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Abstract

We consider a window-controlled selective-repeat ARQ scheme for error control between two adjacent
nodes lying on a communication path. In this scheme, each packet to be transmitted is endowed with a serial
number in a cyclic and sequential fashion. In turn, the transmitting node is not allowed to transmit a packet
belonging to a window before every packet in the previous window is positively acknowledged. Such
postponement of packet transmission incurs a degradation in throughput and delay performance. In this paper,
aiming at improving packet delay performance, we employs a supplement scheme in which a serial number is
duplicated within a frame. Classifying duplication rules into fixed, random and adaptive categories, we present
candidate rules in each category and evaluate the packet delay performance induced by each duplication rule.
From numerical examples, we observe that duplicating serial numbers, especially ADR-T2 effectively reduces
mean packet delay for the forward channel characterized by a low packet error rate. We also reveal that
such delay enhancement is achieved by a high probability of hitting local optimal window size.
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| .Introduction

An automatic repeat request (ARQ) scheme is a

closed-loop  error control method based on
acknowledgements of the receiving node and
retransmissions of the transmitting node
[1][2][3][4][5]. According to the method of

retransmitting packets, ARQ schemes are classified
three major ARQ,
go-back-N ARQ and selective-repeat ARQ schemes.

into categories; stop-and-wait

As with other ARQ schemes, a selective-repeat
ARQ scheme is widely used to control errors
occurring at packet transmission between two

adjacent nodes. For example, a selective-repeat ARQ
is performed at the radio link control (RLC) layer in
wideband code division multiple access (W-CDMA)
[61(71-

selective-repeat ARQ scheme, the transmitting node

wireless cellular networks In a

only retransmits packets which were infected with

errors in the previous transmission and thus

negatively acknowledged by the receiving node.
Such retransmission rule of selective-repeat ARQ
contributes to enhanced performance in throughput
and packet delay (compared with stop-and-wait and
go-back-N ARQ schemes). However, the
transmitting node should endow each packet with a
serial number to perceive packets to retransmit.
Also, the receiving node should be equipped with a
buffer for

temporarily storing packets since the

received packets mneed to be re-arranged in
sequential order. As a way of reducing the time to
re-order packets and avoiding the overflow at the
receiving node, a window based transmission control
technique has been applied to a selective-repeat
ARQ scheme. A window 1is an ordered set of
packets to be transmitted. (In this paper, windows
are assumed to be disjoint.) In a window-controlled

ARQ scheme, the transmitting node is not allowed
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to transmit a packet belonging to a window until
every packet belonging to the previous window is
positively acknowledged. Thus, the cycle of negative
acknowledgement and retransmission is repeated as
similar as in a stop-and-wait ARQ, even if packets
belonging to the next window are accumulated at
the transmitting node. Such postponement of packet
transmission incurs an inferior resource utilization
and results in degradation of throughput and delay
performance, consequently.

As a supplement to a selective-repeat ARQ
scheme in which the receiving node acknowledges a
group of packets, a scheme of duplicating serial
numbers within a group of packets was reported in
[8]. Under the condition that the number of serial
numbers assigned to the packets in each window is
identically fixed (with an intention to fix the length

of a field for writing serial number in a packet), the

duplication scheme is shown to have superior
throughput performance over the conventional
non-duplication scheme [8]. However, since the

window size, (i.e.,, the number of packets belonging
to each window) is not identical, it is not clear that
a fair comparison of throughput performance is
made.

For improving packet delay performance in a

window-controlled selective-repeat ARQ between

two adjacent nodes lying on a communication path,
we consider schemes of endowing packets to be
transmitted within a frame with duplicated serial

numbers. First, we classify rules of duplicating

serial numbers into fixed, random and adaptive

duplication  categories.  Secondly, we  present

candidate duplication rules in each category.

Moreover, we propose random and adaptive

duplication rules in addition to the fixed and

adaptive rules which were released in previous

works. Finally, using a simulation method, we

investigate the effect of network parameters, (e.g.,
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traffic load at the transmitting node, packet error
rate on the forward channel, frame length, and
window size) on the packet delay performance

induced by each duplication rule. From the
observations on packet delay performance, we test
the validity of serial number duplication under the
condition that window sizes are identically fixed.

