of length of one, equal to the length of
messages generated by each station. Each CMS is
assumed to be of length of 8. The size of & is
implementation dependent but § is assumed to be
much smaller than the data slot, i.e, § € 1. We take
(1 +md) as the channel time unit(CU). Assume that
the generation times of the messages form a Poisson
point process with intensity of A messages per umit
time. A is also called input rate. A station may trans-
mit a message in the data slot and/or a request in one
of the control minislots. All stations can synchronize
on both minislot and data slot boundaries and all
stations can detect ternary feedback information for
each minislot and data slot from the channel immedi-
ately after transmission. The assumption of immediate
feedback is unrealisic, however, the collision resolution
algorithms can be modified to accomodate delayed
feedback|2].

The basic principle of the tree collision resolution
algorithm is fo resolve one initial collision before trying
another one. Let t_; represent the instant in the
transmission axis at which all messages arrived before
instant of x;_;, in the arrival axis have succesfully
resolved their conflict(Fig. 1). The interval (x;_,, t;i—)

is called the waiting interval. The interval (x;_;, x;) is



called the enable transmission interval(ETI), which is

determined from the following formula:
x=%_; +min{ Wy, t.-, —x_,}

where W, is the default window size which will be
optimized by performance requirements. Obviously if
the length of a wailing interval is greater than the
defaull window size, the ETI is part of the waiting
interval(see Fig. 1(a)), otherwise the ETI is equal to
the waiting window(see Fig. 1(b)).

In the DQRAP protocol collision resolution is
based on the ETL Only when all messages in the current
ETI have successfully resolved their conflicts, can the
next ETI be initiated. Suppose at instant t; all
messages in the ET1 (x;-,, x) have successfully
resolved thier conflicts, the interval (t;_,, t;) is called
the contention resolution interval(CRI) corresponding
to ETI (x;-,, x,).

In the DQRAP protocol two distributed queues are
maintained by each station:the data transmission
queue, or simply TQ, and the collision resolution
queue, or simply RQ. |TQ(t)| and |RQ(t)| represent
the queue lengths of the TQ and RQ at instant t

respectively. The lerm “transmil a request” means
that a station rolls an m-sided die and transmits a
request signal in the minislot so selected. Let F.i=1,
2,..,m, denote feedback from the j-th minislot. F;
belongs to the set of {E, S, C}, where E denotes an
empty minislot, 5 denotes the presence of a single
request signal in a minislot, and C denotes the pres-
ence of two or more request signals transmitted in a
single minislot.

The protocol consists of three parts:data trans-
mission rules(DTR), request transmission rules(RTR),
and queueing discipline rules(QDR). FCFS(first come
first served) scheduling discipline is used for both the
TQ and the RQ but other scheduling disciplines could
be utilized. Basically the DTR, the RTR and the
QDR answer the questions: (1) who can transmit data
and when? (2) who can transmit requests and when?
and (3} how does the channel feedback affect the
queues?

Data Transmission Rules(DTR)
(I (| TQW | =0 && |RQ() | =0) then the stations
with messages arrived in the current ETI transmit

messages in the DS at (t).
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(Fig. 1) ETl and CRI
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(HIf (|TQ(t)| y0) then the station which owns the
first entry in the TQ transmits its message in the DS
at (1).

Request Transmission Rules(RTR)

) If (|RQ(t)| =() then the stations with messages
arrived in the current ETI transmit requests at (t).
@1f (|RQ()] )0) then the stations which own the
first entry in the RQ transmit requests at (t).

Queueing Discipline Rules(QDR)

At time (1), using data slol or minislot feedback :
(1)Each station increments |TQ(t)| for each (F;(j=1,
2, m)=8).

(2) Each station decrements ITQ(t)I by one at (1) for
a sucoessful message transmission commencing at (1—1).
3)If ]RQ(t)l =0 each station increments IRQ(I)I
by n where n is the number of collisions C in Fj, j=1,
A R

@If |RQ®| )0 cach station modifies |RQU)| by
{n—1) where n is the number of collisions C in F;, j=
1,2,.,m

(5)The stations which transmit successful requests or
collided requests know their position in the TQ or the
RQ and adjust their pointers to the TQ or the RQ

accordingly.

