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ABSTRACT

On the Grouping of a Dual Bus
Configuration and Its Applications

By
Weiping Meng
Advisor: Professor Tarek N. Saadawi

This dissertation focuses on improving performance of metropolitan area network
(MAN) or local area network (LAN) protocols at media access control MACQC)
layers which are based on a dualffold bus topological configuration. In order to
enhance the performance, a simple, efficient, and versatile scheme is presented in the
dissertation. The scheme is called grouping transmission, denoted by GT. It comprises
two main ideas: (1) Dividing all the nodes in the network into multiple logical groups
and assigning a group address to each group. (2) Setting up a post-source group
transmission rule by which a busy slot carrying a segment (or a request) may carry
new information (segments or requests) after the slot departs from its source group.

Several schemes have been proposed for improving throughput of dual bus
MANSs/LANs before. They are Destination Release (DR), Erasure Nodes (EN), Pre-
vious Slot Information (PSI), and SP-DQDB. The common advantage of the scheme,
GT, over those schemes is: it can potentially support lower access delay and higher
throughput in a simple and versatile (Slot Reuse, Pre-Use, or both) way.

Application of the GT scheme to two existing MAC protocols, DQDB and
S++, produces six novel protocols. These protocols are group addressing distributed
queue dual bus (DQDB-GA), group requesting distributed queue dual bus (DQDB-
GR), non-post-request slot-pre-use distributed queue dual bus (DQDB-NSP), grouping
distributed queue dual bus (DQDB-G), high throughput distributed queue dual bus
(DQDB-H), and grouping addressing S++ (S++GA).

iv
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Eight theorems on the throughput gains of dual bus MANs/LANs using the
proposed scheme are founded and theoretical analysis results based on these theorems
are exhibited in curves.

Simulation performance analysis studies 1) show that the new-designed protocols
have higher performance or more flexible than existing ones and 2) verify that
theoretical results are correct. Hence, the scheme can be efficiently utilized to support

high speed data transmission.
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Chapter 1 Introduction

1.1 A Dual Bus Network: Motivation, Issues, Standard

In the past two decades, there have been dramatic changes and important successes
in the field of telecommunication networks. The most remarkable are the widespread
use of local area networks (LAN) and the emergengce of asynchronous transfer mode
(ATM) as a popular solution to broadband integrated service digital networks (B-
ISDN).

Most of the work in computer networks had been based on wide area networks
twenty years ago, using the underlying telephone network for transmission and adapt-
ing data traffic to it. LANs have been a point of departure from the telephony-based
model of data communication, which are based on a shared serial medium that runs
at a sufficiently-high speed to accommodate the needs of many users at once. It pro-
vides for the interconnection of computing devices that are closely located within a
single building or a collection of buildings such as a college campus. Such LANs are
charaterized by the five main features:

1. Limited geographical coverage, typically in the range of a few meters to a
few kilometers

2. Ownership by a single organization

3. Low bit-error rates

4. Simple network topologies, such as a unidirectional ring or a bus

5. Low price

ATM provides for a model of high speed and high effectiveness multimedia

transmission such as hundreds of video channels, thousands of telephone calls, and tens

|
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of thousands of data at the same time. It will very likely be used as a trunk networks
intercity, nationwide or worldwide due to high cost multiple-input-and-output ATM
switch and is charaterized by the seven main features:

1. Very large geographical coverage, typically in the range of hundreds of
kilometers to thousands of kilometers

2. Public communication facility

3. Very low bit-error rates

4. Complicated network topologies, such as a unidirectional ring or a bus

5. Very high speed in the order of one Gbps to several Gbps

6. Multimedia services

7. Very high price

As noted, within a city, a different kind of networks is expected that can be used
as a private networks or a public network to integrate mulitmedia service. This is,
on one hand, because a single telephone network or a single cable TV netwrok or
single-media computer data exchange network can not provide for high effectiveness
and high quality multimedia services using their own network. On the other hand,
this is also because ATM networks are high expensive. Naturally, metropolitan area
network (MAN) will fill the blank in the perspective of multimdeia telecommunication
network. MAN is charaterized by the following features:

1. Large geographical coverage, typically in the range of ten kilometers to one

hundred kilometers
2. Public or private communication facility
3. Very low bit-error rates

4. Simple network topologies, such as a unidirectional ring or a bus

2
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5. high speed in the order of one hundred Mbps to one Gbps

6. Multimedia services

7. Low price

8. Reliability

According to [1, 2], MAN implies that a network requires enhanced reliability
charateristics such as faults tolerance and operates over larger distances on the order
of 10 to 100 km at high speed on the order of 100 Mbps to 1 Gbps with multimedia
services such as data, voice and video. The voice service has stringent requirements
that do not apply to computer data, and which dictate much of the design of the MAN.
These are for quaranteed bandwidth (64 kilobits per second per voice channel) and
bounded delay (under worst case conditions the maximum is two milliseconds round
trip). MAN, as part of integrated service data telecommunication networks, is to be

used as backbone in metropolitan areas in future.

For the sake of better relaibility, dual bus configuration (DBNET) is one of

prefered configuration features of MANs or LANS.

Throughput is one of key parameters of networks. Improving throughput may di-
rectly lessen access delay and jitter of a network system. Although some transmission
media such as optical fiber provide a high capacity channel, it may not provide a high
throughput for networks, which depends on how the media access control (MAC) pro-
tocol is designed. The goals of this dissertation are, firstly, to propose and analyze a
new, simple, effective, and versatile scheme, Group Transmission (GT), for improving
MAC (MAN or LAN) throughput based on a DBNET, and secondly to apply GT to

some new DBNET protocols.
Several MAC protocols have been suggested on such configurations denoted

3
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by DB-MAC. They include DQDB(1, 3], S++[4], CRMA[S], and CBRMA[6]. The
common performance characteristics of these protocols are: 1) They all provide slot-
access only once for each slot, which conducts that the throughput is at most equal
to its channel slot-capacity(slots per second) under heavy load and 2) Their slot-time-
utilization is one fourth or so on the average under uniform heavy traffic and uniform
source downstream-destination distribution and uniform node distribution(Refer to the
simulation results in Chapter 3). The slot-time utilization is the sum of busy time
intervals over the slot lifetime during which a busy slot is loaded with a segment that
has not arrived at its destination yet.

Potential chances for improving the throughput of DB-MAC can be observed in
a slot lifetime: with DQDB as an example, it leaves about three fourth of a slot
lifetime idle on the average under uniform heavy load and uniform source downstream-
destination distribution and uniform node distribution, of which there are, by our
estimate, an one fourth or less prior to loading a slot by distributed queue (DQ) head
nodes, which can be pre-used, an one fourth or so post a slot destination, which can
be re-used, and the other one fourth or more, which has no chance to be used prior to
loading a slot by DQ head nodes or post a slot destination.

1.2 Schemes for Improving Throughput of DBNET
Proposed By Others

Some schemes were put forward to take these chances for further improving the
throughput of these protocols and lessening the access delay such as Destination
Release (DR)[7, 8, 9), Erasure Nodes (EN)[7, 10, 11}, Previous Slot Information
(PSI)[12], and SP-DQDB[13]. It is noticed that DR, EN, and PSI need an explicit
destination address in every slot header, or a message identifier (MID) in every slot

payload, or special addressing infomation in every node when they are incorporated

4
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with DQDB, a future MAN standard that can easily be interconnected with ATM WAN.
As a matter of fact, this address can only be found in an initial MAC protocol (IMP)
(or called as “frame” in this paper) sublayer data header format of DQDB and this
MID in a derived MAC protocol (DMP) sublayer data header format. Neither of them
can be found in a queued arbitrated (QA) slot sublayer data header format of DQDB.
This means that the three schemes depend on either IMP sublayer header or on DMP
sublayer header and do not work without extracting either IMP destination address
or DMP MID from a QA slot payload. SP-DQDB only needs a QA slot sublayer
header access control field (ACF) so it works at a QA slot sublayer independently.
These schemes stated above, actually, are make-up schemes for MAC, denoted by
MU, and should work with one of MAC protocols mentioned in the last paragraph.
Naturally, DB-MAC-MU stands for a dual bus MAC protocol incorporated with a
make-up scheme stated here. Further, DQDB-PSI is an element of set DB-MAC-MU.
Other elements of DB-MAC-MU we use in the paper should be understood according
to the same naming way as that for DQDB-PSI but SP-DQDB is only an exception,
kept unchanged.

There are two kinds of MUs that have been suggested so far for DB-MAC. One
are Slot Reuse [7]-[12] and the other Slot Pre-Use [13). Among Slot Reuse, [8]-[10]
are referred to as DR, [7, 10, 11] as EN, and [12] as PSI.

Due to the symmetry of a DBNET (Fig.1), any scheme introduced in this paper
only concerns one side situation : Bus A for segment transmission and Bus B for
“auxiliary” transmission/operartion. By “auxiliary”, we implies such information
transmission that helps set up segment transmission on Bus A complying with a
DB-MAC. Request transmission on Bus B of DQDB is an auxiliary transmission. As

for a fold bus network, a special DBNET, the upper-side bus is used to send segments,

5
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which is called as “upper-side sending”. Because the upper-side bus is folded back at
the end node of the lined nodes of the network as the lower-side bus, so a node can
send segments to any other nodes in the network only through the upper-side sending.
And for a fold bus DB-MAC, downstream nodes from a node always are all the other
nodes in this paper. Connecting the two ends of Bus A and Bus B at node 1 in Fig.1
makes the configuration become a fold bus DBNET.

Before going on, let’s introduce a special node for DBNET, first right node denoted
by FRN. FRN is such a node in DBNET that has right to use the first free slot in
some time according to a DB-MAC. At any instant there must be one and only one
FRN in a DBNET. It can be any node in DBNET. A fair DB-MAC provides equal
chances for all nodes to be a FRN. The way to let a node become a FRN is different
from one DB-MAC another. The DQ head node of DQDB is a FRN.

1.2.1 About Slot Reuse Schemes

The basic idea of slot reuse is: loading a slot with a new segment after an old
segment loaded by a FRN has reached its destination node. The slot time utilization
of a DB-MAC may be improved by a Slot Reuse scheme by almost one fourth on
the average under uniform heavy traffic and uniform soucre downstream-destination
distribution and uniform node distribution (Refer to the simulation results in Chapter

3).

1.2.1.1 Destination Release The DR scheme requires that every node releases the
slots carrying information to itself for further reuse by downstream nodes. This scheme
offers the maximum possible capacity release. However, the latency caused by DR is

also biggest since it requires buffering capability as part of the transmission medium

6
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in order to read a destination address. For example, the latency in a DQDB-DR node
should be 19 bytes while the original DQDB latency is only 5 bytes.

1.2.1.2 Erasure Node The EN scheme requires that a limited number of special
nodes distributed on the network, known as erasure nodes, perform slot release. These
nodes store every traversing slot plus portion of the following slot that contains a “read”
bit, check the bit, and release the ones containing data that have already passed their
destination. A node marks a current slot in the slot’s “read” bit for such a previous slot
that contains data destined to itself, thus signaling the erasure node that the previous
slot can be released. With a small number of erasure nodes, this scheme overcomes
the long-latency disadvantages of DR. In [7, 10, 11], it was shown that in DBNETSs
and under the assumption of uniform source destination distribution, indeed only a
small number of erasure nodes is sufficient for a throughput gain close to that of
DR. However, it requires more complex hardware and considerable latency in erasure
nodes than DR. More important, such hardware can conduct its lower physical layer
capacity than DR in spite of their being placed in a limit number of nodes. For
example, a DQDB-EN erasure node requires 54 bytes latency though a DQDB-EN
ordinary node S bytes.

1.2.1.3 PSI (Previous Slot Information) The PS/ scheme requires that every node
keeps the destination address of the segment in the previous slot and checks if the
destination of the segment in the current slot is beyond the destination of the previous
slot in order to reuse the slot. Upon receipt of a busy slot, a node performs reuse
if both of the following rules hold: i) the destination of the previously received slot
is before this node and ii) the destination of the segment in the current received slot

is before the destination of the segment in the previous slot. Obviously, a PS/ only
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needs one bit flag R in a slot header to indicate if the destination of a segment in
the slot is beyond that of the previous slot. Although PSI is less efficient than DR,
the scheme needs no extra latency (only 5 bytes for DQDB-PSI) and is simple when
a slot carries an explicit destination address [12]. Note that it is not that simple for
DQDB-PSI because neither a QA slot header of DQDB nor a DMP data unit header

contains an explicit destination address.

1.2.2 About Slot Preuse Schemes

The basic idea of slot pre-use is: loading a slot with a segment before a FRN
loads the slot if the loading will not be seen by the FRN. This implies that the segment
pre-using a slot should not be destined to (or through) the FRN.

SP-DQDB is only one protocol for Slot Pre-use so far. It inserts a new transmission
rule under keeping DQDB operations, "neighborhood segment transmission rule”
(named in this paper). The ideas of the new rule are: (1) a SP-DQDB node can
load its segment for a neighbor node of its (or called as its neighbor segment) into a
free slot when the node is not the DQ head at that time. (2) a SP-DQDB node should
reduce a non-zero neighbor address of a current received busy slot by one with taking
an incoming segment with number one in the slot neighbor address field off the bus.
(3) a2 DQ head node at that time can load a segment of its into a slot (free or not) with
storing a busy slot segment in its queue temporarily. SP-DQDB uses some bits or
3) of ACF of a QA slot as its neighbor address for its neighbor nodes. It need not
refer to infomation in a slot payload. Number of significant addressable downstream
neighbors from a node is six for SP-DQDB with total number of 15 nodes network. It
has been demonstrated that SP-DQDB is particularly well suited to two environments:

networks consisting of a small number of nodes (up to 15) and networks in which

8
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there are local community interests. It is noticed that the needed local queue results
from that a SP-DQDB node does not know if its neighbor nodes include the FRN
at that time and that the queue plays double-role: impoving throughput and lowering
physical layer capacity. The latency per SP-DQDB node is also only 5 bytes.

1.3 GT: A Novel Theoretically-Proven-Effective Scheme

This dissertation introduces a novel technique that can support either Slot Reuse
or Slot Pre-Use or both, named as Group Transmission protocol and denoted by GT.
The proposed GT scheme has three alternatives for its working sublayer when used in
DQDB: 1) at the QA slot sublayer independently; 2) at the IMP sublayer independently;
3) at all the three sublayers: QA slot, DMP, and IMP like DR, EN, and PSI. GT divides
nodes in DBNET into several groups and assigns every group a unique code as their
group address in order along a bus. Obviously, the number of bits for a group address
is much fewer than that for an IMP address. And They can be put in access control
field (ACF) of a QA slot, or in an IMP destination address, or in the both, which
depends on which alternative for its working sublayer stated above it chooses. It can
potentially achieve higher capacity and fewer latency because it can work at the QA
slot sublayer independently, or because it needs to recognize only a group address for
slot release rather than an IMP address or a MID like DR, EN, and PSI, or because it
potentially does not need so long a local queue to store neighbor segments from a bus
temporarily like SP-DQDB. It can be used to support Slot Reuse, Slot Pre-Use, or the
both as long as a proper protocol is designed based on it. It will also be introduced
in this paper that a DQDB-GT is a unified form in improving throughput for DQDB,
DQDB-DR, and DQDB-EN.
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1.4 Organization of the Proposal

The dissertation is organized as follows. In Chapter II, basic concepts are
introduced, including ideas, theorems, and application-promises of the novel GT
scheme. Theoretical curves are presented. In Chapter III, a series of new DQDB-
like protocols based on GT are presented, including overview, specification, and
simulation analysis for each protocol proposal. In Chapter IV, a new S++like protocol
on GT is presented, also including overview, specification, and simulation analysis.

