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Automatic repeat request (ARQ) protocols are discussed so far ‘to analyze the buffer size and
the delay required for two peer processes. However, ARQ protocols in group communications are not
discussed, where multiple senders send packets to multiple receivers. In the group communication
protocols, acknowledgments of packets received are piggy-backed by packets. Hence, the forward and
feedback channels are considered to be combined to one. bi-directional channel. In addition, since each
process has the buffer both for retransmitting and for resequencing packets sent and received, efficient
buffer allocation schemes have to be adopted. In this paper, we analyze the throughput of the ARQ
protocol for the group communications.
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1 Introduction , The data is transmitted only from the transmit-

Automatic repeat request (ARQ) protocols
[1-5,9,10] are used to reliably deliver packets to
the destination process in the correct sequence.
There are following three basic types of ARQ pro-
tocols:

* Stop and Wait (SW).
e Go Back N (GBN) [9].
e Selective Retransmission (SR) [2].

These basic protocols are analyzed and ex-
panded so far, e.g. multiple copies scheme [4]
and postponed retransmission scheme [1]. Most
of them are discussed to realize reliable delivery of
packets from one transmitter to one receiver by
using a uni-directional data channel. There are
two kinds of channels, i.e. forward and feedback
ones between the transmitter and the receiver.
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ter to the receiver through the forward channel
but the receiver does not transmit data. The re-
ceiver sends ACK and NACK to the transmitter
through the feedback channel. The transmitter
stores, packets which the transmitter sends in the
retransmission buffer. If the receiver fails to re-
ceive packets, the receiver sends NACK to the
transmitter and then the transmitter retransmits
the packets stored in the retransmission buffer.
Since the packets arrive at the receiver out of the
transmission order, the receiver has a buffer for
resequencing the packets received. In order to ex-
change packets between two processes, i.e. both
processes transmit data packets, two independent
uni-directional channels are needed. Therefore,
we discuss the bi-directional channel which can
be used as both the forward and feedback chan-



nels. If two processes use the bi-directional chan-
nel, each process has both the retransmission and
resequencing buffers to send and receive packets.
In addition, the ACK or NACK information of
a data packet m is piggy-backed by data packets
which a process sends after receiving m. While
most of previous approaches [1,5] assume that
the transmitter always has new packets to trans-
mit and transmits data packets at the constant
rate, we assume that the transmission rates re-
quired by two processes are not same and they
are furthermore dynamically changing. We try to
allocate retransmission and resequencing buffers
dynamically so as to meet their desired transmis-
sion rates.

In group communications [6]>, a group is com-
posed of multiple processes, where multiple pro-
cesses transmit data packets to multiple receivers.
If a process P; allocates all the available buffers
to receive packets from a process P;, F; cannot
allocate any buffer to receive from other process.
Hence, we can not consider that the group com-
munication protocol is a simple combination of
multicast protocols [7,11]. Each process has both
the retransmission and resequencing buffers for
each process in the group. We consider how each
process allocates the available buffers for every
other process in the group.

In this paper, we discuss two points of the ARQ
protocol. First, we consider how to allocate a pool
of available buffers to the retransmission and the
resequencing buffers in the one-to-one communi-
cation. Second, we consider the buffer manage-
ment with the group communication. Here, we
discuss how to allocate the available buffers to
the retransmission and resequencing buffers in the
change of the transmission rates of the processes
in the group.

In section 2, we present the system model. In
section 3, we discuss the buffer allocation in the
one-to-one communication. In section 4, we dis-
cuss the ARQ protocol for the group communica-
tion.

2 System Model

A communication system is composed of pro-
cesses interconnected by communication chan-
nels. Each process can send not only fixed length
data packets with acknowledgment (ACK) infor-
mation, i.e. piggy back, but also acknowledgment

packets which do not include data. Each channel
is not reliable. Each packet contains error detec-
tion and correction bits like CRC. Hence, we as-
sume that only packet loss occurs in the network
due to congestions and buffer overruns.