We assume thatl a station which has transmitted a
requesl in 2 minislol enlers into the TQ or the RQ in
the order of minislot number from one to m.

Using the rules presented above the DQRAP pro-
tocol can be described by the {ollowing algorithm:

Set (=0, |TQ()| =0, and |RQ() | =0;
While (TRUE)
{

Nt=141;

2)transmit data obeying the DTR;

3) transmit request obeying the RTR; ]

4) All stations modify their counters of the TQ
and RQ and their poinlers to the TQs or the RQs fol-
lowing the QDR ;

}

DTR (1) is important since il preserves the immediate
access feature of random mulliple access communi-
cations and distinguishes the DQRAP protocol from
reservation protocols. DTR (1) may cause a collision
on the data slot, but without DTR (1) improves delay
characteristics of the protocol, especially when input
rate is not very high.

An example (refer to Fig. 2) is now presented to
describe the operation of the DQRAP protocol. In

i p2 p3 p4 p5s p6  p7  pB pe plo Arrival Axis
| b | = p* > 1 = i * | - I 1 -
[ 1 2 3 4 5 & 7 8

DS CMS Transmission Axis
. (sl 72 [o] | v Jrelod] w0 [2] [ ve [l oo Badi] » [] 1,
0 1 z 3 4 = 3 7 8
TQ p2 pl p3 ne pd p5
pl p3 ad p5
ro I wwl [m

(Fig- 2) An Example of the DQRAP Protocol



this example the default window size is infinity (W,=
), i.c., the ETI is equal to the waiting interval. The
time axis is divided into equal slots with length of one
channel unit. Above the time axis the counters of the
CMS(control minislots) and DS(data slots) are shown.
Below the tinie axis the contents of the TQ and the
RQ at each station are shown. The symbol “+”
denotes the arrival time of messages pl, p2,...,pl10. In
this example two minislots are used. Assume at t=0
that both the TQ and RQ are emply. At t=1, pl and
P2 cach transmit both requests and messages. At t=2,
the fecdback shows that the pl and p2 data messages
have collided but not their requests. p2 and p! go
into the TQ and p2 data is transmitted at t=2.
Meanwhile p3, arriving in inlerval [1, 2), transmits a
request, but no data since ITQ(2)I Y0. p3 enters the
TQ as p2 leaves. While pl and p3 are waiting their
turn 1o transmit data, p4, p5 and p6 transmit requests
at t=3. p6s request is okay and p6 enters TQ but p4
and p3 collide and thus enter the RQ. p4 and p5 col-
lide al t=4 on their first try to resolve the collision
but on the next attempt at t=35 they succeed and
enter the TQ, their order determined by their relative
position in the minislots. p6 transmits at t=35 since
the TQ operates independently of the RQ. The RQ is
emply at t=6 thus p7, pR and p9, which had arrived
in the interval 3, 5) and could not transmit requests
or data join pl0 at t=6 in making their first try to
transmit. p8 and p9 collide in the first minislot while
p7 and pl0 collide in the second minislot. This

etermines their order in the RQ. The process continues.
3. Modeling and Evaluation

The DQRAP protocol can be modeled as a
queueing system that consists of two subsystems: (1) a
queueing contention resolution subsystem(QCR), and
(2) a data transmission(DT) subsystem (Fig. 3), if
DTR(1) is not considered. The QCR subsystem can
be evaluated by the Markov chain theory. The DT
subsystem can be modeled as a G/D/I queue. It is

obvious that including DTR (1) rule improves the
delay characteristics of the system, but does mot

decrease the system throughput.

DT Subnyatem

(Fig- 3) Modeling of the DQRAP Protocol

It can be proved that for a given input rate, the
QCR subsystem is stable, if the average length of ‘the
CRI is less than the average length fo the ETI. From
this the maximum input rate at which the QCR
subsystem remains stable for a given number of
minislots can be obtained. {Table 1) shows the results
of this calculation.