In section 2, we describe a window-controlled
selective-repeat ARQ scheme between two adjacent
nodes lying on a communication path. In section 3,
we classify the rules of duplicating serial numbers
into three categories and present candidate
duplication rules in each category. In section 4,
using a simulation method, we investigate the effect
of various network parameters on packet delay
performance exhibited by each duplication rule.
Based on the observations, we evaluate the validity

of duplication rules.

Il .Window-controlledSelective-repeat
ARQ

In this section, we describe a window-controlled

selective-repeat ARQ scheme for error control

between two adjacent nodes on a

lying
communication path.

The transmitting node sends packets of identically
fixed length through the forward channel. On the
forward channel, time is divided into frames and
each frame is again divided into a fixed number of
slots. The number of slots belonging to a frame is
set to be .. A slot is equal to the time to transmit a
and the starts

packet transmitting node always

transmitting a packet at the beginning of a slot. Let 7 be
the slot duration time. Upon reception of the all packets
delivered during a frame, the receiving node inspects

each packet for errors and includes the error detection
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result (positive or negative) for each packet in an
acknowledgement (ACK) message. Then, the receiving
node sends the ACK message to the transmitting node
through the reverse channel. As reading the ACK
message, the transmitting node decides the packets to
transmit in the upcoming frame.

selective

In the window-controlled

of

repeat ARQ

scheme, a set serial numbers, identified as

{1,---, S} is provided at the transmitting node and
each packet to be transmitted first time is endowed with
a serial number in a sequential and cyclic fashion. Note
that a serial number may be duplicated (as will be
addressed in section 3). However, the transmitting node
is only able to endow packets to transmit in a same
frame with duplicates of a serial number. (If not, the
transmitting node can not perceive packets to
retransmit.) Windows are defined to be disjoint sets of

packets to transmit. For j < (1,2,---},let P denote the
jth arriving packet at the transmitting node and
Siefl,-, S} be the serial number assigned to P,
Then, for ; ={1,2,---}, we set the jth window to be the
set of packets {P cwr P ooty where

cP =1 ~

C((llz)) mirzl){IE{l’Z’} Sj: S, S’;.+1=1} 1)

(:i+1 = (:i +1 .

C?, = min{je{CY,,}:S5=75,5%,=1}.

i+1
In conjunction with the set of serial numbers

)
i+t1s

{1,-+-, S}, the sequence of such windows are specified
at the transmitting node, which is controlled not to
transmit a packet belonging to a window until every
packet belonging to the previous window is positively

acknowledged.

For the window-controlled selective-repeat ARQ

scheme, the transmitting node is logically equipped

with three buffers identified as entry buffer,

re-entry buffer and transmission buffer, where entry

and re-entry Dbuffers are infinite while the
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transmission buffer is limited to hold [, packets. At the
transmitting and receiving nodes, the procedure of the
window-controlled selective-repeat ARQ scheme is
summarized as follows:

(1) As a packet arrives at the transmitting node,
(e.g., an SDU is delivered to the layer performing
error control from the upper layer), the transmitting
node immediately stores the packet at the bottom of
the entry buffer.

(2) On receiving an ACK message for the packets
delivered in a previous frame, the transmitting node
the which
acknowledged by the ACK message at the bottom

stores packets are  negatively
of the re-entry buffer.

(3) At the end of kth frame, packets remaining at the
re-entry buffer are sequentially (starting from the packet
at the top of the buffer) transferred to the transmission
buffer, if any. Note that a packet at the re-entry buffers
was already endowed with a serial number and some
packets may have a same serial number. Since a
duplication of serial number is confined only within a
frame, none of the packets with a same serial number
shall be transferred to the transmission buffer, if the
transmission buffer has no vacancies enough to store all
of them.

@

transmission buffer

If there still remain vacancies at the

after packets are transferred

from the re-entry buffer, the transmitting node
determines the number of packets at the entry
buffer to be transferred to the transmission queue
and endows each of them with a serial number
according to a duplication rule. Note that the
transmitting node is allowed to transmit a packet
belonging to a new window only after every packet
belonging to the previous window is positively
acknowledged. Thus, the number of packets
transferred from the entry buffer is affected by the
remaining serial numbers for the current window

(besides the vacancy at the transmission buffer and
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the occupancy at the entry buffer). Such process
depends on the employed duplication rule, which will
be described in section 3.

(5) As a frame begins, the transmitting node

sequentially transmits packets residing at the

transmission buffer via the forward channel.