There are four types of communication among
processes in the system as shown in Figure 1.
The first type is one-to-one communication which
is discussed in the ARQ protocols [1-5,7,9-11].
Here, the channel is one way. That is, one trans-
mitter sends data packets to another receiver.
The third type is one-to-many communication. It
is also named a multicast (multi-receivers) com-
munication. There are one transmitter and mul-
tiple receivers. The transmitter sends data pack-
ets to the receivers. This type can be considered
to be a combination of the one-to-one commu-
nication from the transmitter to each receiver.
In the bi-directional one-to-one communication
type, two processes exchange data packets. Each
process plays two roles, i.e. transmitter and re-
ceiver. There is a bi-directional channel between
the processes. In the one-to-one and one-to-many
communications, the receiver has to receive all
the data packets sent by transmitter in the send-
ing, i.e. FIFO order in the presence of the packet
loss. In the fourth group communication, each
process sends data packets to multiple processes
while each process receives from multiple pro-
cesses. There are logically a bi-directional chan-
nel between every pair of processes. In addition
to the FIFO order, the processes have to receive
the data packets in the causal order [8] and total
order [6]. In this paper, we consider ARQ pro-
tocols in (2) one-to-one (bi-directional) and (4)
group communications.
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Figure 1: Types of communications.




3 One-to-One Communication

First, let us consider that two processes P; and
P, communicate in the one-to-one channel. One
process P; sends packets to P;. Since the channel
is not reliable, P; may fail to receive the packets
sent by F;. Here; F; retransmits the packets to P;.
In order to retransmit the packets, P; has to have
to buffer the packets which P; has sent but whose
ACK P; has not received. The buffer is named
a retransmission buffer T'B;. On the other hand,
P; has to receive the packets sent by P; in the
sending order. Due to the loss and retransmis-
sion of the packets, P; may receive the packets
out of the sending order. P; has to have another
buffer to store the packets received in order to
resequence the packets. This buffer is named a
resequencing buffer SB;. Thus, each process has
two types of buffers; retransmission buffer TB;
and resequencing buffer SB; for the one-to-one
channel. Figure 2(1) and (2) show the one-to-one
communication between P; and P, using a uni-
directional channel and bi-directional channel, re-
spectively. Here, let RTB; and RSB; be the sizes
of the buffers T'B; and SB; in P;, respectively. Let
us consider two processes P; and P, communicate
in the one-to-one channel as shown in Figure 2. In
the uni-directional channel, only the transmitter
P, sends data packets to the receiver P;. Hence,
the size RT' B, of the retransmission buffer T'B; of
the transmitter P; and the size RS B, of the rese-
quencing buffer SB, of the receiver P, are same,
ie. RTB, = RSB,.

In the bi-directional channel, P, and P; send
and receive data packets. Hence, RT'B, = RSB,
and RTB; = RSB;. The total size of buffers in
the process is fixed and equal to' N, i.e. RTB,
+ RSBy, = RTB, + RSBy = N. Each pro-
cess can have one pool AV B of available buffers
for retransmitting and resequencing data packets
sent and received. At the beginning of transmis-
sion, half of AV B is initially allocated to RT'B;

and the another half to RSB; in each process F;,

le. RTB; = RSB, = RTB, =RSB; = N/2.
If the desired transmission rate of the process
Py is decreased, P; decreases the retransmission
buffer size RT'B; and increases the resequencing
buffer size RSB;. P, notifies another process P,
of the change of buffer size. Then, P; decreases
RSB, and increases' RTB;. Conversely, if the
desired transmission rate of P; is increased, P;
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Figure 2: Buffering capacities.

increases RT'B; and decreases RSB;, and then
notifies P, of it. If P, receives the notification
from P,, P, immediately increases RSB, and de-
creases RT'B,.

Suppose that two independent uni-directional
channels are used for P, and P, to communicate
with one another in stead of one bi-directional
channel. Each process has to manage the buffers
of one channel independently of the other channel.
That is, the process P; cannot share the available
buffer pool AV B to buffer packets sent and re-

‘ceived. On the other hand, if the bi-directional

channel is used, each process‘P; has one pool of
available buffers: which are used to buffer pack-
ets sent and received. Here, the sizes of T'B; and
SB; can be dynamically changed in order to in-
¢crease the throughput. Hence, RT'B; and RSB;
are maintained to be proportional to the current
desired transmission rates of B and P;, srespec-
tively.