Comprehensive analysis, conclusions, and future work are described in Chapter V.

10
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Chapter 2 GT: A New Versatile MU Scheme
for High Throughput DBNET

2.1 Basic Concepts of GT

First let us introduce the concept of throughput gain. By throughput gain, we
mean the average number of segments conveyed by a slot of a DB-MAC during
the slot lifetime over that of DQDB, both of which work under uniform heavy load
and uniform source downstream-destination distribution, with reference to the DQDB
throughput gain as 1. By chance, the maximum of segments a DQDB slot can convey
during the slot lifetime under the same conditions as above is just 1. Actually, any
MAC can be used as the base for the comparisons as long as all the compared MACs

are discussed or observed under the same conditions.
2.1.1 Basic Ideas for GT Schemes

The basic ideas of GT include two folds: 1) the grouping of all the nodes in the

system and 2) a post-source-group slot-reuse rule.

Upsteam «—— Bus A (Forward) Downstream —»-

IO TaTeTara
ol ] [ JT JT T,

node N  node (G-1)N/G node 2N/G node 1+N/G node N/G node 1

\ ”~ A —~/ g \ —
Group G Group 2 Group 1

Figure 1 The physical configuration of Dual Bus with G-grouping

To explain the ideas, taking DQDB as an example, we recall that once a segment

is sent by a node onto the media, it will not be taken off until the slot reaches the

L1
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end of the bus. This feature is thought of as a broadcast among all the downstream
nodes from the sending node in the network, and all nodes in the network as a single
group within which a slot can carry only one segment at most during the slot lifetime.
GT generalizes this feature into a multiple-group concept: within each group a slot
can carry only one segment during the slot in-group time. After the slot comes into
a different group, it may carry a new load, i.e., “be reused”.

The grouping is done by dividing all nodes on the network into a limited number
of groups and assigning each group a group code, or say group address, in order along
a bus. Figure 1 shows the physical configuration of a G-group DBNET network such
as DQDB-GT, where G= 2' — 1 and i is a positive integer greater than or equal to
1. The G groups are coded 1, 2, ...... ,» G from end-node (right-end) to head-node
(left-end) along Bus A and may contain the same number of nodes as or a different
number from one another. Nodes in a group have the same group code. Note that
hereinafter the left, i.e., high position index, of the network is thought of as upstream
whereas the right as downstream.

The post-source-group slot-reuse rule is that the condition for a busy slot to be
allowed “reuse” is that the slot should come in a different group from its source.
This description makes the rule include an important alternative derived from it. The
alternative is post-destination-group slot-reuse rule that a busy slot may be reused after
the slot departs from its destination group. Why this alternative is very important
for GT is that it supports Slot Reuse independently while its original rule has to be
incorporated with it in order for Slot Pre-Use.

It should be noticed that an application of the rule depends both on what kind of
scheme GT is used as (Slot-Reuse, Slot-Pre-Use, or the both) and on what MAC

protocol GT is incorporated with (DQDB, S++, or CRMA, etc.). For example,
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for DODB-GT used as Slot-Reuse, the implementation based on the post-destination
group slot-release rule is only required while for DQDB-GT used as Slot Pre-use, the
implementation on the post-source-group slot-release rule is optionally required that
allows a request-busy slot to be released for carrying a new request after the slot
departs from its source group, besides the previously-stated implementation of the
post-destination-group slot-release rule. In addition, GT can also be incorporated with

Metaring[14] even though it is not a DBNET but a ring configuration.

What new fields are required to insert a slot format for GT also depends on the
same two conditions given in the last paragraph. For example, the slot format for the
DQDB-GT used as Slot-reuse at least requires a destination group field, denoted by
GD(i), to carry a destination group address, where the is in GD() and the appearing
GR(i) mean that there are { bits in their own fields, which is just big enough to address
(2'-1=G) groups. While the slot format for the DQDB-GT as Slot-Preuse optionally
requires a request group field, denoted by GR(i), to carry a request group address
besides the previously-stated GD(i).

As stated above, the forms in which a GT scheme is implemented are different
from one application another. The concrete machine research and design based on GT

are found in Chapter III and IV of this dissertation.

The GT’s concept has a significant impact on the delivered throughput. The higher
throughput is achieved due to two reasons. One is that nodes situated downstream
from a slot destination group will have chances of reusing released slots. The other
is that nodes situated upstream from a FRN group (where the group contains a FRN

at that time) will have chances of pre-using free slots before the FRN group uses it.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.1.2 Illustration of Working Features of GT Schemes

Fig.2 illustrates, using an example of a 18-node DBNET system in 6 groups, 3
nodes each, how the DB-MAC-GT takes the throughput-improving chances introduced
in Section I for Slot Reuse, Slot Pre-use, or the both. Note that we ignore technical
detail of how a DB-MAC-GT node operates such as requesting machine and sending
machine but concentrate on segment transmission phenomena by a single slot on bus

A caused by using GT.

Figure 2 The transmission phenomena of a 18-node 6-group DQDB-GT system.

Slot Pre-use DQ head segment Slot reuse
from 1710 13 fromnode 11105 fom3to 2

S - - =
Node#18 17 16 1514 13 121D 10 9 8 7 6 5 4 3 2 1
] ! | I I | | ! | | ] I 1 | ! | 1 !
\_v__/ \—'\/_/ \_v__/ \_\,_/ \_V_/ __ I_/

Group# 6 5 @ 3 2 1
Dest#12 1314 3 13 12115 1 2 7 4 5 4 3 2 1 -

Note: [ ]:aslotonBus A

O : The head node or head group of the distributed queue

Dest #: Destination node index of the local head segment
in the corresponding source node.

We randomly select node 11 in group 4 to be the FRN at some instant. The first
segment of the node is for node 5 in group 2. An empty slot S arrives at node 18 from
slot generator. But node 18 has no right to transmit because the local head segment
of node 18 is for node 12 in group 4 which group is holding the FRN. Node 17 has
right to transmit because the local head segment of node 17 is for node 13 in group 5,
which is before the FRN group. Nodes 16, 15, 14, and 13 have no right to transmit
because they see a busy slot. Node 12 has no right to transmit although it sees a

released slot S because the node is in the same group as the FRN. So far the slot is
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preused once since the slot-use happend before the FRN. After the FRN transmits its
segment for node 5, nodes 10, 9, 8, 7, 6, and 4 have no right to transmit because
they all but 4 can not see a released slot S. The reason for node 4 is that it is in the
same group as the destination group of slot S at that time. Node 3 will reuse slot
S when slot S comes into group 1. Node 1 sees a busy slot S. Except node 11, all
the other nodes in group 4 have no right to transmit because they are not the FRN,
all the nodes in groups 5, 3, and 2 have no right to transmit. Slot S in this situation
is pre-used once and conveys two segments if the GT is used as Slor Pre-use, reused
once and conveys two segments if used as Slor Reuse, and pre-used and reused once
respectively and conveys three segments if used for both Slot Pre-use and Slot Reuse.
In the example, a slot may convey only one segment if the following two conditions
are satisfied: 1) The FRN has a segment for the most-downstream group and 2) All
the nodes in all the upstream groups from the FRN have no requesting segment or
only segments either for the FRN group or for a downstream group from the FRN.
A slot may also convey two, three, four, or five segments with their own probability.

The maximum number of segments a slot may convey in the example is six.

2.1.3 Characteristics of GT Schemes

2.1.3.1 More Transmission Chances: High Throughput The throughput gains
caused by using GT are obviously determined by the number of groups designed,
intuitively because more groups means more chances for transmissions. For instance,
if a DOQDB-GT used as Slot-Reuse is divided into two groups, a slot traversing the two
different groups can carry two segments totally at most during a slot lifetime when both
segments are destined to their own group. Only one segment can it carry, of course,

if the segment from the upstream group is destined to the other group. According to
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the numerical results in Section V, the throughput gain is approximately improved by
seven fifth on the average and at least one bit is needed as a group address. For a
7-group of the DQDB-GT, throughput gain by three second or so and at least three
bits as a group address, ... and so on. In this way, GT improves throughput using
a flexible mechanism. The interesting averages of the throughput gains are analyzed

theoretically as follows.

2.1.3.2 Less Overhead: Potential High Speed and Less Latency GT only needs
buffer destination group address rather than the whole destination node address that
DR and EN have to buffer. Per-node latency of DB-MAC-GT is different from one
DB-MAC-GT application another, too. For DQDB, the latency of DQDB-GT is 5
bytes when used at the QA slot sublayer independently or 9-10 bytes when at the
IMP sublayer. Unlike a SP-DQDB scheme, GT does not need so long a local queue
in each node as a SP-DQDB node does. As a result, DB-MAC-GT is simple and can

possess higher system capacity.

2.1.3.3 Flexibility: Potential High Throughput It is worthwhile emphasizing that
DB-MAC-GT not only is capable for Slot-Pre-Use, Slot-Reuse, or the both but also is
a unified form in improving throughput for DB-MAC-DR, DB-MAC-EN, and DB-
MAC. From the viewpoint of DB-MAC-GT, DB-MAC-DR and DB-MAC are two
extreme cases. One can use one node per group or combine all nodes in one group.
The former is DB-MAC-DR and the latter DB-MAC. DB-MAC-EN is non-extreme
groupings. Concrete to say, DQDB-GT, DQDB-DR, DQDB-EN, and DQDB are
subset or elements of the above corresponding set and possess the corresponding
same features. Referring to the definitions of concepts on G-grouping and complete

grouping given in the next section, a complete grouping GT system is a DR system
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while a (M+/) grouping GT system is equivalent to the corresponding distributed M
erasure-nodes EN system in improving throughput. Therefore, the studies done on
the relation between throughput gain and erasure-node distribution like [7] and on the
relation between maximum throughput and transmission permission assignment like

[15] stll hold for GT.

2.1.3.4 Lower Working Layer: Potential High Speed Unlike PSI, GT may be
used at the slot sublayer of MAC as long as an access control field is defined in
the corresponding lower sublayer message format such as a DQDB slot format. As a

result, GT remains simple and can support higher system capacity.

2.2 Throughput Gain Theorems for GT Schemes

In this section, we present four lemmas and eight theorems on the throughput
gains of GT from probability analysis based on three assumptions. Let N = {1, 2, ...,
N} be a set of nodes which represents a N-node DB-MAC network and let G = {K,,
Ka, ... Kg, ..., Kg} be a set of groups with at least one node in each group, where
G’s size ||G|| = G (G € I}, a positive integer greater than or equal to 1.) and Kg
are subsets of G, whose sizes |[Kq|| = K, € I*], g=1,2,...,G and § K, = N. For

g=1
these sets, a high-index denotes upstream position.

2.2.1 Definitions and Assumptions

Definition 0: A node in DBNET is refered to as a FRN when the node has right
1o use the first free slot in a specified time according to a DB-MAC and the group

containing a FRN as a FRN group.
Definition 1: A G-grouping for N is defined if NIG € R*!, a positive real greater

than or equal to one.
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Definition 2: A complete grouping for N is defined if NIG=1.
Definition 3: A non-grouping for N is defined if NIG=N.

Definition 4: An equal-size weak G-grouping for N is defined if
N/G € I*?  I*? _ q positive integer set excluding 1.

Definition 5: Throughput gain of a N-node G-grouping DB-MAC-GT network is
the average number of segments conveyed by a slot during its lifetime over that of the

corresponding non-grouping DB-MAC under the same conditions, denoted by z(G).

Assumption 1 (Uniform Traffic): The probability p, that a node in a N-node DB-

MAC-GT network becomes a FRN is equal and independent:
1
pn - N'

The feasibility and practicality of this assumption may be verified in [16] and [4].
Assumption 2 (Uniform Downstream-Destination) : The probability that a segment
in a N-node DB-MAC-GT network is addressed from node i to itself is zero and that a

segment is addressed from node i to its downstream nodes j are equal :

[0 =
Pi=\L i=i-1,i-2....1

-1

for a DB-MAC network and

o J =1
Pi=\wt GF
Jor a fold bus upper-side-sending DB-MAC network.

Assumption 3 (Heavy Load): There is at least one message arriving at one node

for transmission in a N-node DB-MAC-GT network during a specified sufficient small
time interval.
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Before presenting on, we need to declare function u(z) as below because the

function is helpful to express a formula. Hereinafter, we have

0 ,z<0
u(z) = 1 ,2z>0

where z is an integer.

2.2.2 GT Throughput Gain Theory

22.2.1 Lemmas Lemma I (Express of Assumption I under G-Grouping): The prob-
ability P, that a group in a G-grouping DB-MAC-GT network becomes a FRN group

is complete:

G
Y p=1
g=1
Proof: The proof is too obvious to be given out here.
Lemma 2 (Express of Assumption 2 under G-Grouping): The probability, defined by
Py i below, that group g in a G-group DB-MAC-GT network transmit to its downstream

groups k is complete, that is: for a DB-MAC-GT network

9
Y Pi=1 7
k=1

and for a folded bus upperside sending DB-MAC-GT network
G
Y Pu=1 @®)
k=1

where the first subscript g is the position index of source group, the second subscript

k is the position index of destination group and

(1 g=k=1;
1 & —1
7L a9 =k>1;
ngk= Kg =1
%E,_,—l— s, g>kandg=1,2,....G
"=12K.g+n—l
d=1
\0 ,g</c
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for a DB-MAC-GT network and
For = { ?{L:Tl 9 ="
' i1 .9 Fk
Jor a fold bus upper-side-sending DB-MAC-GT network. K— the number of nodes in
a group.
Proof: Refer to Appendix I Unless specified otherwise, deduction is a main
method for proofs in this dissertation.
Lemma 3 (Slot Reuse Probability Completion at any Group): The probability,
defined by P,(m,k) below, that groups after group k in a G-group DB-MAC-GT
network transmit m segments with slot reuse to their downstream groups is complete,

that is:

> P(m,k) =1 (11)

m=0
where, for a DB-MAC-GT network, we have
k
Pr(m, k) =u(2—m)Pei+u(m—1) ) P iPr(m—1,5—1) (12)
j=m
where subscript j on the right side of equation (12) is the position index of a destination
group.

Proof: Refer to Appendix II.

Lemma 4 (Slot Pre-Use Probability Completion at any Group): The probability,
defined by PPG (p,g) below, that groups n before group g transmit p segments by slot
pre-use to the groups j, j, before group g is complete for a G-grouping DB-MAC-GT
network, that is:

Y Pipg) =1 (13)

p=0
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where g < G and

Pi(p,g) =u(G—g—p+1)

( G
H Z: Pk,J ,p=0
k—g+11=1
G '} .
> > (11 > Pim )G P, 5( n 5 Pem)0=s0)  p=1
n=g-+1 j=g+1 &—n-{-l m=1 k=g+1 m=1
G n
E Z ( II Z Pk )u(Cv' n)P JPPt(pv.qv]) ,p>1
| n=9+1 j=g+1 k=n+1m=1
(14)
where
11—1—1
Pm(P,g,J) =p—1
Z > ( H S Pep) G-, a H > Pem) po=1 (15)
n=g+1 jp=g+1 k—n+1 m=1 k=g+41 m=1

J1 n

2 X ( H Z Pem)* 0= Py i, Pri(po,9,72)  ,po > 1
n=g+po j2=g+po k=n+1m=1

where subscript pg on the right side of equation (15) is the number of slot pre-use
chances left, whereas po=p-1 below the equal-symbol means to reduce | siot preuse
chance due to the last slot preuse, subscript n is the position index of a possible slot-
preuse source group from g+p, through j;, whereas j;=j-1 above the equal-symbol
means to let a group next to the destination group j of the last slot-preuse be the new
first possible slot preuse source group, j, is the position index of a possible slot-preuse
destination group from g+py through n.