(6) At the end of each frame, the receiving node
inspects the packets delivered during the frame for
errors and constructs an ACK message including
the error detection result of each packet. Among the
packets delivered during a frame, some packets may
be endowed with an identical serial number. If
errors are detected in one of such packets, all the
packets are regraded as being infected with errors.

(7) The receiving node sends the constructed
ACK message to the transmitting node across the
reverse channel.

The of the

process window-controlled

selective-repeat ARQ scheme is depicted in figure 1.

A packet arrives. An ACK message

arrives.

Store the packet at
message.

Read the ACK ‘

Store negatively
acknowledged
packets at RB.

Reverse channel

Transmit the ACK message to the transmitting
node.

Decide packets to be transferred from RB to TB.

message.

Transfer packets from RB to TB. ‘

Decide packets to be transferred from EB o TB.

Write error inspection results at an ACK ‘

Inspect each packet for errors. ‘

Forward channel

Endow each packet with a serial number.

Transfer packets from EB to TB. ‘

Transmit all the packets at T8 to the receiving
ode.

Fig. 1. Process of window—controlled selective-repeat
ARQ scheme at transmitting and receiving nodes

a8 1. S8 £E2F =4 =0 M window-controlled
selective-repeat ARQ gHAle| ARt

[11.RuleforSerialNumberDuplication
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In this section, we present rules of duplicating a

serial number. Such duplication rules can be

classified into fixed, random and adaptive duplication
categories. For the description of duplication rules in

each category, we introduce the following random
variables. For fe={1,2,---}, let X% and Xﬂf denote
the numbers of packets residing at the entry and
re-entry buffers, respectively, at the end of the kth
frame. Before the (%+]1) st frame starts, the transmitting
node transfers some of the XE and Xl,g packets to the
transmission buffer. Let N% and Nl,g denote the

numbers of packets transferred to the transmission
buffer from the entry and re-entry buffers, respectively.

A packet transferred from the entry buffer is endowed
with a serial number. Recall that {],---, S} is the set of
serial numbers which will be assigned to the packets
belonging to a same window. Let S, denote the lowest
serial number avaliable at the end of the Ath frame. Set

U,= S— S,+1, which then indicates the number of

serial numbers remaining at the end of the £th frame.

3.1. Fixed Duplication Rule
In the fixed duplication rule (FDR), the maximum

number of duplicates of a serial number, denoted by
M<={1,2,-) is prescribed and the transmitting node

endows maximally 7/ packets with an identical serial
number. Note that all the packets endowed with an
identical serial number must be transmitted within a
frame. In the fixed duplication rule, the number of

packets transferred from the entry buffer to the
transmission buffer ( N') is determined by three factors
- the number of available serial numbers ( {J,), the
vacancies at the transmission buffer ( L —N%) and the

number of packets residing at the entry buffer ( X%) - as
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follows. For ke{1,2,---},

Ni=min{ MU,, L—N%, X%}. )
i

M

Set Then, we note that

o |

NE=Q,M+R, foranumber R,={0, -, M— 1}, 1ie.,
the number of packets transferred from the entry buffer

is not necessarily an integral multiple of the maximum
number of duplicates M - Recall that S . is the lowest
serial number available at the end of the pAth frame.
Then, the transmitting node endows the j;th packet

with the serial number S, 4 for % <{0,--,Q,—1}

For

jelnM+1,,(n+1) M-

and
je {Qk]/\w—l— 1, Qk/[\M—&-R k}, however, the jth packet

is endowed with the serial number S ,+ @ ,.

3.2. Random Duplication Rule

In a random duplication rule (RDR), a serial
number is duplicated in a random fashion. In this
paper, we propose three types of random duplication
rules in which the maximum number of duplicates
of a serial number is randomized in each frame.
Once the maximum number of duplicates is
determined according to such a random duplication
rule, the transmitting node then endows each packet
with a serial number following the FDR. For a

serial number which is assigned to a packet to be
My 1

transmitted in the (k+])st frame, we let
denote the maximum number of duplicates hereafter.
(1) Random duplication rule of type 1

Recall that each frame consists of [ slots. In the
random duplication rule of type 1 (RDR-T1), 7/ e 118
set to be a random variable having the discrete uniform

distributionin {1,.-- L},ie,
A M, 1=/)=% e ®)

forall f={1,2,---} . Also, Ml, Mz,"' are set to be
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mutually independent.
(2) Random duplication rule of type 2

Recall that X% is the number of packets remaining in
the entry buffer at the end of the kth frame for
ke{1,2,---}. In the random duplication rule of type 2
(RDR-T2), M, . | is defined to be a random variable

which has a discrete uniform distribution in {1,--- 7}

for given XEi=;e {1,2,--:},1e.,

AWy mil Xh=d=" Il

i

)

for all £e{0,1,--}. Note that we set J{,, =1
almost surely if XZ=().