The performace of the DQRAP protocol is deter-
mined by the QCR subsystem and the DT subsystem.
The QCR subsystem is stable even when the input
rate is greater than one if three or more minislots are
utilized. Thus the system throughput is entirely deter-
mined by the DT subsystem. That is, the DQRAP
protocol can achieve a theoretical throughput appro-
aching one and is stable for all input rate less than

(Table 1) Maximum Input Rate and the Corresponding
Window Size as a Function of the Minislot
Number.

m | max input |window | m | max input | window
rate size rate size

0.8590 2.642 10 2.4891 2.520
1.2400 2.794 11 2.6063 2483
1.5156 2.835 12 2.7171 2442
1.7353 2.799 13 2.8226 2.425
1.9207 2.726 14 29234 2.409
2.0834 2.670 15 3.0201 2.376

22299 2.611 16 3.1133 2.363

Wl loe | N[ |w | & |w|wK

23642 2.552
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one, if three or more minislots are utilized. (Fig. 4)
shows the throughput of the DQRAP protocol as a
function of the input rate and the minislot number

with the total minislot overhead equal to 0.01.

10

0.5

Utilizotion
l

Input Rate

(Fig- 4) The Throughput Characteristics of the DQRAP
Protocol

4. Numerical Results and Comparisons

Simulations have been carried out to evaluate other
characteristics of the DQRAP protocol usmg the
SLAM Il simulation package. The performance
bound of all random access protocols for a slotied
broadcast channel shared by an infinite number of
Poisson source is that of a hypothetical perfect sched-
uling protocol, i.e. the M/D/1 system. Thus the per-
formance of the DQRAP protocol is best demonstrated
by comparison with that of the M/D/1 system. (Fig. 5)
shows the immediate access characteristic of the
DQRAP protocol by comparing the percentage of its
first access throughput, which is defined as the
throughput of successful transmission of messages in
the first slot after its arrival, with that of the M/D/1
system. (Fig. 6) compares the delay characteristics of
the DQRAP protocol with the M/D/1 system. (Fig. 6)

also shows that increasing the number of minislots

does not dramatically improve the delay characle-
ristics. For mosl praclical purposec the number of
minislots need not be greater than three. The simu-
lation also shows that the performance of the
DQRAP protocol is not sensitive to the window size.
This result suggests that to simplify the DQRAF pro-
tocol using the infinity of window size is appropriale,
that is, all blocked stations are allowed to transmit
their requests or data as soon as the RQ becomes

empty.

Hatio of ihe Kirad Accons Throuphput
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(Fg. 5) First Access Throughput of the DQRAP Protocol
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(Fig. 6) Delay Characteristics of the DQRAP Protocol



To achieve a theorctical throughput approaching
one the announced arrival random access protocols
require an infinite number of minislots, but the
DQRAP requires as few as three minislots. Using
three minislots the announced arrival random access
protocols achieve a throughput of 0.853. The DQRAP
protocol provides a better performance than the best

tree protocols to date.
5. Conclusion

The above analysis and the example demonstrales
that the DQRAP protocol achieves a performance
level approaching that of a perfect scheduling protocol,
ie, the M/D/1 system. The DQRAP protocol provides
fairness in that every arrival in an ETI is guaranteed
service before any arrivals in a subsequent ETL In
fact if the arrival time in the ETI is used to select the
CMS, the DQRAP protocol could provide any degree
of ordering desired. The DQRAP protocol is stable at
all input rates less than one when three or more
minislots are utilized. The DQRAP protocol can be
implemented by overcoming the usual problems
attendant with any medium access control method.
Ternary feedback using the CMS probably offers the
greatest challenge. However many existing satellite
protocols utilize the concept of minislots thus the
challenge is more to reduce the overhead due to the
size of the CMS.

A multiple access protocol which would permit
thousands of users to randomly access the medium
was required. The specific goal is the utilization in a
trec-and-branch topology of the distributed queueing
concept of DQDB [10]. The DQDB protocol can be
use in satellite, metropolitan, radio packet and local

area networks.
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