Proof: Refer to Appendix III.

2.2.2.2 Theorem 1: Slot Reuse Probability Completion Theorem Theorem I: The
probability, defined by Pg( t) below, that a G-grouping DB-MAC-GT network for Slot
Reuse transmits i segments during one slot lifetime is complete, that is:

Y PgG)=1. (16)

=0
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where

G
PE()=)_P,P.(i,g) (17)
g=t
where for DB-MAC-GT networks
9
Pr(i,g) =u(—i)Ppy +u(i — 1)) PpePr(i — 1,k —1) (18)
k=1

and whereas for folded bus upper-side-sending DB-MAC-GT networks

G
. s La(2— 1 - -
P.(i, g) =u(2 — z)[(_5)11(2 g)Pg,l + Z(E)ﬂ(g-i-l h)u(h 9+1)Pg’h]

g
+u(i—1) Z(%)“@“"‘)"("‘”l)Pg,kP,(i —Lk—1)
k=i

And( %Pg, ¢) in Eq.(19) implies that within a group the sum of the probabilities that nodes
are destined to downstream equals to half of the sum of the probabilities that nodes are
destined 1o the group itself. For upstream, the same relation exists, hereinafter ( % F,q)

keeps the same meaning..

Proof: Refer to Appendix IV.

2.2.2.3 Theorem 2: Slot Pre-Use Probability Completion Theorem Theorem 2:
The probability, defined by Pf,"(i) below, that a G-grouping DB-MAC-GT network

Jor Slot Pre-use transmits i segments during one slot lifetime is complete, that is:

Y PG)=1. (20)
=0
where
G
PE() =) P,PS(i,g) 1)

g=1

Proof: refer to the corresponding decomposition parts of Theorem 3 proof.
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2.2.2.4 Theorem 3: Slot Reuse and Pre-Use Probability Completion Theorem
Theorem 3: The probability, defined by PS(i) below, that a G-grouping DB-MAC-
GT network for both Slot Reuse and Slot Pre-use transmits i segments during one slot

lifetime is complete, that is:
o0

Y PG =1. (22)
=0
where
G ) .
PC(i) =) Py {Pya[PE(i — 1,9)]"¢~ %G ~9) pG (0, g)**~Mu(G~9) | yy(; _ 1)

g=1

-1 g

Y ulg—m) Y. PprPr(m,k—1)BS(i — 1 —m,g)"C-9}

m=1 k=m+1

(23)

Proof: Refer to Appendix V.

22.2.5 Theorem 4: Dual Bus Slot Reuse Throughput Gain Theorem  Theorem

4: Throughput gain E( G)ofa G-grouping DB-MAC-GT network for Slot Reuse is :

Z(G) = ZPPI-{-Zz{ZIPZPkP(z 1,k —1)} (24)

=2 g= k=1

Proof: This can be proved by applying average theorem of probability theory

toTheorem 1.

2.2.2.6 Theorem 5: Fold Bus Slot Reuse Throughput Gain Theorem Theorem 5
: Throughput gain Z(G) of a G-grouping fold bus upper-side-sending DB-MAC-GT
network for Slot Reuse is :

26) =3 PPl Lsa-a) 1 3 (Lptoriostsrn,

=t h=s (25)
+ZZ{ZZ( u(g+1— k)u(k—g-i-l)P k-P (z_ 1, k—l)}
1=2 g=t k=t
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Proof:This proof is the same as that of Theorem 4.

2.2.2.7 Theorem 6: Slot Pre-Use Throughput Gain Theorem Theorem6: Through-
put gain Z(G) of a G-grouping DB-MAC-GT network for Slot Pre-use is :
G g
(G) =) Py{PyaP{(0,9) ™00~ £ ui — 1)i Y~ Py PO(i — 1,9)"(C—9))

g=1 k=1
(26)

Proof: This proof is done by applying average theorem of probability theory

toTheorem 2.

2.2.2.8 Theorem 7: Slot Reuse and Slot Pre-Use Throughput Gain Theorem
Theorem 7: Throughput gain T(G) of a G-grouping DB-MAC-GT network for both

Slot Reuse and Slot Pre-use is :

G G G
2(G) =Y Po{PPC(0,9) 9 + i Y P, {Py1 PS(i — 1,g)"C9) 4

=1 =2 g=1
s . == @7
Y ulg—m) Y PpiPi(m,k—1)PS(i — 1 —m,g)uC-9)}
m=1 k=m+1

Proof: This proof is by applying average theorem of probability theory toTheorem

2.2.2.9 Theorem 8: GT-Effectiveness Theorem Theorem 8 : The throughput gain
of a DB-MAC-GT network with G-grouping must be higher than that of the corre-
sponding non-grouping DB-MAC network.

Proof: Refer to Appendix VL

Theorem 8 guarantees theoretically that GT is significant in improving throughput
gain for a non-grouping DB-MAC protocol.
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2.3 Theoretical Computation Results

Fig.3 shows theoretical throughput gains of the various GT systems with the change
of the number of groups under uniform heavy traffic, uniform source downstream-
destination distribution, and uniform node (group size) distribution. Four curves are
seen: all with a DB-MAC-GT, one for Slot Reuse with a fold bus upper-side-sending
such as S++GT, denoted by “0” curve; one for Slot Pre-use such as DQDB-GT,
denoted by “+” curve; one for Slot Reuse, denoted by “x” curve; the other for both
Slot Reuse and Slot Pre-use, denoted by “*” curve. These curves result from the
calculation of a 1000-node MAN system based on Theorem 4, Theorem 5. Theorem

6, and Theorem 7, respectively.

As seen, the highest throughput gains obtained from DB-MAC-GTs is the one
for both Slot Reuse and Slot Pre-use. The reason for this is that the scheme for
both Slot Reuse and Slot Pre-use provides more transmission chance by using both
pre-FRN slot idle time and post-FRN-destination slot idle time, whereas schemes for
Slot-Reuse or Slot-Pre-use uses only the corresponding pre-FRN slot idle time or
post-FRN-destination slot idle time, respectively. The throughput gains of the Slot
Reuse (non-fold-bus) is a little bit higher than that of the Slot Pre-use, which results
from the fact that the Slot Pre-use requires one more transmission constraints than the
Slot Reuse: segments pre-using a slot should not be destined to or through the group
which has made its request. Now that in the fold bus DB-MAC-GT scheme for the
Slot Reuse a segment may be destined to upstream nodes through its fold bus, the
probability that the slot can be reused is low. This results in the lowerest throughput

gain as seen in the figure.
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Figure 3 Throughput Gain vs. Number of Groups for 1000 Nodes DBNET

4 Y T

* : Curve for Slot Pre-use-&-Reuse in Dual Bus MANs
x : Curve for Slot Reuse in Dual Bus MANs

3.5  +:Curve for Slot Pre-use in Dual Bus MANs

0 : Curve for Siot Reuse in Fold Bus MANs

Throughput Gain
nN
(3

151

1 1 1
0 5 10 15
Number of Groups for 1000 Nodes System

It is also observed from the curves for those DB-MAC-GTs that for a fixed grouping
number the throughput gain on the curve for the Slot Reuse and Preuse is almost always
equal to the sum of the one for the Slot Reuse and the one for the Slot Preuse minus 1.
This verfiies the theorems for these schemes in computation results from another angle.

It should be noted that throughput gains of the various GT systems non-linearly
increase with the number of groups dividing a DBNET system increasing. When the
number of groups in a GT system is one, a DB-MAC-GT becomes its corresponding
non-grouping network and the throughput gain is one.

It is worthwhile specially mentioning: 1) that all the curves demonstrate two

important characteristics: monotonic increment of the curves and monotonic decrement
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of their derivatives in the given range. Based on the characteristics it is predicted that
the throughput gain upper bounds for them exist in the range of 1000. Unfortunately,
we have not started to look for them. But due to a complete grouping Slot Reuse
GT’s equivalence to a DR in improving throughput, the maximum equal throughput
e = 2.718... obtained in [15] seems to hold for the upper bound of the GT scheme.
2) that there exists an optimized group size distribution for maximum throughput for
each GT scheme. For example, the optimized group size distribution for a GT used
for Slot Reuse and Slot Pre-Use seems to be an equal-group-size uniform distribution.
However, it need studying further.

Figures (4) through (7) show the probability distributions of segments conveyed
during a slot lifetime under the GT systems. As seen, the peaks of the various
probability distribution curves move to the right as the grouping number increases,
meanwhile, the left ends of the curves fall down and the middle parts rise, which leads

Figure 4 Probability distribution of segments conveyed during

a slot lifetime in Slot Pre-use & Reuse DB-MAC-GT networks
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Figure 5 Probasbility distribution of segmeants conveyed during a slot lifetime in Slot Reuse DB-MAC-GT networks
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Figure 6 Probability distribution of segments conveyed during a slot lifetime in Slot Pre-use DB-MAC-GT networks
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Figure 7 Probability distribution of segments conveyed during

a slot lifetime in Slot-Reuse fold bus DB-MAC-GT networks
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to an increase in their corresponding throughput gains. Among the peak-shift-distances
of various GT schemes, the one for both Slot Reuse and Pre-use with a DB-MAC-GT
is greatest, the one for Slot Reuse is second, the one for Slot Pre-use is third, the one
for Slot Reuse with a fold bus upper-side sending DB-MAC-GT is smallest. These

verify the explanation we have made in the previous paragraphs.

2.4 Conclusion for This Chapter

A new make-up scheme for improving throughput of DB-MAC, GT, is introduced
and theoretical analysis of the throughput gains of GT is presented. The main features
of this scheme are: 1) it divides all the nodes in a DBNET into multiple groups and
assigns each group a group code and 2) either a segment-busy slot can be reloaded

with a new segment for Slot-reuse after the slot departs from its destination group or
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a request-busy slot can be reloaded with a new request for Slot-Pre-use after the slot
departs from its source group.

GT is a flexible scheme for Slot Reuse, Slot Pre-use, or the both and a unified
form for DR and EN in improving throughput. The implementation of a GT scheme
is application-dependent.

Eight theorems for GT schemes to obtain higher throughput gains than the cor-
responding non-grouping system are proved. These theorems result from probability
analysis based on three assumptions: uniform traffic, heavy traffic, and uniform source
downstream-destination distribution. The theoretical analysis under uniform node dis-
tribution demonstrates that throughput gains of the systems increases as the number
of groups dividing the system increases. The throughput gain upper bounds of a GT
system have not been found and the study for optimilzed distributions of group-sizes
for maximum throughput has not started.

A GT scheme can work at a QA slot sublayer of DQDB independently for slot-
reuse whereas DR, EN, and PSI can not. The scheme does not need such a long local
queue in each node as that in SP-DQDB and support higher throughput under uniform
traffic. It also remains simpler than PS/ when incorporated with the QA slot sublayer
of DQDB independently because it does not need such special addressing information
from IMP and DMP sublayers that are required by PSI. The comparison between GT
and PSI when they both work within the three sublayers (QA slot, DMP, and IMP)
of DQDB is subtle while PS/ seems simpler than GT when at a single-frame-sublayer
DB-MAC such as S++.

GT’s being compared with DR, EN, and PSI, the per-node latency of DB-MAC-
DR 1s biggest, DB-MAC-EN second, DB-MAC-GT third, and DB-MAC-PSI smallest,

usually. For DQDB, a special case, however, we get two orders : DQDB-DR (19
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bytes) >DQDB-EN (>5 bytes) > DQDB-GT (5 bytes) = DQDB-PSI (5 bytes) when
DQDB-GT works at the QA siot sublayer independently and DQDB-DR (19 bytes)
>DQDB-GT (9-10 bytes) > DQDB-EN (5-9 bytes) > DQDB-PSI (5 bytes) when
DQDB-GT at the sublayers of the QA slot, DMP, and IMP.

In overall, a GT scheme is capable of obtaining higher system capacity and
throughput and is a versatile scheme for DBNET. It is foreseen that future DBNET
will be interconnected with backbone high speed MAN or WANs employing ATM
and conveying multimedia traffic. The GT scheme, therefore, is useful in applications
involving isochronous traffic (such as video and voice) where high throughput is

imperative.
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Chapter 3 New DQDB-Like Protocols

In this chapter, five new DQDB-like protocols based on the GT scheme proposed
in the last chapter will be presented in each section below, respectively, after a brief
introduction to ISO/IEC 8802-6 (ANSI/IEEE 802.6) Std. The five new DQDB-like
protocols are Group Addressing Distributed Queue Dual Bus (DQDB-GA), Group
Requesting Distributed Queue Dual Bus (DQDB-GR), Non-Post-Request Slot-Pre-
Use Distributed Queue Dual Bus (DQDB-NSP), Grouping Distributed Queue Dual
Bus (DQDB-G), and High Throughput Distributed Queue Dual Bus (DQDB-H).

All the five new DQDB-like protocols will be verified and analyzed by simulation
at slot-level written in the C programming language. In the other words, I will simulate
two buses, all the designed fields of ACF of a slot and node-operations of the MAC
layer. Due to symmetry of the networks, I only use one bus for segment transfer
and the other for a request transfer. The assumptions for the simulation are that the
DQDB-like protocols have no slot waste [16], provide equal chance to obtain equal
bandwidth for the same priority at each node, and work under Poisson traffic load with
a set of average arrival rates (segments per second). In order to satisfy the simulation
assumptions, I limit the size of its waiting queue (*Q) in a node to 48 segments and
its outstanding queue (*CD) to 3 for DQDB-GR and 48 for DQDB-GA. Whenever
a node reaches the (*Q) limited number of buffer, the node will reject an arrival
of a segment. Whenever a node finishes the (*CD) limited number of requests, the
node will stop requesting until all other nodes complete their own limited number of
requests. Hence, the simulations support fair service to all nodes. Before the nodes
reach the limited number of requests, they comply with the request rule described in

IEEE 802.6 standard.
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The basic parameters for the network simulation are: the total number of nodes
in the system is 60; the length of optical fiber is 7.7 kilometers; the channel capacity
is 1 giga bits per second; the slot size is ATM standard of 53 bytes; the slot rate is
2,358,490 slots per second.

In addition, I am going to compare and analyze all the simulative results with

theoretical results obtained in the previous chapter.

3.1 Introduction to IEEE 802.6

A DQDB network consists of two unidirectional buses with data flow in opposite
directions. One bus is denoted by bus A or Forward bus and the other by bus B
or Reverse bus as shown in Fig.(8). A slot generator at the head of each bus emits
free fixed-size slots at a constant rate. Each node is connected to both buses. A
node transmits data by filling in a free slot on a particular bus. Note that, due to the
topology of the dual bus, each node has to make a routing decision whether to use
bus A or bus B for transmission dependent on the physical location of the destination
node. Since the architecture of a dual bus network is symmetric, we will focus on

segment transfer on bus A.