(3) Random duplication rule of type 3

Note that N 1}; is the number of packets transferred
from the re-entry buffer to the transmission buffer at the
end of the 4kth frame for ke{1,2,---}. Thus, the
transmission buffer has vacancies of [ — N’,: for the
packets to be transferred from the entry buffer. In the
random duplication rule of type 3 (RDR-T3), 7/ ri1iS
defined to be a random variable as follows. For given
NR:iE{O,"‘,L—l}, MkJrl is set to be a random

variable having a discrete uniform distribution in

{1,--,L—13},ie,
A M,. =il Nf=p)= —; Tucamrn ©

for all ke{(,---,L—1}. Note that no packet is
transferred from the entry buffer to the transmission
buffer if N¥= ], where we do not define EAT

In RDR-T1, The mean and variance of maximum
duplicate number E( 3/ ») and  Var( Mk) are larger
than the ones in either RDR-T2 or RDR-T3. Thus, the
window sizes fluctuate highly in RDR-T1. We also note

that F( 3/,) increases as the traffic load increases in

RDR-T2, while E( M ) increases as the packet error

rate increases in RDR-T3.
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3.3. Adaptive Duplication Rule

The number of duplicates of a serial number can
be determined concerning the current environment of
the [8],
adaptive duplication rule (ADR) was

transmitting node. In a sketch of an
addressed,
where the number of serial numbers assigned in a
frame is fixed and two numbers of duplicates are
determined in each frame according to the number
of serial numbers per frame. First, we review such
identified as the

(ADR-T1).

an adaptive duplication rule,

adaptive duplication rule of type 1
Secondly, based on the ADR-T1, we propose the
adaptive duplication rule of type 2 (ADR-T2) in
which the number of serial numbers assigned in a
frame is adjusted according to the observed packet
error rate.

(1) Adaptive duplication rule of type 1

The maximum number of serial numbers assigned
in a frame, denoted by T is prescribed in the ADR-T1.
By use of T/, the number of serial numbers assigned in
the (k+1) st frame, denoted by 1/, is defined as
©)

for k={1,2,---}, where [/, is the number of serial

Vi=min{ V, U}

numbers remaining at the end of the jth frame. Then,
the number of packets transferred from the entry buffer
to the transmission buffer is determined as
Ni=min{L—N%, X%} - I (y.ci10. @

for k={1,2,---}. Such N% packets must be endowed

with serial numbers. Define two numbers of duplicates,

denoted by M S@U and M S@” as follows:

NE
(1) AN
M, { Vs } ®)
NE
MY = {7/@ w +
k Vk 1
for ke{1,2,--}. Then, for a  number

R,={0,--+, V,—1}, we note that



Endowment of Duplicated Serial Number for Window-controlled Selective-repeat ARQ

Ni = V,MP+R,

©)
= [Vi—RIMP+R MY

for k={1,2,--:}- Recall that S, is the lowest serial
number available at the end of the jAth frame. The
transmitting node endows the (; M(kl)-i— 7)th packet
the serial number for

e (1, MP)..
([V—RIMP+iMP+))th
the

and For

ie{l,,V,—R,}
ie{1,,R,, the

packet is endowed with serial number

S+ V,—R,+i—1 forall j {1""’M(kZ)}'

(2) Adaptive duplication rule of type 2
In the ADR-T2, the maximum number of serial
numbers per frame is adjusted in each frame based

on the comparison of observed error rates. We set

v , to be the maximum number of serial numbers
which will be assigned in the (k+1)st frame. Note
N€+ NIIS packets are transmitted during the (%+1) st
frame. Let B, , denote the number of packets which
are negatively acknowledged among the NZ-+ N

packets. Then, the maximum number of serial numbers

is adjusted as follows:

Viertl
i B 5 By
R Nin +Nin © Ni+N
Vi
i B2 __ B
~ N +Niy  Ni+N§
Vs
or N£+1+N}/§H=O
oo V,i=1
Vier1
i Bjis < B
Ny +N§  Ni+Nj
(10)
As we can see in (10), comparing the local

estimates of packet error rate in the (%+])st and
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(k+2) nd frames, we increase the maximum number of

serial numbers which will be assigned in the (%£+3)rd
frame, if the packet error rate is increased. Otherwise,
we decrease such maximum number. We note that such

adjustment is based on the fact that duplicate number is

increased as |/ decreases and the frequency of

retransmission is also increased in general.