Let us consider a case that N = 6 as shown
in Figure 3. First, RTB4, = RSB4 = RTBg
= RSBp = 3. Both sequence number (SEQ) and
acknowledgment number (ACK) are piggy-backed
by each data packet. A sends packets whose se-
quence nubers are 1, 2, and 3. The data packets
are stored in TB4. Then, A stops sending data



packets and waits for a packet whose acknowl-
edgment number (ACK) is larger than 1. On the
other hand, B sends packets to A. B sends a
packet m with SEQ = 2 after receiving the packet
with SEQ =1 from A. Here, the packet m carries
ACK = 1 to A. On receipt of m, A knows that
B receives the packets where SEQ < 1. Here, A
receives the first packet from T B4 and T'B4 can
include one more packet. A starts to send data
packet to B.

SEQ 1 2 3
ACK 0 0 1
,, )
NS
B
SEQ 1 2 3 4
ACK 0 1 2

Figure 3: Basic data transmission.

Since the channels are less reliable, some pack-
ets are lost in the channel. If a packet is lost in
bi-directional channel, both the data and the ac-
knowledgement information carried by the packet
are lost. In Figure 4, the second packet sent by B
is lost. The packet carries data with the receipt
acknowledgment of the first packet sent by A, i.e.
ACK = 1. Each process has to check a sequence
number of packets to detect the packet loss. After
A sends a packet whose sequence number (SEQ) is
3, A waits to receive a packet whose acknowledge
number (ACK) is larger than 1. When A receives
a packet whose SEQ is 3 and ACK is 2, A detects
a loss of a packet whose SEQ is 2. Since A knows
that B receives two packets whose SEQs are 1
and 2, A removes the packets from T'B,. Here,
A can send two more packets, A sends a packet
whose SEQ is 4 with ACK = 1. When B receives
the packet, B retransmits a packet whose SEQ- is
1. The way to retransmit lost packets depends on
the type of protocols, i.e. go-back-n [9)or selec-
tive retransmission [2]. In the go-back-n method,
B retransmits these packets where SEQ = 2 and
3. In the selective retransmission, only second
packet whose SEQ = 2 is retransmitted.

Next, let us consider a case that the desired
buffer size is dynamically changing. Suppose A
decreases RT B4 to 2 and increases RSBy to 4
in Figure 5. Then, A notifies B of it by a packet

SEQ 1 2 3 4

ACK 0 0 1 1
A P
’
L’
B
SEQ 1 2 3 4
ACK 0 1 2 3

Figure 4: Packet loss.

whose SEQ is 10. When B receives the packet, B
changes RT Bg to 4 and RSB to 2 if there are less
than two packets stored in SBp. After changing
RSBpg, B can send four packets without A’s ac-
knowledgment information. On the other hand,
A can send only two packets without B’s acknowl-
edgment information. The third packet sent by A
is an ACK packet, i.e. no-data is included.

SEQ 11 12 - 13
ACK. 10 10 11 12
(@)
A ~
~
B ~a.

SEQ 11 12 13 14 15
ACK 10 1m 12 12

Figure 5: Buffer size changing.

4 Group Communication

In the group communication, the group is com-
posed of n (> 2) processes P, ..., P, where every
pair of the processes are interconnected by a bi-
directional channel. Each process P; c'an_trans_—
mit data packets to n — 1 processes P, ..., F;.1,
Piyay oy P, in the group. Hence, each process

receives packets from n — 1 processes as shown
.in Figure 6. As presented in the one-to-one com-

munication, packets may be lost in the channel.
Ifa pécket m is lost, m is retransmitted by the
transmitter P; of m. . )

On sending m, P; stores m in the retransmis-
sion buffer T'B; until P; receives the acknowledg-
ment of m from all the other processes. Each
process has to buffer packets received in order to
sequence the packets in the sending order. In ad-
dition, the packets have to be sequenced in the
causal order [6,8] in the group communication.
In this paper, we discuss a way that every pro-




cess receives all the packets sent by each process
in the sending order. Thus, the packets received
by P; are buffered in the resequencing buffer SB;
of P;.

F; has a pool of available buffers AV B. On re-
ceipt of a data packet m from P;, P; obtains one
available buffer from AV B, stores m in the buffer,
and puts it in the resequencing buffer SB;. P;
obtains the available buffer from AV B to buffer
packets received by every other process in the
group. .