The DQDB MAC protocol prevents nodes closer to the head of a bus from
acquiring all free slots by implementing a reservation scheme. A node having a
segment ready for transmission on bus A notifies the nodes closer to the head of bus
A by sending a reservation request on bus B. Each node keeps a waiting queue of
untransmitted segments. Only the segment at the head of a waiting queue is allowed
to submit a reservation request. Note that setting the request bit may be delayed since
a node has to wait for a slot which has a request bit not set. A node determines

its turn to transmit a segment with two counters: the request counter (RQ) and the

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



countdown counter (CD). If a node does not have segments queued for transmission,
it increments its (RQ) counter for each passing slot on bus B, having the request bit
set. It decrements (RQ) for each free slot the node detects on bus A. Upon arrival of a
segment to the node, (RQ) is copied to (CD) and then reset. Then, (RQ) is incremental
for slots on bus B having the request bit set. The (CD) is decremental for each free
slot passing by the node on bus A. When (CD) reaches zero, the segment is allowed

to take the next free slot for transmission.

Figure 8 The Dual Bus Configuration
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Now let us take a look at slot-time utilization and throughput of a DQDB network.
It is clear that there is only one distributed queue (DQ) in the whole system for the
common media access. Naturally, the segment at the DQ head is the only one that
is waiting for the next free slot. In case the segment is loaded in a free slot , the
loaded slot will not be unloaded at any node until it reaches the end of the bus.
The time interval after the loaded slot reaches its destination node is wasted. The
performance characteristics of DQDB are: 1) the throughput is at most equal to its
channel slot-capacity under heavy load, 2) the slot-time utilization is one fourth on

the average under uniform traffic, uniform downstream-destination, and uniform node
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distributions (Refer to the corresponding simulation results below), and 3) some slots
are left unused. The slot-time utilization is the sum of busy time intervals over the slot
lifeime during which a busy slot is loaded with a segment that has not yet reached
its destination. The slot lifetime means the duration a slot takes to travel from a bus
head to the bus end.

It is observed from the above characteristics that there is chance to improve the
throughput by reusing a slot. The basic concepts of Slot Reuse are: (1) loading a slot
with a new segment after the slot loaded by a DQ head has reached its destinations
or (2) after (1) occurs, loading a slot with a new segment after the slot has reached

its destinations.

3.2 A DQDB-GA Protocol for Slot Reuse

I am going to describe the overview and specifications of the DQDB-GA protocol

in the next two subsections seperately, and then exhibit simulation results.

3.2.1 Overview of A DQDB-GA Protocol

The proposed DQDB-GA protocol for Slot Reuse provides for higher throughput
via three folds: 1) the grouping of all the nodes in the system, 2) slot post-destination
group releasing rule, and 3) group transmission rule.

Refer to Chapter 2 for the principle of grouping.

As we shall illustrate later, the grouping concept has a significant impact on
the delivered throughput. The higher throughput is achieved because nodes situated
downstream from a destination-group will have higher chance of using slots released
at the destination group when compared with DQDB. Moreover, grouping requires less

number of bits in access control field (ACF) since we need only identify the group-
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address whereas other schemes (i.e., DQDB-DR and DQDB-EN) need to identify the
whole node address[10].

It is worthwhile mentioning that the distributivity of the DQDB-GA protocol can
be guaranteed by one adequate management protocol for the DQDB-GA protocol
so that in case of the occurrence of one fault on the DQDB-GA, the DQDB-GA
management protocol is capable of re-grouping the nodes and activating proper group

code for each node in its group. As a result, DQDB-GA can be also one-fault tolerant.

A new field, GD, is defined in ACF of a slot format, which carries its destination
group code loaded when a slot is loaded with a segment. The size of field GD is
determined by the number ¢ of grouping given previously.

The slot post-destination group release rule works as follows: within each group,
each free slot can only carry a segment. A slot carrying a segment will become free
when the slot departs from its destination group. A node resets the Busy-status field
when the local group code of the node matches the contents of the GD field of a
coming slot. Hence a busy slot can be free for post-destination reuse by lower index
nodes that are located downstream from a destination group.

The group transmission rule works as follows. We define two types of free slots.
One is a slot that is free for an outstanding queue (*CD). Note that (*yx) stands for a
first-in-first-out (FIFO) queue naming yx, hereinafter. By the outstanding queue, we
imply that all segments in the queue have made their requests and are waiting for free
slots. The other is a slot that is free for slot reuse. The determination of a free slot is
done by a traditional field of a slot: Busy field. The determination of type of free slots
is done by the DESTINATION_GROUP field (GD). A slot is free for (*CD) only if the
values in the both fields are NULL, whereas a slot is free for slot reuse if field Busy is

NULL and if field GD is neither NULL nor the local group code of the node. Similar
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to the countdown-CD-to-zero-for-transmission rule of DQDB, the DQDB-GA rule for
transmission is: countdown (CD) at the head of its (*CD) by one when a node with
non-empty (*CD) receives on bus A a non-Busy slot with NULL in field GD until the
(CD) becomes zero, then the node may load its segment addressed by the pointer field
of the first position of the (*CD) into a coming "free”" slot. A node with non-empty
(*CD) and non-empty (*Q) receiving a slot free for reuse transmits a segment from
the head of the (*CD) without care about a (CD) value and moves a segment from the
head of the (*Q) into the tail of the (*CD) without care about a (RQ) value. A node
with an empty (*CD) and non-empty (*Q) receiving a slot free for reuse transmits a
segment directly from the head of the (*Q) without care about a (RQ) value.

The group request rule works as follows. A node holding the segment has to send
a request to the upstream head-end of Bus A through Bus B. The REQ field of a slot
will be set by a node when the node with segment to send detects value NULL in the
REQ field of the slot. The RQ counter increases by one when a node receives a slot
with non-NULL value in the REQ field on bus B. The RQ counter decreases by one

when a node with RQ>0 and empty (*CD) receives on bus A a non-Busy slot.

It is worthwhile pointing out that referring to the theory in Chapter 2, a complete
grouping DQDB-GA system is a DQDB-DR network, while a (M + 1) grouping
DQDB-GA network may be considered as a correspondingly-distributed M erasure
nodes DQDB-EN network in throughput with less complexity and less latency than a
real M erasure nodes DQDB-EN network.

Fig.(9) illustrates how a DQDB-GA protocol works for Slot Reuse by an example
of a 18-node DQDB-GA system in 6 groups and 3 nodes each. Note that we ignore
the detail of how a node of DQDB operates in some fields such as transmission request

but only focus on segment transmission phenomena on a bus caused by a DQDB-GA
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protocol.

We randomly selected node 11 in group 4 to be the DQ head. The head segment
of the node is for node 5 in group 2. Like DQDB, a free slot S carry no segment
before it reaches the head. After the DQ head transmits its local head segment for
node 5 in group 2, nodes 10, 9, 8, 7, 6, 4 have no right to transmit in slot S because
they recognize that S is busy. Node 3 can reuse S after S has been released, but nodes
1 and 2 see a busy slot S. Except for node 11, all the other nodes in group 4 have no
right to transmit because they are not in the head position, all the nodes in group 3,

group 2 have no right to transmit because they all see a busy slot.

Figure 9 The transmission principle of a 18-node 6-group DQDB-GA system.

DQ head segment Slot reuse
&l from node 11 to 5 from3to 2
] . o
Node#18 17 16 1514 13 12(1) 10 9 8 7 6 5 4 3 2 f
| | 1 1 i 1 1 | i) | ' ! { 1 1 1 !
| — \ - \ / \ ’ \ 4 \ .
v v I VA RV Y2 —_—
Group# 6 5 ® 3 2 1

Dest# 12 1314 3 13 12 115 1 2 7 4 5 4 3 2 1 -

Note: [ ]:asloton Bus A

Q : The head node or head group of the distributed queue

Dest #: Destination node index of the local head segment
in the corresponding source node.

It is clear that slot S in this situation is reused once and conveys two segments.
One segment was transmitted from node 11 in group 4 to node S in group 2. The
second segment was transmitted from node 3 in group 1 to node 2 in the same group by
slot reuse. In the above example, a slot may convey only one segment if the DQ head

has a segment for its downstream-most group, which is one of transmission chances.
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A slot may convey either two segments, or more up to maximum six segments with
their own probability. For example, when a slot meets such a case that nodes the slot
meets first in each group send their segments to their own groups (sending 1n-group),
it may convey at most six segments. But what is the average number of segments a
slot m. But what is the average number of segments a slot may convey in the system?
I have exhibited throughput gain theorems and theoretical curves on Slot-Reuse in
Chapter 2. Simulation results can be found in the 3.2.3 section following Section

3.2.2: Specifications.

Figure 10 The ACF Formats of A DQDB-GA Slot.

bit 1 2 3 4 5 6 7 8
(a) Busy | SType| GD, | GD, REQ,; | REQ,| REQ,
(b) Busy | GD; | GD REQ; | REQ,| REQ;
(c) Busy | GD, | GD,| GDs REQ, | REQ; | REQs
d Busy | GD: | GD2 | GD3 | GDs4| REQ: | REQ2 | REQs

Note: GD -- Group Destination bit

3.2.2 Specifications

The ACF, node structure, and operations of a DQDB-GA protocol are specified

as the following, respectively.
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3.2.2.1 Modified ACF of a DQDB Slot In Fig.(10), I show the ACF format of
DQDB-GA protocol. I maintain the busy status field, Busy, in the ACF format like
that in DQDB and add one new field in the ACF format, a group destination field
GD(:). The GD(7) field is used to carry a destination group address. The i in GD(:)
means that the :-bit group destination field has i bits and can address 2i-1) groups. In

Fig.(10), four options of the ACF format are provided.

Figure 11 (a) MAC frame format. (b) Slot format.

byte 1 2 9188
@ | MAC-Header | DA SA MAC-INFO
byte 1 2 3 &-~5 Y !
~ -
® | ACF| | SIot-INFO
A \/ /
Slot-Header

Figs.(10.a) and (10.b) both support a three-group DQDB-GA protocol. In
Fig.(10.a), bits 1, 2, 6, 7, 8 follow the definitions of the [EEE 802.6 DQDB stan-
dard. The two undefined bits 3, 4, in the ACF format are defined as field GD(2), GD,
and GD, standing for the two bits, respectively. The meanings of their four values
are 00 for NULL, O1 for group 1, 10 for group 2, and 11 for group 3. Bit 5 is left
undefined. In Fig.(10.b), a redefined ACF format is shown: bit 1 is for Busy state of
a slot: O for FREE, 1 for BUSY. Bits 2, 3 are the same as bit 3, 4 in Fig.(10.a). The
only difference is that the NULL state of field GD and BUSY state of field Busy is
used to broadcast management messages, like TYPE bit in Fig.(10.a). Bits 4, 5 are

left undefined. Fig.(10.c) defines a seven-group DQDB-GA protocol, and Fig.(10.d)
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defines a up to fifteen-group DQDB-GA protocol. Both formats have similar functions
to Fig.(10.b). The REQ fields in all four versions have the same functions as those of

the DQDB standard which provides for priority requests. Fig.(11.a) and (11.b) show

Figure 12 Structure of A DQDB-GA Node

emmeef> Data Flow — Signal Flow

Bus A Free Slot
—
\ 4
Release Rule CD! || Send Rule
CD2
\ CDn *CD

RQ |[—» *

*Q
t'—— Queueing | = | | |

GC=g Rules -

Request Rule [ | Read Request

l ?

Bus B / l
‘

Figure 13 Elements of the (*CD) and the (*Q) for DQDB-GA

(a) # CD Address Pointer

An element of an outstanding queue *CD

(b) Address Segment

An element of a waiting queue *Q

a MAC frame format and a slot format, respectively. It is clear that the MAC frame
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is segmented and encapsulated into a number of slots. Part of the destination address
field (DA) of the MAC frame format can be used to define any number of groups

(e.g., more than fifteen groups).

3.2.2.2 Node Structure of DQDB-GA Fig.(12) shows the structure of a typical
DQDB-GA node. A waiting queue (*Q) used to keep segments from the local host
and a request rule machine with a request counter RQ follow the same functionality as
those of DQDB. However, we add the following devices in each node. One register
(GC) is in order that the node keeps its own group code. An outstanding queue (*CD)
is used to keep segments that have made a request for transmission. Each element of
the (*CD) consists of two parts: a countdown counter (CD) and an address-pointer
(see Fig.(13.a)) that points to a segment in the (*Q) (see Fig.(13.b)). One release
rule machine decides when the node may release a busy slot. One transmission rule

machine decides when the node may send its segment in the (*CD) or in the (*Q).

3.2.2.3 Operations of A DQDB-GA Node Fig.(14) demonstrates operations of the
nodes. As usual, vertical bold lines are for states of the nodes, the names of states
can be found at top of the lines; lines with arrows are for transitions of states; letters
above these lines are for events that enable the transition; letters below these lines are
for actions that execute when the events above the transition line occur. Tables (15)
and (16) provide the explanation of the events and the actions in Fig.(14).

The nodes have two states: state IDLE under which there is no segment in their
(*CD) waiting for channel and state ACTIVE under which there is at least one segment
in therr (*CD) waiting for channel.

The node in state IDLE takes loop-transition II1 that raises RQ by one when the

node receives a non-null request nNUL in field REQ in a coming slot on Bus B.
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The node in IDLE with its RQ greater than zero takes loop-transition I12 that
reduces RQ by one when the node receives a nBUSY slot on Bus A and a null group

code NUL in field GD of the slot.

Figure 14 DQDB-GA Node Operations

{ 1AA6 ~B-hAAL r——l
REQUEST *Q -
RQ<-RQ+1 RQ<-RQ+1
nBUSY & CD >0
(rere &GD =
]
nBUSY & RQ>0
&GD =NUL = DDt
[}
| -
RQ<-RQ-1
Q<-RQ- - - -, BUSY&GD =
H
BROADCAST
BUSY & GD =LCJ—n§ ) GD !=(NUL  LC)&
1 - -, nBUSY&*Q!=NUL
l —> i 2 '
BROADCAST
TRANSMIT *CD
PASS *Q>*CD
nBUSY& *Q!=NUL& GD =NUL &CD=0
GD !=(NUL I LC) - -, nBUSY & GD=NUL — & nBUSY
L 114, & CD=0&L_°CD=1 r=1 BAASI
g Iy 3= |
TRANSMIT *Q TRANSMIT *CD - TRANSMIT *CD

The node in IDLE takes loop-transition II3 that broadcasts a coming slot on Bus
A by marking nBUSY in field Busy of the slot when the node receives a BUSY slot

on Bus A carrying the node’s local group code LC in field GD of the slot.
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The node in IDLE takes loop-transition [14 that transmits a segment in the head
of its (*Q), shifts the (*Q) toward the head by one position, and marks BUSY in field
Busy of a slot on Bus A when the node with non-empty (*Q) receives the slot on
bus A with nBUSY value in field Busy and neither the node’s local group code nor

NUL in field GD of the slot.