[V.EvaluationofPacketDelayPerformance

By using a simulation method, we investigate the

packet delay performance exhibited by each
duplication rule (which are introduced in section 3).
Such delay performance is also affected by a
number of network parameters, e.g., traffic load at
the transmitting node, packet error rate on the
forward channel, error rate of ACK message on the
reverse channel, frame length, window size, and
propagation delay time. For the evaluation of packet
delay performance, we assume the following
simulation environment.

(1) The sequence of packet arrival times at the
transmitting node is a Bernoulli point process with
parameter A =[(), 1], i.e., a packet arrives during a slot
with probability A and no packet arrives with
probability ] —A. Also, the packet arrival event in a slot
is mutually independent of the packet arrival event in
another slot. When a packet arrives at the transmitting
node in a slot, we assume that the packet arrives at the
end of the slot.

(2) On the forward channel, errors occur in a

e=[0,1]

occurrence event in a packet is mutually independent of

packet with probability and the error
the error occurrence event in another packet.
(3) The reverse channel is a noiseless channel.

Thus, no error occurs in any ACK message on the
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reverse channel.
(4) The
transmitting and receiving nodes is negligibly short

the

propagation delay time between the

such that an ACK message for packets

transmitted in a frame arrives at the transmitting

node before the end of the first slot of the next

frame.
(5) A packet is said to depart from the
transmitting node when the packet is positively

acknowledged by an ACK message. The delay time
of a packet is defined to be the time elapsed from
the moment the packet arrives until it departs from
the transmitting node. Let D ; denote the delay time of
the ;th packet. Suppose that there exists a random
d
variable ) such that D;—Das j—oo. Then, the
mean of packet delay time is defined to be F(D).

Suppose that we have 3 samples D,(w),,D (@) in

a simulation. Then, we estimate F(D) by 7% Zn‘l D ()
=

from the ergodicity of the delay time sequence.
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Fig. 2. Mean of packet delay time with respect to
maximum number of duplicates of a serial number

(duplication rule: FDR, W=64, L=8, A=0.5,

€<={0.01,0.001}

02l 2 A Mo Ho B2 Sof w2 B@F @iz A
ol AlZb (B2 T2 FDR, W=64, L=8, 1=0.5,
£<=1{0.01,0.001})

Figure 2 shows the mean and standard deviation
of packet delay time with respect to the maximum
number of duplicates ( 77 ). In this figure, FDR is used
for duplicating a serial number, where the frame length
(L) is fixed at § (slots) and the traffic load at the
transmitting node ( 1) is set to be ().5 (packets/time
unit). Also, the packet error rate at the forward channel
(&) is assumed to be in {(.01,0.001}. For a fair
comparison of delay performance, the window size is set
to be as close to 64 (packets) as possible by adjusting
the number of serial numbers ( S). In figure 2, we
M

which minimizing mean of packet delay time. We also

observe that there exists a non-trivial optimal

notice that such optimal number increases as the packet

error rate decreases.
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16.0
2 [ o FDR(1)
S 155 F - RDR-T1
0 [ —+—RDRT2
- RDR-T3
£ 150 F . FR()
£
= 14.5 -
>
©
S 140
g ;
S 135f
Q
‘s [
S 10f
3
€ . & 0
0.0 0.2 0.4 0.6 0.8

traffic load (packets / time unit)

Fig. 3. Mean of packet delay time with respect to traffic
load  (duplication FDR, RDR-T1, RDR-T2, and

RDR-T3, W=100, L=8, 2€{0.1,---,0.8},
e=0.001)

a2 3 Edy Fsjol we g
Al: FDR, RDR-T1, RDR-T2, and RDR-T3, W=100,
L=8. 1={0.1,,0.8}, =0.001)

rules:

2 XA AlZE (B=

4
b

Figure 3 shows the mean of packet delay time
with respect to the traffic load at the transmitting
node. In this figure, FDR and RDR are used for
duplicating a serial number. The frame length is set
to be 8 (slots) and the packet error rate at the forward
channel is fixed to ().((1 . Also, the window size is set to
be close to 100 (packets) as possible. Over the whole
range of traffic load {(.1,---,0.8}, we observe that
RDR'’s exhibit superior delay performance than the FDR
without duplication, (i.e., J3/=1). Among the RDR’s,
RDR-T1 and RDR-T3 are shown to induce lower mean
delay than RDR-T2 and no significant difference is
noticed between the mean delay times of RDR-T1 and
RDR-T3. Recall that RDR-T1 invokes the highest mean
and variance of maximum duplicate number among the
three RDR’s. Considering a relatively low packet error
rate, we also note that a few packets may reside in the
re-entry buffer in RDR-T3 and the maximum number of

duplicates is thus similar to the one in RDR-T1. Such
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facts explain the delay performance of RDR’s in this

environment.

mean of packet delay time (time units)

125 Y BT ST B
10* 10°

packet error rate

107 10"

Fig. 4. Mean of packet delay time with respect to
packet error rate (duplication rules: FDR, RDR-TT,
ADR-T1, and ADR-T2, W=100, L=8, A=0.5,

es{10 %101
a2 4 ozl 288 wE ®F mnl xd Azt
(5= +t=!: FDR, RDR-T1, ADR-T1, and ADR-T2,

W=100, L=8, 1=0.5, e={10 5,101}

Figure 4 shows the mean of packet delay time
with respect to the packet error rate at the forward
channel. In this figure, ADR-T1 and ADR-T2 are
used in addition to FDR and RDR-T1. The frame
length is set to be § (slots) and the traffic load at the
transmitting node is fixed to (),5 (packets/time unit).
Also, the window size is set to be 100 (packets). In
figure 4, we observe that duplicating serial numbers is
effective when the packet error rate is relatively low. In
comparison with the conventional non-duplication rule,
however, all of the duplication rules exhibit degraded
performance in packet delay as the packet error rate
increases. Such phenomenon is explained by noting that
for given packet arrival pattern, there exists a locally
optimal finite window size minimizing the mean packet
delay. Duplicating serial numbers incurs a fluctuation in
window size and raises the probability of hitting an
optimal window size. Thus, duplication rules exhibits

superior delay performance. On the other hand, the
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frequency of retransmission is apparently increased as
the packet error rate increases. For a relatively heavy
error rate, the high retransmission rate is dominant over
the high probability of hitting optimal window size so
that the non-duplicating rule induces lower mean delay.
In figure 4, we also notice that ADR-T2 invokes a lower

mean of packet delay time than ADR-T1.

13.3

-
w
N}

-
154

N
w
o

.
N
©

optimal number

mean of packet delay time (time units)

I I I I I I
2 3 4 5 6 7

maximum number of serial numbers per frame

.
INg
©

D B e o LA i

Fig. 5. Mean of packet delay time with respect to
maximum number of serial numbers assigned in a

frame (duplication rules: ADR-T1, W=100, L=8,
2=0.5, ¢=0.01)

a7 5 = @ Fog = e Y =X #HS
of o mE " @zl XA AZE (BE= 7
ADR-T1, W=100, L=8, A=0.5. £=0.01)
Figure 5 provides a clue to explain this

observation. In figure 5, the mean of packet delay
time is illustrated with respect to the maximum
number of serial numbers which can be assigned
within a frame. From this figure, we observe that
there exist a non-trivial optimal number minimizing
the mean packet delay. We note that AD R-T2
by the

maximum number of serial numbers according to

chases such optimal number adjusting

the estimate of packet error rate.

V.Conclusions
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In this paper, we considered a window-controlled

selective-repeat ARQ scheme for error control

between two adjacent nodes on a

lying
communication path. Aiming at improving packet
delay performance, we employed a supplement
scheme in which a serial number is duplicated
within a frame. Classifying duplication rules into
fixed, random and adaptive categories, we presented
candidate duplication rules in each category. For the
evaluation of packet delay performance exhibited by
each duplication rule, we investigated the effect of
various network parameters on the mean of packet
delay time by a simulation method. From numerical
example, we observed that duplicating serial
numbers, especially ADR-T2 can effectively reduce
the mean packet the

delay compared with

conventional non-duplication scheme. We also
revealed that such reduction is due to the existence
of a locally optimal finite window size minimizing

mean packet delay.
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