The desired transmission rate of each process
is fratuated. That is, P; may send more data
packets at some time but may not send at another
time. P; allocates the buffer size to 7'B; and SB;
in proportion to the transmission rates of P and
the other processes, respectively.

F; stores the packets received by the other pro-
cesses into one resequencing buffer SB;. Here,
let RSB;; show the size of SB; which is used
to store the packets from P;. RSB; = RSB;,
+ --- 4+ RSB;,. At the beginning of transmis-
sion, each RS B;; is equal for each process P ie.
N/n. RTB; = N/n. During the transmission,
each process P; changes the transmission rates of
the packets to P; if the amount of data which P;
sends to P; is changed. P; notifies the other pro-
cesses of the change of the transmission rate. On
receipt of the notification, P; changes RSB;; so
as to meet the transmission rate required by P;.

buffer

Bo——o

Figure 6: Packets buffering from multiple sender.

resequencing

Let us consider a group comosed of three pro-
cesses A, B, and C. Suppose that the available
buffer size for each process is 6, i.e. N = 6. At the
begining of transmission, the resequencing buffer
is equally allocated to each process in the group,
ie. RSBap = RSBac = RSBps = RSBpc =
RSBca = RSBcg = N/3 = 2. The size of re-
transmission buffer is the same as the size of the

resequencing buffer for each process, i.e. RT'B4 =
RSBp4 = RSBca = N/3 = 2. After that, sup-
pose that A decreases RT'By from 2 to 1. Since
RTB, = RSBpa = RSBcy, B and C can de-
crease RSBp,y and RSBcy from 2 to 1, respec-
tively if the number of packets stored in the rese-
quencing buffer is smaller than 2. Now, B and C
have one available buffer to allocate. Here, sup-
pose that B needs more transmission rate than
C. Cincreases RT B¢ to3. RSBsp and RSBcp
are also increased to 3 by A and C, respectively.
Next, suppose that 4 has no packet to send at
some time. A decreases RTB, to 0, and noti-
fies it to B and C. C would like to send packets
at more transmission rate, and C notifies B. If
B accepts it, C increases RT' B¢ t0-3, and other
buffer sizes are chaned as-shown in Figure 7.

A  RTBa =3

RSBAB=?2

RTB5 =2 RSBAc=2
RSBRA=2 p C RTBc =2
RSBpc=2 ‘ RSBcA=2
RSBcp=12

A RTBs =1

RSBAB=13

RTBp =3 RSBac=2
RSBpa=1 p C RTBc =2
RSBpc=2 RSBca=1
‘ ‘ ‘ RSBcp=13

A RTBA =0

| ‘ RSBABf_—" 3

RTBp =3 RSBac=3.

RSBea=0 p C RTBc =3
RSBpc=13 RSBca=0
RSBcp=173

Figure 7: Dynamic buffer allocation.

On the other hand, from the transmitter point
of view, a packet m multicasted by a transmitter
P; has to be stored in the retransmission buffer
until P; receives the acknowledgment of m mean-
ing that every process in the group receives m.



That is, packets multicasted in the group have to
be atomically received [6] by every process. In
Figure 8, A sends a packet m to B and C and
stores m in RTB4. On receipt of m sent by A, B,
and C send back the packets with the acknowl-
edgment information of m. A removes m from
TBg4 only if A receives the acknowledgmwnts of
m from B and C. In Figure 8, A knows that
both B and C receive the first packet sent by A
at the plus (+) mark where A receives the packets
from B and C whose ACK4 = 1 and ACK4 =
2, respectively. A removes the first packet from
TB,. Then, at the star () mark, A receives a
packet from B whose ACK4 = 3. Here, A knows
that the second packet with SEQ = 2 sent by A
is received by B and C. Then second packet is
removed from T'B4. However, the third packet
with SEQ = 3 is still stored in TBj4.

SEQ 1 2 3
+ %
A r aan
4
1
. '}
B o>
) '}
1,
C yi
ACK 1 2 3

Figure 8: Atomic receipt.

5 Concluding Remarks

In this paper, we have presented the way to
share both the retransmission and resequencing
buffers by using the bi-directional channel. This
method is suitable for two-way communications in
the presence of desired transmission rate changes.
In addition, we have presented the way to share
the resequéncing buffer for-each process in group
communications.
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