The node in IDLE takes transition IAl that changes the state from IDLE to
ACTIVE by putting the address of a segment from the head of the (*Q) and its request
counter value RQ into part Pointer and part CD of the tail of its (*CD) respectively
and setting flag REQ of a slot on Bus B when the node with non-empty (*Q) receives

a non-request NUL in field REQ of the slot.

Figure 15 List Of Events

EVENT Description jlf
BUSY Busy slot on Bus A

GR Group request code in a slot on Bus B

GD Group destination code in a slot on Bus A

xy=fl=cc The content of the counter or register xy is or is not the value cc

(xy il yz) Either event xy or yz happans and xy have priority if both happan

*xy =/'= NUL The queue *xy is or is not empty

Note : (1) The letter n in front of an event means that the event does not happan
(2) L_*XY means the length of queue *XY.

The node in state ACTIVE takes loop-transition AA1 that raises RQ by one when

the node receives a non-null request nNUL in field REQ of a coming slot on Bus B.

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The node in ACTIVE with its head CD greater than zero state takes loop-transition
AA2 that reduces CD in the head of the (*CD) by one when the node receives a nBUSY

slot on Bus A carrying a nuil group code NUL in field GD of the siot.

Figure 16 List Of Actions

ACTION Description

SHIFT *R.*xy,...  Shift every element in their own queues *R,*xy,... toward the tops
by one position and the old segments at the topd are discarded.

TRANSMIT *XY  Mark the current slot as busy and insert the local group code in GD
field of the slot and transmit the segment from the position pointed
by pointer part in the top of queue *XY, then SHIFT *XY.

BROADCAST Mark the current slot as empty.

Xy <- Xy +/- 1 Increase/decrease the counter or the value xy by 1

yz<-wz Transfer the content of the counter or the value wz to the counter
or the value yz

*xXy++ <-cc Put the value cc at the tail of the queue xy then increase its pointer

*xy <- ¥yz Transfer all the elements of the queue yz to the queue xy in the
same order

*xy,yz <- NUL Clean the queue xy and counter yz.

FF (*XY 1 *YZ)  The queue XY have a higher priority to take the action FF to
the queue YZ if *XY is not empty

REQUEST *XY  Put the address of the segment at the top of queue *XY in pointer
part of queue *CD and do actions :
GR <-LC, *CD_CD++ <-RQ, RQ <-0

PASS *X>*Y Put the address of the segment at the top of queue *X in pointer
part of *Y

Note : (1) *xy means queue xy.
(2) *xy_z means part z of an element of queue *xy.
(3) LC means the local group code, C1,C2.... codes for group 1, 2.... .

The node in ACTIVE takes loop-transition AA3 that broadcasts a coming slot on
Bus A by marking nBUSY in field Busy of the slot when the node receives a BUSY

slot on Bus A carrying the node’s local group code LC in field GD of the slot.

45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The node in ACTIVE takes transition AA4 that transmits a segment in the head of
its (*CD), shifts the (*CD) toward the head by one position, marks BUSY in field Busy
of a slot on Bus A, and put the address of a segment at the head of the (*Q) into part
Pointer of the tail of its (*CD) when the node with non-empty (*Q) receives a nBUSY

slot on Bus A with neither null group code NUL nor the node’s local group code LC.

The node in ACTIVE takes loop-transition AAS that transmits a segment in the
head of its (*CD) with the corresponding CD equal to zero, shifts the (*CD) toward
the head by one position and marks BUSY in field Busy of a slot on Bus A when
the node receives the slot on bus A with state nBUSY in field Busy and group code
NUL in field GD of the slot.

The node in ACTIVE takes transition All that transmits a segment in the head
of its (*CD) with the corresponding CD equal to zero, shifts the (*CD) toward the
head by one element and marks BUSY in field Busy of a slot on Bus A, and changes
its state from ACTIVE to IDLE when the node with the last one left in the (*CD),
(ie., L_*CD=1), receives the slot with state nBUSY in field Busy and group code

NUL in field GD of the slot.

3.2.3 Simulation Resulits

3.2.3.1 Simulation Parameters The simulation collects data from 60,000 full life-
time slots. These data measure the throughput gain, media access delay, slot-time

utilization, and segment loss ratio of the whole system under Poisson traffic with
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Figure 17 Segment loss ratio vs number of grouping of DQDB-GA under the offered segment-arrival rates
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Figure 18 Access delay vs number of grouping of DQDB-GA under the offered segment-arrival rates
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Figure 19 Slot-time utilization vs number of grouping of DQDB-GA under the offered segment-arrival rates
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Figure 20 Throughput gain vs number of groups of DQDB-GA under the offered message-arrival rates
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average arrival ratio A of 1.0, 1.5, 2.0, 2.5, 3.0, and 6.0 segment per slot-time. A
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cmparison among various grouping method was performed (i.e., performance measures

for one-group system up to fifteen groups system.).

3.2.3.2 Performance Results In Fig.(17), simulation results of the segment loss
ratio are shown. From the figure, it is seen that the loss ratio decreases as the number
of groups increases. This is due to the fact that as the number of groups increases,

throughput increases so that the probability that the system buffers are full decreases.

Fig.(18) show simulation results of the average media access delay. From the
figure, it is clear that the delay decreases as the number of groups increases. The
reason that causes this happen is that more groups in the system directly provides
more chances to every segment waiting in the system to be carried by a slot so that
the waiting time for a segment to stay in the system with more groups becomes
shorter than the system with less groups.

Fig.(19) show simulation results of the slot-time utilization. From the figure, it
is obvious that the utilization increases as the number of groups increases. When
grouping number of a DQDB-GA system is 1, the utilization is 0.26.

Fig.(20) show simulation results of the throughput gain. It is observed that the
throughput gains increase with the increment of number of groups on average under
Poisson traffic with average arrival rate A of 1.0, 1.5, 2.0, 2.5, 3.0, 6.0 segments per
slot-time. When grouping number of a DQDB-GA system is 1, the throughput gain
is 1.

Fig.(21) shows two throughput gain curves: one from theorem, the other from
simulation, both of which are for the same grouping network as the described above.
We see that theoretical curve is higher than simulative curve. The chief reason for this

is that the machine we presented here itself does not make full use of transmission
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chance that is expected by our theorem. In addition, theoretical curve in the figure

is obtained by calculating Theorem 2.

Figure 21 Comparison of theoretical throughput gain with simulation result
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3.2.4 Remarks

DQDB-GA is a novel high performance MAC protocol. It is designed based
on the grouping transmission GT concepts proposed in Chapter 2 and actually is an
application of GT. The presented results of the simulation of DQDB-GA show that
the throughput gain of a DQDB-GA network (1) increases as the number of groups
being divided of the network increases and (2) almost matches the theoretical curve
from Chapter 2. Of course, too large number of groups makes the system complex
so that the capacity of the system comes down. The impact on the system capacity
caused by this complexity of a DQDB-GA system is absolutely less than those caused
by the corresponding DQDB-EN system since a node of the DQDB-GA system only

need buffer a group code rather than the whole address like a DQDB-EN system.
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3.3 A DQDB-GR Protocol for Slot Pre-Use

[ am going to describe overview and specifications of the protocols in the next

two subsections, and then exhibit simulation resuits.

3.3.1 Overview of A DQDB-GR Protocol

The proposed DQDB-GR protocol for Slot Pre-Use provides for higher throughput
gain via four folds: 1) the grouping of all the nodes in the system; 2) slot post-
destination group releasing rule; 3) slot pre-use group transmission rule; and 4) group
request rule.

Refer to Chapter 2 for the principle of grouping.

It is worthwhile mentioning that the distributivity of the DQDB-GR protocol can
be guaranteed by an adequate management protocol such that in case of the occurrence
of one fault on the DQDB-GR, the DQDB-GR management protocol is capable of re-
grouping the nodes and activating proper group code for each node. As a result,
DQDB-GR can be also one-fault tolerance.

The group request rule works as follows. Whereas the request rule of basic DQDB
only uses one-bit request field in a slot, the DQDB-GR request rule uses : bits as the
GR(2) field. The ¢ in GR(Z) means that GR has: bits and address (2:-1) groups. A node
holding the segment has to send a request to the upstream head-end of Bus A through
Bus B. The field GR(i) of a slot will be filled with the local group code by a node
when the node compare the content in the GR(i) field with the destination group code
of the first segment in the local waiting queue (*Q) and find that the destination group
code of the segment is not going to reach the position indicated by the GR(/) field of
the slot. A node will set a flag to remember that the node itself is the first to have used

a slot for request if it receives the slot with NULL value in field GR(i) of the slot. The
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flag is called HD. The RQ counter increases by one when a node receives on bus A a
slot with non-NULL value in the GR(J) field and the non-NULL value is greater than
the destination group code of the segment. The RQ counter decreases by one when a
node with RQ>0 and empty (*CD) receives on bus A either a non-Busy slot with H
unset, or a Busy slot with H unset and GD(i)’s content equal to the local group code.
This request signals upstream-nodes that the group region indicated by the GR(i) field
and its downstream regions are not reachable. In other words, this request signals
upstream-nodes that a node in the upstream groups, holding a segment that is destined
to a group before the group indicated by the GR(i) field, may send its transmission

request by replacing the existing group code in the slot with its own local group code.

The slot post-destination group release rule works as follows. Within each group,
each free slot can only carry a segment. A slot carrying a segment will become free
when the slot departs from its destination group. A node resets the Busy-status field
to zero when the local group code of the node matches the contents of field GD(i) of a
coming slot so that the siot is in non-busy state. A node resets field GD() of a slot to
NULL when the node receives a non-busy slot with a non-NULL value not equal to its
local group code in field GD(i) of the slot. The 7 bits in GD(z) has the same functions
as GR(z) groups. In this way, a busy slot becomes free for post-destination groups

reuse by lower index nodes that are situated downstream from the destination group.

The group transmission rule works as follows: The determination of a free slot
is done by three fields of a slot rather than only one field (two of them are newly
added): field Busy, field Group_Pesﬁmﬁon denoted by GD(z), and field H. The H
Field is used to indicate if a slot has passed by all nodes that requested it and may
be set only by a DQ-head node. Note that no node can use a slot with field H set. A

slot is free only if the Busy field and the H field are NULL and field GD(i) does not
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contain the local group code of the node. Similar to the countdown-CD-to-zero-for-
transmission rule of DQDB, the DQDB-GR transmission rule is: countdown (CD) at
the head of its outstanding queue (*CD) by one when a node with non-empty (*CD)
receives on bus A either a non-Busy slot with H unset, or a Busy slot with H unset
and GD content equal to the local group code until the CD reaches zero, then the
node may loads its segment addressed by the pointer field of the first position of the

(*CD) into an incoming free slot.

Figure 22 List of symbols in Figs.(28,23,24,25,26 and 27)

Symbols : Meanings.

[ ]  :aslotonBus B to carry request information
O : The head node or head group of the distributed queue

DstN # : Destination node index of the local head segment in the corresponding node.

SrcN # : Source node order in a group when a slot meets the node with a segment.
SrcG # : Source group order when a slot meets the group with a segment.
Slot# : The slot the corresponding nodes will meet.

Rslot 1 : updating information in group request field of slot 7 with the local group code
by the corresponding nodes the siot 7 meets in the order from node 1 to 18.
Rslot# :similar meaning to Rslot 7.

- < null.

Figs.(23,24,25,26) and (27) with legend table (22) illustrate how the DQDB-GR
protocol establishes requests by an example of a 18-node DQDB system in 6 groups 3
nodes each with 15 segments to send. We assume that the arrival process of segments
in system is a stochastic process. Note that we ignore technical detail of how a node
of DQDB-GR operates such as sending request and slot group release but focus on
request phenomena on bus B and segment transmission on bus A. About the technical

detail we will present in the next section.
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Figure 23 The request principle of & 18-node 6-group DQDB-GR system: for Request slot [ on Bus B

Bus B - request siot @
Node#18 17 16 1514 13 12 11 10 9 8 7 6 5 4 3 2 1
| I 1 ! i Lt ! ] ] ] I I | ! 1 ! J
‘—V—/ N, — —,— —, — \.__v.._./ f—
Group# 6 5 4 3 2 1
DstN# 12 1314 3 13 12 11 5 1 2 7 4 5 4 3 2 1 -
DstG# 4 5 5 1 5 4 4 2 1 1 3 2 2 2 1 1 1 -
ScN# 2 1 31 3 2 3 1 2 1 2 3 3 2 1 2 1 -
SrcG#7 3112 9 8 15 1 16 17 6 10 12 4 14 13 § -
Sot# 2 1 3 1 3 2 4 1 4 4 2 3 3 2 4 4 3 -

Rslot1 6 6 4 4 4 4 4 4 - -

1
1
'
'
)
'
'
i

Before we explain the Fig.(23), it is worthwhile pointing out that the node that is
first in the whole network system receiving a segment to send must not be the node

that is first receiving a slot for request usually. This depends both on time order of

Figure 24 The request principle of a 18-node 6-group DQDB-GR system, for Request siot 2 on Bus B

Bus B - request slot @
Node#18 17 16 1514 13 12 11 10 9 8 7 6 5§ 4 3 2 1
| 44 1 | [ f L l ! ] ! ! | | ] ! I
Group# 6 5 4 3 2 1
DstiN# 12 - 14 3 13 12 11 - 1 2 7 4 5 4 3 2 1 -
DstG# 4 - 5 1 5 4 4 - 1 i 383 2 2 2 1 1 1 -
SceN#2 -3 1 3 2 3 - 2 i 2 3 3 2 1 2 1 -
SrcG#7 -11 2 9 8 15 - 16 17 6 10 12 4 14 13 5 -
Sot# 2 - 3 1 3 2 4 - 4 4 2 3 3 2 4 4 3 -
Rslot2 6 5§ 5§ 5 5 5 3 3 3 3 3 2 2 2 - - - -

segment-arrival-at-node and the position of a slot running on Bus B. Obviously, in
the following illustration, we further assume that when node 11 receives a segment
to send, the node receives slot 1 by chance simultaneously and the interval between

any two successive slots is random. In addition, we do not show values in request
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register and countdown register queue in any node, whose operations are similar to

DQDB and shown in detail in the next section: specification.

Figure 25 The request principle of a 18-node 6-group DQDB-GR system, for Request slot 3 on Bus B

Bus B - requestslot @
Node#18 17 16 1514 13 12 11 10 9 8 7 6 5 4 3 2 1
| i1 1 i 1 { { | I l 1 1 I ! ! | |
\_v_/ \_v_/ \, \/—/ \__V___/ \_v_/ ‘-___v__/
Group# 6 5 4 3 2 1
DstN#12 - 14 3 - 12 11 - 1 2 - 4 5 - 3 2 1 -
DstG# 4 - 5 1 - 4 4 - 1 1 - 2 2 - 1 1 i -
SeN# 2 -3 1 - 2 3 - 2 1 - 3 3 - 1 2 1 -
SrcG#7 -11 2 - 8 15 - {6 17 - 10 12 - 14 13 5 -
Sot# 2 - 3 1 - 2 4 - 4 4 - 3 3 - 4 4 3 -
Rslot3 § 5 5§ 5 5 § 2 2 2 2 2 2 2 1 1 1 1 -

Figure 26 The request principle of a 18-node 6-group DQDB-GR system, for Request siot 4 on Bus B

Bus B - request slot @
Node#18 17 16 1514 13 12 11 10 9 8 7 6 5 4 3 2 1
| | 1 | | il | | 1 | | 1 | i ! L i
\_‘\/"‘"l \——\,—/ ‘-——\,——’ \——-v'—" \—\/’—'/ —_—
Group# 6 5 4 3 2 1
DstN# 12 - 14 3 - - 11 - | 2 - 4 - - 3 2 - -
DstG# 4 - 5 1 - - 4 - 1 1 -2 - - 1 1 - -
SceN#2 -3 1 - - 3 - 2 i - 3 - - 1 2 - -
SrcG#7 -1 2 - - 16 - 16 17 - 10 - - 14 13 - -
Sot# 2 - 3 {+ - - 4 - 4 4 - 3 - - 4 4 - -
Rslot4 6 6 6 4 4 4 4 2 2 2 2 2 1 1 1 1T - -

Focus on the second column in Fig.(23) first. According to the list of symbols, we
interpret the column every entry from top to bottom. Node 18 is in group 6. The node
has a segment for node 12 in group 4. It is the second node in time order within group

6 to receive a segment for transmission. Its group is the seventh group in time order
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within the whole system to receive a segment for transmission. Its segment will meet
the second slot on Bus B and the group request code in the first slot received on Bus B
is 6. The meanings of the other columns may be obtained by similar translation. The
row Slot # with the row Node # means that segments in nodes 11, 15, and 17 will meet

slot 1, segments in S, 8, 13, and 18 slot 2, in 2, 6, 7, 14, and 16 slot 3, and in 3, 4, 9,
Figure 27 The request principle of a 18-node 6-group DQDB-GR system, for Request slot 5 on Bus B

Bus B %requestslot B
Node#18 17 16 1514 13 12 11 10 9 8 7 6 5 4 3 2 1
l— 1 1 ] 1 | ] i i ! ! 1 | H i I 2

L \ —J \, / \ ’ AN — — —
v v N .

Group# 6 5 4 3 2 1

DstN# 12 - -
DstG# 4 - -
SceN# 2 - -
SrcG#7 - -
Slotg 2 - -

Rslots 6 2 2

- N = W
[
'
+
]

N
N
N
n
N

10, and 12 slot 4. The row Rslot 1 means that slot I, running from node 1 to 18 in
order, receives null group request code at node 1 through 10, 4 at 11 through 16 and 6
at 17 through 18. The reason that node 15 that met slot 1 can not send its own request
is that the destination group code 1 of the segment node 15 is holding determines that
its segment is going to traverse the area that has been requested by group 4 first.
The Fig.(24) shows that after slot 1 passes through the whole system, nodes 11
and 17 have no segment for request. The meanings of all the columns in the Fig.(24)
may be obtained by similar translation of those in Fig.(23). It is worthwhile pointing
out that node 15 that checked slot 1 checks slot 2 definitely because the node is still
holding a segment. In Figs.(25 and 26), you can see similar operations for slot 3 and
slot 4. In Fig.(27), all the remaining segment transmission requests will be collected

in similar way by slot 5, slot 6,... .
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Figure 28 The wansmission of a 18-node 6-group DQDB-GR system

Slot Pre-use DQ head segment
BusA@ from17to13= fromnode 1105 .
Node#18 17 16 1514 13 12(1) 10 9 8 7 6 5 4 3 2 1
| | ! | 11 | I ! | i ! i | 1 i I }
N y —_— \__V___/ \'—’\/_/ \___V — \—\/ _ N " —_—
Group# 6 5 ® 2 1
DstN# - 13 - - - - - § - - - - . . . 2 . .

Fig.(28) illustrates how the DQDB-GR network makes segment transmissions for
Slot Pre-Use. Referring to Figs.(23) and (28), after slot 1 on Bus B finally conveys
group 6 request to the head of Bus A with requests by nodes 11 and 17, node 17 in
group 6 is the first node and group of the system with a requesting segment to send
the free slot S meets. The head segment of the node is for node 13 in group 5. As
soon as the slot loaded with the segment of node 17 for node 13 come into group
4, the slot is marked “broadcast”. Node 11 in group 4 is the first node and group
of the system with another requesting segment to send the released slot S meets. As
a matter of fact, node 11 is the head node of distributed queue at the moment, so
node 17 pre-uses the slot. Node 11 loads its segment for group 2 in the released slot
and sets the H field of the slot. Although according to destination group release rule,
the slot carrying the segment of node 11 for node S is marked free again when the
slot departs the destination group 2, Node 3 can not use the slot again because the

H field of the slot is set.

It is clear that slot S in this situation is pre-used once and conveys two segments.
One segment was transmitted from node 17 in group 6 to node 13 in group 5 by Slot

Pre-Use. The second segment was transmitted from node 11 in group 4 to node 5 in
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group 2. In the above example, a slot may convey only one segment if all the nodes
in all the upstream groups have no requesting segment or only have segments either
for the head group of DQ or for a downstream group from the head group. There
exists a certain probability for one-segment transmission in the system. A slot may
convey either two segments, or more up to maximum six segments with their own
probability. For an instant, when the slot meets such a case that the node that slot
meets first in each group sends its segment to its own group, a slot may convey at
most six segments. But what is the average number of segments a slot may convey

in the system? This problem has theoretically been addressed in the previous chapter.

3.3.2 Specifications

3.3.2.1 Modified ACF of a DQDB Slot In Fig.(29), we show the ACF format of
the DQDB-GR protocol. Three new fields as introduced in the last section are added
in the ACF format: field GD(i) to carry a destination group address, field H to signal
if the slot has be used by a DQ-head node, and field GR(J) to indicate which group is
making request. In Fig.(29), four options of the ACF format are provided: Figs.(29.a,
b, ¢, and d). Figs.(29.a and 29.b) both support a three-group DQDB-GR protocol. In
Fig.(29.a), bits 1, 2, and 7 follow the definitions of the IEEE 802.6 DQDB standard.
The three undefined bits, bits 3, 4, and S, in a DQDB ACF format and the redefined
bits, bits 6 and 8, are defined as, bits 3 and 4 denoted by GD; and GD, are a GD(2)
field : 00 for NULL, 01 for group 1, 10 for group 2, and 11 for group 3. Bits 5 and
6 denoted by GR; and GR; are a GR(2) field: 00 for NULL, 01 for group 1, 10 for
group 2, and 11 for group 3. Bit 8 is field H: 0 for NULL implying that the slot can
be used and 1 for SET implying that the slot can not be used by a node. In Fig.(29.b),

bit 1 is for a Busy state: O for empty and 1 for BUSY. Bits 2 and 3 are the same as
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bits 3 and 4 in Fig.(29.a). The only difference of bits 2 and 3 from bits 3 and 4 is
that their NULL state together with state BUSY of field Busy is for a special type of

slots that are used to broadcast management messages, their acting the same as bit 2
Figure 29 ACF Formats of A DQDB-GR Slot.

bit 1 2 3 4 5 6 7 8
@  [Busy|SType] GD | GD, | GR | GR, | REQ| H |

® |Busy| GD,| GD:| GR. | GR,| REQi| REQ,] H |

© |[Buy| oD | oD | o»s| OR | GR,| GR | H |

@ (Busy| GR,| GR:| GR | GR«] REQ| REQ,] H |

in Fig.(29.a). Bits 4 and 5 act the same as bits 5 and 6 in Fig.(29.a). Bit 8 acts the
same as in Fig.(29.a). Fig.(29.c) is for a seven-group DQDB-GR protocol, and Fig.
(29.d) is for a fifteen-group DQDB-GR protocol. The REQ fields in the corresponding
versions are used for priority requests. Figs.(11 a and b) show a MAC frame format
and a slot format, respectively. It is clear that the MAC frame is segmented and
encapsulated into a number of slots. Part of the destination address field (DA) of the

MAC frame format can then be used to define more number of groups as field GD(/).

3.3.2.2 Node Structure of DQDB-GR Fig.(30) shows the structure of a typical
DQDB-GR node. A waiting queue (*Q) is used to keep segments from the local
host and a request counter RQ follow the similar functionality to that of a standard
DQDB. However, we add the following devices in each node. One register (GC) is
used for the node to keep its own group code (LC). An outstanding queue (*CD) is
used to keep segments that have made a request. Each element of the (*CD) consists

of three parts: a countdown counter (CD#) whose value is from the request counter
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RQ when the local node sends a request for the corresponding segment transmission,

Figure 30 Structure of A DQDB-GR Node
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Figure 31 Elemeats of (*CD) and (*Q) for DQDB-GR

(8 |#| CD Address Pointer | HD

An element of an outstanding queue *CD

®) Address Segment

An element of a waiting queue *Q

an address-pointer (see Fig.31a) that points to a segment in the (*Q) (see Fig.31b),
and a flag HD to indicate if the segment made its request by a slot with value NULL
in the GR field. If HD is SET, the segment made its request by a slot with value
NULL in the GR field. If HD is NULL, the segment made its request by a slot with a
non-NULL value in the GR field. One slot group request rule machine decides when

the node may mark a request in a slot. One slot group release rule machine decides
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when the node may release a busy slot. One group transmission rule machine decides

when the node may send its segment in the (*CD) or in the *Q).

3.3.2.3 Operations of DQDB-GR  Fig.(32) demonstrates operations of a DQDB-
GR node machine. As usual, vertical bold lines are for states of the machine and the
names of states can be found at top of the lines. Arrow-head lines are for transitions
of states, letters above these lines are for events that enable the transition, and letters
below these lines are for actions that execute when the events above the transition
line occur. Tables (15 and 16) provide the explanation of the events and the actions

in Fig.(32).

All the machines have two states: IDLE under which there is no segment 1in their
(*CD) waiting for channel and ACTIVE under which there is at least one segment in

their (*CD) waiting for channel.

All the machines have two states: IDLE under which there is no segment in their
(*CD) waiting for channel and ACTIVE under which there is at least one segment in

their (*CD) waiting for channel.

The machine in IDLE takes loop-transition II1 that raises RQ by one when the
machine receives a non-null request nNUL in field GR in a coming slot on Bus B and
the request group code in field GR of the slot is greater than the destination group

code DG of the segment at the head position in the (*Q).

The machine in IDLE takes loop-transition II2 that reduces RQ by one when the
machine with its RQ greater than zero receives either a nBUSY slot with value NULL
in field H of the slot on Bus A or a BUSY slot with a non-null group code in field

GD and value NULL in field H on Bus A.
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The machine in IDLE takes loop-transition II3 that broadcasts a coming slot on
Bus A by marking nBUSY in field Busy of the slot when the machine receives a

BUSY slot on Bus A with the local group code LC in field GD of the slot.

Figure 32 DQDB-GR Machine
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The machine in ACTIVE takes loop-transition AAI that raises RQ by one when
the machine receives a non-null request nNUL in field GR of a coming slot on Bus
B and the request group code in field GR of the slot is greater than the destination

group code DG of the segment at head position in the (*Q).
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The machine in ACTIVE takes loop-transition AA2 that reduces CD in the head
of the (*CD) by one when the machine with its first CD value in its (*CD) greater
than zero receives either a nBUSY slot with value NULL in field H of the slot on
Bus A or a BUSY slot with a non-null group code in field GD and value NULL in
field H on Bus A.

The machine in ACTIVE takes loop-transition AA3 that broadcasts a coming slot
on Bus A by marking nBUSY in field Busy of the slot when the machine receives a
BUSY slot carrying the local group code LC in field GD of the slot.

The machine in ACTIVE takes loop-transition AA4 that transmits a segment in the
head of its (*CD), shifts the (*CD) toward the head by one position and marks BUSY
in field Busy of a slot on Bus A when the machine with value NULL in the first HD
field of and value zero in the corresponding CD field of its (*CD) receives the nBUSY

slot with non-local-group-code in field GD of and value NULL in field H of the slot.

The machine in ACTIVE takes loop-transition AAS that transmits a segment in
the head of its (*CD), shifts the (*CD) toward the head by one position, marks BUSY
in field Busy of a slot on Bus A and sets field H of the slot when the machine with
value NULL in the first HD field of and value zero in the corresponding CD field
of its (*CD) receives the nBUSY slot with non-local-group-code in field GD of and
value NULLin field H of the slot.

The machine in ACTIVE takes loop-transition AA6 that does the same as IA1
under the same events as [Al. For brief, the transition is only marked in name but

not in a line.

The machine in ACTIVE takes loop-transition AA7 that does the same as [A2

under the same events as [A2. For brief, the transition is only marked in name but
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not in a line.

The machine in IDLE takes transition IA1 that changes its state from IDLE to
ACTIVE by putting the address of a segment from the head of its (*Q), its request
counter RQ value into part pointer, part CD of the tail of its (*CD) respectively and
setting part HD of the (*CD), and marking with its local group code LC in field GR
of the slot on Bus B when the machine with non-empty queue (*Q) !'=NUL receives
a null-group-request-code NUL in field GR of a slot on Bus B.

The machine in IDLE takes transition [A2 that changes its state from IDLE to
ACTIVE by putting the address of a segment from the head of its (*Q) and its request
counter RQ value into part pointer and part CD of the tail of its (*CD) respectivley
and marking with its local group code LC in field GR of the slot on Bus B when the
machine with non-empty queue (*Q) !=NUL receives a group request code in field
GR of a slot on Bus B and the group code is less than the destination group code
DG of the first segment in its (*Q).

The machine in ACTIVE takes transition AIl that changes its state from ACTIVE
to IDLE by transmitting a segment in the head of its (*CD), shifting the (*CD) toward
the head by one position, and marking BUSY in Busy field of a slot when the machine
with NULL value in the first HD field and zero value in the first CD field that is the
last one left in the (*CD), (i.e., L_*CD=1), receives on Bus A the nBUSY slot with
non local group code in field GD of and value NULL in field H of the slot.

The machine in ACTIVE takes transition AI2 that changes its state from ACTIVE
to IDLE by transmitting a segment in the head of its (*CD), shifting the (*CD) toward
the head by one position, marking BUSY in field Busy of a slot, and setting field H
of the slot to one when the machine with non-NULL value in the first HD field and

value zero in the first CD field that is the last one left in the (*CD), (i.e., L_*CD=l),
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receives the nBUSY slot on Bus A with non local group code in field GD of and
value NULL in field H of the slot.

3.3.3 Simulation Results

3.3.3.1 Simulation Parameters The simulation collects data from 60,000 full life-
time slots. These data measure throughput gain, media access delay, utilization, and
segment loss ratio of the whole network systems under Poisson traffics with average ar-
rival rate of 1.0, 1.5, 2.0, 4.0, 7.0, 10.0 segments per slot-time. A comparison among
various grouping method was performed (i.e., performance measures for one-group

system up to fifteen groups system.).

3.3.3.2 Performance Results In Fig.(33) we show simulation results of the segment

loss ratio. From the figure, we see that the loss ratios decrease as the number of groups

Figure 33 Segment Loss Ratio vs Number of Grouping of DQDB-GR under The Offered Segment-Arrival Rates
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Figure 34 Access Delay vs Number of Grouping of DQDB-GR under The Offered Segment-Arrival Rates
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Figure 35 Slot-time Utilization vs Number of Grouping of DQDB-GR under The Offered Segment-Arrival Rates
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Figure 36 Throughput Gain vs Number of Groups of DQDB-GR under The Offered Message-Arrival Rates
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increases. This is due to the fact that as the number of groups increases, throughput
increases so that the probability that the system buffers are full decreases.

Fig.(34) show simulation results of the average media access delay. From the
figure, it is clear that the delay decreases as the number of groups increases. The
reason that causes this is that more groups in the system directly provides more
chances to every segment waiting in the system to be carried by a slot so that the
waiting time for a segment to stay in the system with more groups becomes shorter
than the system with less groups.

Fig.(35) shows simulation results of the slot-time utilization. From the Figures,
it is clear that the utilization increases as the number of groups increases. When

grouping number of a DQDB-GR system is 1, the utilization is 0.26.

Fig.(36) shows simulation results of the throughput gain. From the figure, we

see that the throughput gains increase with the increment of number of groups under
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Poisson traffic with average arrival rate of 1.0, 1.5, 2.0, 4.0, 7.0, 10.0 segments per

slot-time.

Figure 37 Comparisons of Results of Simulation & Theory for DQDB-G
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Fig.(37) shows two throughput gain curves: one from theorem, the other from
simulation, both of which are for the same grouping network as the described above.
We see that theoretical curve is higher than simulative curve. The chief reason for this
is that the machine we presented here itself does not make full use of transmission
chance that is expected by our theorem. In addition, theoretical curve in the figure

1s obtained by calculating Theorem 6.
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3.3.4 Remarks

DQDB-GR is a new protocol for high throughput and little access delay at the
MAN-MAC layer. Its throughput obtains improvement through the grouping concepts,
its group request rule, its slot group release rule, and its group transmission rule. The
throughput gain of a DQDB-GR system increases as the number of groups increases.
Of course, too large number of groups being used makes the system complex so that
the capacity of the system goes down. Unlike SP-DQDB, DQDB-GR does not need
to buffer neighbor traffic segments that SP-DQDB has to buffer. Hence, DQDB-GR

is simple and achieves higher system capacity than the SP-DQDB system.

3.4 DQDB-G Protocol for Slot Pre-Use&Reuse

I 'am going to describe overview and specifications of the protocol in the next two

subsections, and then exhibit simulation results.

3.4.1 Overview of DQDB-G Protocol

The proposed DQDB-G protocol both for Slot Pre-Use and for Slot Reuse provides
for higher throughput via four folds: 1) the grouping of all the nodes in the system;
2) slot post-destination group releasing rule; 3) slot multiple-use group transmission
rule and 4) group request rule.

Refer to Chapter 2 for the principle of grouping.

It is worthwhile mentioning that the distributivity of the DQDB-G protocol can be
guaranteed by an adequate management protocol for the DQDB-G protocol so that in
case of the occurrence of one link-fault on the DQDB-G, the DQDB-G management
protocol is capable of re-grouping the nodes and activating proper group code for each

node in its group. As a result, DQDB-G can be also one-fault tolerance.
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The group request rule works as follows. Distinguishing from the request rule of
DQDB that only uses the one-bit request field in a slot, the DQDB-G request rule uses
¢ bits as the GR(?) field. The ¢ in GD(:) means that the GR has: bits and addresses
(2:-1) groups. A node holding the segment has to send a request to the upstream
head-end of Bus A through Bus B. The GR(i) field will be filled with its local group
code by a node when the node compare the content in the GR(i) field of a slot with
the group destination code of the first segment in its waiting queue (*Q) and find that
the group destination code of the waiting segment is not going to reach the position
indicated by the GR({) field of the slot. A node will set a flag to remember that the
node itself is the first to have used a slot for request if it receives the slot with NULL
value in field GR(?) of the slot. The flag is called HD. The RQ counter increases by
one when a node receives on bus B a slot with non-NULL value in the GR() field
that is greater than the group destination code of the first segment in the waiting queue
(*Q). The RQ counter decreases by one when a node with RQ>0 and empty (*CD)
receives on bus A either a non-Busy slot with H unset, or a Busy slot with H unset and
GD content equal to the local group code. This request group code signals upstream-
nodes that the group region denoted by the group code and its downstream region are
not available. In the other words, this request group code signals upstream-nodes that
a node in the upstream groups holding a segment that is destined to a group before the
group indicated by the GR(/) field may send its transmission request by replacing the
existing group code in the GR(:) field in the passing slot with its own local group code.

The slot post-destination group release rule works as follows. Within each group,
each free slot can only carry a segment. A slot carrying a segment will become free
when the slot departs from its destination group. A node resets the Busy-status field

to zero when the local group code of the node matches the contents of field GD(J) of
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a coming slot so that the slot is in non-busy state. A node resets field GD(i) of a slot
to NULL when the node receives a non-busy slot with a non-NULL value not equal
to its local group code in field GD(i) of the siot. In this way, a busy slot becomes free
for post-destination groups reuse by lower index nodes that are situated downstream

from the destination group.

The group transmission rule works as follows. The determination of a free slot
is done by two fields of a slot rather than only one field: field Busy and field
Destination_Group (GD(i)). The ¢ in GD(:) has the same functions as GR(z) groups.
A slot is free only if the Busy field is NULL and the GD field is not the local group
code of the node. A one-bit field is required in a slot format to indicate whether the
slot is free either for its outstanding queue (*CD) slot pre-use/fuse or for slot reuse,
denoted by H. In other words, field H is to indicate if the slot passed all the nodes
that requested for it. The H field of a slot may be set only by such nodes that have
flag HD set when the nodes are permitted to transmit. A free slot with H unset is free
for queue (*CD), allowing pre-usefuse the slot. Whereas a free slot with H set is free
for slot reuse. If a slot is free for slot pre-usefuse, similar to the countdown-CD-to-
zero-for-transmission rule of DQDB protocol, the DQDB-G rule for transmission is:
countdown (CD) at the head of its (*CD) by one when a node with non-empty (*CD)
receives on bus A either a non-Busy slot with H unset, or a Busy slot with H unset
and GD content equal to the local group code until the CD reaches zero, then the node
may loads its segment from the first position of the (*CD) into a coming free slot. If
a slot is free for slot reuse, the machine will check if the (*CD) is ready to transmit
first. If the (*CD) is non-empty, a transmission may be made without reference to any
CD value from (*CD). If (*CD) is not empty, the machine will check if its waiting

queue (*Q) is empty. If no, a transmission may be made from (*Q).
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Figs.(23,24,25,26 and 27) with legend table (22) illustrate how the DQDB-G
protocol make requests in the system by an example of a 18-node DQDB system
in 6 groups 3 nodes each with 15 segments to send. In this illustration, we assume
that the arrival process of segments in system is a stochastic process. Note that we
ignore technical detail about how a node of DQDB-G operates such as transmission
request and slot group release but focus on request phenomena on bus B and segment
transmission on bus A caused by using a DQDB-G. About the technical detail we will
present in the next section.

Before we explain the Fig.(23), it is worthwhile pointing out that the node that is
first in the whole network system receiving a segment to send must not be the node
that is first receiving a slot for request usually. This depends both on time order of
segment-arrival-at-node and the position of a slot running on Bus B. Obviously, in
the following illustration, we further assume that when node 11 receives a segment
to send, the node receives slot 1 by chance simultaneously and the interval between
any two successive slots is random. In addition, we do not show values in request
register and countdown register queue in any node, whose operations are similar to
DQDB and shown in detail in the next section: specification.

Refer to Section 3.3.1 for the illustration of the requesting principle.

Fig.(2) illustrates how the DQDB-G protocol makes transmissions both for Slot
Pre-Use and for Slot Reuse. In Figs.(23 and 2), after slot 1 on Bus B finally conveys
group 6 request to the head of Bus A with requests by nodes 11 and 17, node 17 in
group 6 is the first node and group of the system with a requesting segment to send
the free slot S meets. The head segment of the node is for node 13 in group 5. As
soon as the slot loaded with the segment of node 17 for node 13 comes into group

4, the slot is marked “free”. Node 11 in group 4 is the first node in the system with
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requesting segment that the released slot S meets. As a matter of fact, node 11 is
the DQ head node at the moment. So, node 17 pre-uses the slot. Node 11 loads its
segment for group 2 in the released slot and sets flag H field of the slot. Although
node 3 did not make a request for its segment for node 2, node 3 can reuse the slot
because the H flag of the slot was set and the slot carrying the segment of node 11 for
node 5 is marked free again when the slot departs the destination group 2 according

to the destination group release rule.

It is clear that slot S in this situation is pre-used and reused once respectively and
conveys three segments. One segment was transmitted from node 17 in group 6 to
node 13 in group 5 by Slot Pre-Use. The second segment was transmitted from node
11 in group 4 to node 5 in the group 2, which is by the DQ head node transmission.
The other segment was transmitted from node 3 in group 1 to node 2 in the same
group by Slot Reuse. In the above example, a slot may convey only one segment if all
the nodes in all the upstream and downstream groups have no requesting segment or
all the nodes in all the upstream groups only have requesting segments either for the
DQ head group or for a downstream group from the DQ head group and the DQ head
node holds the segment for mostdownstream group. There exists a certain probability
for one-segment transmission in the system. A slot may convey either two segments,
Or more up to maximum six segments with their own probability. For an instant, when
the slot meets such a case that the node the slot meets first in each group sends its

segment to its own group, a slot may convey at most six segments.

3.4.2 Specifications

The ACF, node structure, and operations of a DQDB-G protocol are specified in

the following, respectively.
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3.4.2.1 Modified ACF of a DQDB Slot In Fig.(29), we show the ACF format of

our DQDB-G protocol. Refer to Section 3.3.2 for the details.

3.4.2.2 Structure of a DQDB-G Node Fig.(30) shows the structure of a typical
DQDB-G node. Refer to Section 3.3.2 for the details.

3.4.2.3 Operations of The Node of The DQDB-G Fig.(32) demonstrates opera-
tions of a DQDB-GR node machine. As usual, vertical bold lines are for states
of the machine and the names of states can be found at top of the lines. Arrow-head
lines are for transitions of states, letters above these lines are for events that enable the
transition, and letters below these lines are for actions that execute when the events
above the transition line occur. Tables (15 and 16) provide the explanation of the

events and the actions in Fig.(32).

All the machines have two states: IDLE under which there is no segment in their
(*CD) waiting for channel and ACTIVE under which there is at least one segment in

their (*CD) waiting for channel.

The machine in IDLE takes loop-transition II1 that raises RQ by one when the
machine receives a non-null request nNUL in field GR in a coming slot on Bus B and
the request group code in field GR of the slot is greater than the destination group
code DG of the segment at the head position in the (*Q).

The machine in IDLE takes loop-transition 12 that reduces RQ by one when the
machine with its RQ greater than zero receives either a nBUSY slot with value NULL
in field H of the slot on Bus A or a BUSY slot with a non-null group code in field
GD and value NULL in field H.
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The machine in IDLE takes loop-transition II3 that broadcasts a coming slot on
Bus A by marking nBUSY in field Busy of the slot when the machine receives a
BUSY slot on Bus A with the local group code LC in field GD.

Figue 38 DQDB-G Machine
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The machine in IDLE takes loop-transition II4 that transmits a segment at the
head of its (*Q), shifts the (*Q) toward the head by one position, marks BUSY in
field Busy of a slot on Bus A when the machine with non-empty (*Q) receives the

nBUSY slot with non-local-group-code in field GD of and value SET in field H.
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The machine in ACTIVE takes loop-transition AA1 that raises RQ by one when
the machine receives a non-null request nNUL in field GR of a coming siot on Bus
B and the request group code in field GR of the slot is greater than the destination

group code DG of the segment at head position in the (*Q).

The machine in ACTIVE takes loop-transition AA2 that reduces CD in the head
of the (*CD) by one when the machine with its first CD value in its (*CD) greater
than zero receives either a nBUSY slot with value NULL in field H of the slot on Bus

A or a BUSY slot with a non-null group code in field GD and value NULL in field H.

The machine in ACTIVE takes loop-transition AA3 that broadcasts a coming slot
on Bus A by marking nBUSY in field Busy of the slot when the machine receives a
BUSY slot carrying the local group code LC in field GD.

The machine in ACTIVE takes loop-transition AA4 that transmits a segment in
the head of its (*CD), shifts the (*CD) toward the head by one position and marks
BUSY in field Busy of a slot on Bus A when the machine with value NULL in the
first HD field of and value zero in the corresponding CD field of its (*CD) receives
the nBUSY slot with non-local-group-code in field GD of and value NULL in field H.

The machine in ACTIVE takes loop-transition AAS that transmits a segment in
the head of its (*CD), shifts the (*CD) toward the head by one position, marks BUSY
in field Busy of ;1 slot on Bus A and sets field H of the slot when the machine with
value NULL in the first HD field of and value zero in the corresponding CD field
of its (*CD) receives the nBUSY slot with non-local-group-code in field GD of and
value NULLin field H.

The machine in ACTIVE takes loop-transition AA6 that transmits a segment at

the head of its (*CD), shifts the (*CD) queue toward the head by one position, marks
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BUSY in field Busy of a slot on Bus A, sets field Hof the slot to one, passes a segment
from the head of the (*Q) to the tail of the (*CD), and shifts the (*Q) toward the head
by one position when the machine with non-empty (*Q) receives a nBUSY slot with

non local group code in field GD of and value SET in field H.

The machine in ACTIVE takes loop-transition AA7 that does the same as IAl
under the same events as IAl. For brief, the transition is only marked in name but

not in a line.

The machine in ACTIVE takes loop-transition AAS8 that does the same as IA2
under the same events as IA2. For brief, the transition is only marked in name but

not in a line.

The machine in IDLE takes transition IA1 that changes its state from IDLE to
ACTIVE by putting the address of a segment from the head of its (*Q), its request
counter RQ value into part pointer, part CD of the tail of its (*CD) respectively and
setting part HD of the (*CD), and marking with its local group code LC in field GR
of the slot on Bus B when the machine with non-empty queue (*Q) !=NUL receives

a null-group-request-code NUL in field GR of a slot on Bus B.

The machine in IDLE takes transition IA2 that changes its state from IDLE to
ACTIVE by putting the address of a segment from the head of its (*Q) and its request
counter RQ value into part pointer and part CD of the tail of its (*CD) respectivley
and marking with its local group code LC in field GR of the slot on Bus B when the
machine with non-empty queue (*Q) !=NUL receives a group request code in field
GR of a slot on Bus B and the group code is less than the destination group code

DG of the first segment in its (*Q).

The machine in ACTIVE takes transition AlIl that changes its state from ACTIVE
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to IDLE by transmitting a segment in the head of its (*CD), shifting the (*CD) toward
the head by one position, and marking BUSY in Busy field of a slot when the machine
with NULL value in the first HD field and zero value in the first CD field that is the
last one left in the (*CD), (i.e., L_*CD=l), receives on Bus A the nBUSY slot with
non local group code in field GD of and value NULL in field H of the slot.

The machine in ACTIVE takes transition AI2 that changes its state from ACTIVE
to IDLE by transmitting a segment in the head of its (*CD), shifting the (*CD) toward
the head by one position, marking BUSY in field Busy of a slot, and setting field H
of the slot to one when the machine with non-NULL value in the first HD field and
value zero in the first CD field that is the last one left in the (*CD), (i.e., L_*CD=1),
receives the nBUSY slot on Bus A with non local group code in field GD of and
value NULL in field H of the slot.

3.4.3 Simulation Results

3.4.3.1 Simulation Parameters The simulation collects data from 60,000 full life-
time slots. These data measure throughput gain, media access delay, slot time utiliza-
tion, and segment loss ratio of the whole system under Poisson traffics with average
arrival rate of 1.0, 15, 2.0, 3.0, 6.0, 16.0 segments per slot-lifetime. A compari-
son among various grouping method was performed (i.e., performance measures for

one-group system up to fifteen groups system.).

3.4.3.2 Performance Results Fig.(39) show simulative results of the segment loss
ratio. From the Fig., we see that the loss ratios decrease with the increment of
number of groups on average under Poisson traffics. This is due to the fact that as
the number of groups increases, throughput increases so that the probability that the

system buffers are full decreases.
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Fig.(40) show simulative results of the average media access delay. From the Fig.,
we see that the delays decrease with the increment of number of groups on average
under Poisson traffics. The reason that causes this happen is that more groups in the
system directly provides more chances to every segment waiting in the system to be
carried by a slot so that the waiting time for a segment to stay in the system with

more groups becomes shorter than the system with less groups.

Fig.(41) show simulative results of the channel utilization. From the Fig., we see
that the utilizations increase with the increment of number of groups on average under
Poisson traffics. When grouping number of a DQDB-G system is 1, the utilization
is 0.26.

Fig.(42) show simulative results of the throughput gain. From the Fig., we see that
the throughput gains increase with the increment of number of groups under Poisson

traffic with average arrival rate A of 1.0, 1.5, 2.0, 3.0, 6.0, 16.0 segments per slot-

Figure 39 Segment Loss Ratio vs Number of Grouping of DQDB-G under The Offered Segment-Arrival Rates
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Figure 40 Access Delay vs Number of Grouping of DQDB-G under The Offered Segment-Arrival Rates
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Figure 41 Slot Time Utilization vs Number of Grouping of DQDB-G under The Offered Segment-Arrival Rates
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Figure 42 Throughput Gain vs Number of Grouping of DQDB-G under The Offered Message-Arrival Rates
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time. When grouping number of a DQDB-G system is 1, the system become a DQDB
system and the throughput gain is 1.

Fig.(43) shows two throughput gain curves: one from our theory, the other from
simulation, both of which are for the same grouping network as the described above.
We see that theoretical curve is higher than simulative curve. The chief reason for this
is that the machine we presented here itself does not make full use of transmission
chance that is expected by our theorem. In addition, theoretical curve in the figure

is obtained by calculating Theorem 6.

3.4.4 Remarks

A new protocol for high throughput and little access delay at a MAC layer, a
DQDB-G protocol, is presented. It supports for both Slor Reuse and Slot Pre-Use by
inserting a simple scheme, resulting in high throughput. The main features of this

protocol include: 1) Dividing all the nodes in the system into multiple groups and
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assigns a group code to each group, 2) a node may send its transmission request when

the node find that the destination group code of its segment does not reach the group

indicated by the request field GR of a slot, 3) a busy slot can be reused after the

slot pass through its destination group, and 4) a slot can be pre-used before the slot

reaches the group that is first requesting for it. The throughput gain of a DQDB-G

system increases as the number of groups of the system increases. Of cause, too large

number of groups being used makes the system complex so that the capacity of the

system goes down.

Figure 43 Comparisons of Results of Simulation & Theory for DQDB-G
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3.5 DQDB-NSP Protocol for Slot Pre-Use

I am going to describe the overview and specifications of the protocol in the next

two subsections, and then exhibit simulation results.
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3.5.1 Overview of DQDB-NSP Protocol

The proposed DQDB-NSP protocol for Slot Pre-Use provides for higher through-
put gain via five folds: 1) the grouping of all the nodes in the system; 2) slot post-
destination group releasing rule; 3) slot pre-use multi-transmission rule; 4) group

request rule; and 5) slot request status record/erasure rule.
Refer to Chapter 2 for the principle of grouping.

As we shall illustrate later, the grouping concept has a significant impact on
the delivered throughput. The higher throughput is achieved because nodes located
upstream from a head-group of the DQ will have a chance of using free slots before
a head-node in a DQ head-group uses it.

It is worthwhile mentioning that the distributivity of the DQDB-NSP protocol can
be guaranteed by an adequate management protocol such that in case of the occurrence
of one fault on the DQDB-NSP, the DQDB-NSP management protocol is capable of
re-grouping the nodes and activating proper group code for each node. As a result,
DQDB-NSP can be also one-fault tolerance.

Three new fields are defined in ACF of a slot format. They are
GROUP_DESTINATION, denoted by GD, which carries destination group code,
GROUP_REQUEST, denoted by GR, which carries requesting group code, and
DQ_HEAD, denoted by H, which indicates if the slot has been used by a DQ-head
node. The sizes of fields GD and GR are determined by the number of grouping. The
DQ_HEAD is one-bit-wise.

The slot post-destination group release rule works as follows. Within each group,
each free slot can only carry a segment. A slot carrying a segment will become free

when the slot departs from its destination group. A node resets the Busy-status field
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to zero when the local group code of the node matches the contents of the GD field
of a coming slot so that the slot is in non-busy state. A node resets the GD field of
a slot to NULL when the node receives a non-busy slot with a non-NULL value not
equal to its local group code in the GD field of the slot. In this way, a busy slot
becomes free for post-destination groups reuse by lower index nodes that are situated

downstream from the destination group.

The group transmission rule works as follows: The determination of a free slot
is done by three fields of a slot rather than only one field: field Busy and field
DESTINATION_GROUP denoted by GD(:), and field H. The ¢ in GD(i) means that
2-bit Group Destination field covering (2:-1) groups. The H Field is used to indicate if
a slot has passed by all nodes that requested it and may be set only by such node that
is the first to request the slot. Note that no node can use a slot with field H set. A slot
is free only if the Busy field and the H field are NULL and the GD field is not the local
group code of the node. Similar to the countdown-CD-to-zero-for-transmission rule
of DQDB, the DQDB-NSP transmission rule is: countdown (CD) at the hez;d of its
outstanding queue (*CD) by one when a node with non-empty (*CD) receives on bus
A either a non-Busy slot with H unset, or a Busy slot with H unset and GD content
equal to the local group code until the CD reaches zero, then the node may loads
its segment addressed by the pointer field of the first position of the (*CD) into an
incoming free slot. A node can pre-use a slot when the node find that the destination
group of the segment at the heads of its (*CD) or (*Q) is not going to reach the group
that is requesting the slot. Note this slot request information is from the head position

of the slot queue (*SQ) of the node (refer to the next paragraph).

The slot request status record/erasure rule works as follows. In each node, we

insert a slot queue, denoted by (*SQ), that can store every slot field GR on bus B.
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When a node detects a slot on bus B passing by it, the node copies the GR field into
the tail position of its (*SQ). When a node detects a slot on bus A passing by it, the

node shift the (*SQ) toward the head, i.e., erase a slot record.

The group request rule works as follows. Whereas the request rule of basic DQDB
only uses one-bit request field in a slot, the DQDB-NSP rule for request uses : bits
as the GR(z) field. The : bits in GR(z) covers (2:-1) groups. A node holding the
segment has to send a request to the upstream head-end of Bus A through Bus B.
The GR field of a slot will be filled with the local group code by a node when the
node detect NULL value in the GR field of the slot. The RQ counter increases by one
when a node receives on bus B a slot with non-NULL value in the GR field. The RQ
counter decreases by one when a node with RQ>0 and empty (*CD) receives on bus
A either a non-Busy slot with H unset, or a Busy slot with H unset and GD content

equal to the local group code.

Unlike SP_DQDB protocol, the DQDB-NSP protocol provides more possible slot
for pre-use and remote traffic service under uniform load. The throughput gain is
determined by the number of groups designed. Intuitively, more groups means more
chances for transmissions. For instance for a two-group scheme, a slot traversing the
two different groups can carry two segments totally at most when both segments are
destined to their own groups. Of course, it can only carry one segment destined to
the other group. Throughput gain is improved by one fourth or so and at least one
bit is needed as group address code. For a seven groups scheme, throughput gain
by 0.8 times or so and at least three bits as group address code, ... and so on. In
this way. the DQDB-NSP scheme improves throughput gain using a simpler and
flexible mechanism. However, there is a limit on the throughput gain achievable by

the number of groups.
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Fig.(44) illustrates how the DQDB-NSP protocol makes slot record/erasure and
segment transmissions for Slot Pre-use by an example of a 18-node DQDB system
in 6 groups 3 nodes each group at the moment when Bus B finishes emitting slot 20.
As you see in Fig.(44), #1 node records 20 slot request status exactly, and #2 node
19, #3 node 18, and so on until #16 node 5. Whereas #17 node and #18 node have
3 not 4 records and 1 not 3 records respectively since #17 node and #18 node have
shifted out one slot and two slot respectively already. We suppose that DQ head at
the moment is node 11, the next in the DQ is node 2, and the third is node 6. Row
*SQ1 tells us that nodes from 1 to 11 detected that slot 1 was not carrying a request,
node 11 made a request for slot 1, but nodes from 12 to 16 detected that a node in
group 4 was requesting slot 1. #17 and #18 nodes both do not keep the GR of 4
in their (*SQ) even though they both detected the information because it has been
shifted out by the corresponding slots on bus A. Row *SQ2 tells us that nodes from
1 to 2 detected that slot 2 was not carrying a request, node 2 made a request for slot
2, but nodes from 4 to 17 detected that a node in group 1 was requesting slot 2. #18
nodes does not keep the GR of 1 in its (*SQ) even though it detected the information
because it has been shifted out by the corresponding slots on bus A. Row *SQ3 tells
us that nodes from 1 to 6 detected that slot 3 was not carrying a request, node 6
made a request for slot 3, but nodes from 7 to 18 detected that a node in group 2 was
requesting slot 3. Row *SQ4 tells us that nodes from 1 to 17 detected slot 4 but node
18 not. We do not need the information in the GR after slot 3 for our illustration.
Now node 17 has had a chance to pre-use slot 1 since node 17 1) had a slot request
status record at the head of its (*SQ) indicating that group 4 was requesting the slot;
2) had a segment whose destination group was not going to reach group 4; and 3)

had received the slot on bus A.
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Figure 44 The slot record/erasure of a 18-node 6-group DQDB-NSP system
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Note: 1) *SQ# means the positions in the queue *SQ;
2) T means a tail of the queue;

3) x in row *SQ# means a value in the GR of the correponding slot we don't care;
4) 4 in row *SQ# is got from the GR field of the corresponding slot.

It is clear that slot S in this situation is pre-used once and conveys two segments.

One segment was transmitted from node 17 in group 6 to node 13 in group 5 by slot

pre-use. The second segment was transmitted from node 11 in group 4 to node 5 in

the group 2. In the above example, a slot may convey only one segment if all the

nodes in all the upstream groups have no requesting segment or only have requesting

segments either for the head group or for a downstream group from the head group.

There exists a certain probability for one-segment transmission in the system. A slot

may convey either two segments, or more up to maximum six segments with their

own probability. For an instant, when the slot meets such a case that the node the

slot meets first in each group sends its segment to its own group, a slot may convey

at most six segments. But what is the average number of segments a slot may convey

in the system? We address this question in the following subsection.
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3.5.2 Specifications

The ACF, node structure, and operations of a DQDB-NSP protocol are specified

in the following, respectively.

3.5.2.1 Employing the ACF of a DQDB Slot Refer to Section 3.3.2

3.5.2.2 Node Structure of DQDB-NSP Fig.(45) shows the configuration of a typ-
ical node. A waiting queue (*Q) used to keep segments from the local host and a
request rule machine with a request counter RQ follow the similar functionality as
those of standard DQDB. However, we add the following devices in each node. One
register (GC) is in order that the node keeps its own group code. An outstanding
queue (*CD) is used to keep segments that have made a request for transmission.

Each element of the (*CD) consists of two parts: a countdown counter (CD) and an

Figure 45 Configuration of A DQDB-NSP Node
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address-pointer (see Fig.(13.a)) that points to a segment in the waiting queue (*Q)
(see Fig.(13.b)). A queue (*SQ) is for storing slot request status. One release rule

machine decides when the node may release a busy slot. One transmission rule ma-

Figure 46 DQDB-NSP Machine
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chine decides when the node may send its segment in the outstanding queue (*CD)

or in the waiting queue (*Q).

3.5.2.3 Operations of The DQDB-NSP The following is a specification of oper-
ations of the DQDB-NSP protocol. As mentioned previously, each node keeps its

own group code (LC). Fig.(46) demonstrates operations of the machine. As usual,
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vertical bold lines are for states of machine, the names of states can be found at top
of the lines; arrow-head lines are for transitions of states; letters above these lines
are for events that enable the transition; letters below these lines are for actions that
execute when the events above the transition line occur. Tables (15 and 16) provide

the explanation of the events and the actions in Fig.(46).

All the machines have two states: IDLE state under which there is no segment
in their (*CD) waiting for channel, ACTIVE state under which there is at least one

segment in their (*CD) waiting for channel.

Machine in IDLE state takes loop-transition II1 that raises RQ by one when the

machine receives a non-null request nNUL in field GR in a coming slot on Bus B.

Machine in IDLE state takes loop-transition II2 that reduces RQ by one when the
machine with its RQ greater than zero receives either a nBUSY slot with NULL value
in field H of the slot on Bus A or a BUSY slot with a non-null group code in field

GD and NULL value in field H on Bus A.

Machine in IDLE state takes loop-transition II3 that broadcasts a coming slot on
Bus A by marking nBUSY in field Busy of the slot when the machine receives a

BUSY slot on Bus A with a local group code LC in field GD of the slot.

Machine in IDLE state takes loop-transition I14 that transmits a segment in the
head of (*Q), shifts the (*Q) toward the head by one position, marks BUSY in field
Busy of a slot on Bus A when the machine with the first DG in its (*Q) greater than
the first slot request record SQ in its (*SQ) receives the nBUSY slot with non-local-
group-code in field GD of and NULL value in field H of the slot.

Machine in IDLE state takes loop-transition IIS that copies field GR of the

incoming slot into the tail of its (*SQ) when the machine detects a slot on bus B.
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Machine in IDLE state takes loop-transition 116 that shifts out the head GR of its

(*SQ) when the machine detects a slot on bus A.

Machine in ACTIVE state takes loop-transition AA1 that raises RQ by one when

the machine receives a non-null request nNUL in field GR of a coming slot on Bus B.

Machine in ACTIVE state takes loop-transition AA2 that reduces CD in the head
of its (*CD) by one when the machine with its first CD value in its (*CD) greater
than zero receives either a nBUSY slot with NULL value in field H of the slot on
Bus A or a BUSY slot with a non-null group code in field GD and NULL value in

field H on Bus A.

Machine in ACTIVE state takes loop-transition AA3 that broadcasts a coming slot
on Bus A by marking nBUSY in field Busy of the slot when the machine receives a
BUSY slot carrying a local group code LC in field GD of the siot.

Machine in ACTIVE state takes loop-transition AA4 that transmits a segment in
the head of its (*CD), shifts the (*CD) queue toward the head by one position, and
marks BUSY in busy field of and sets field H of the slot on Bus A when the machine
with zero value in the corresponding CD field of its (*CD) receives the nBUSY slot
with non local group code in field GD of and NULL value in field H of the slot.

Machine in ACTIVE state takes loop-transition AAS that transmits a segment in
the head of (*CD), shifts the (*CD) toward the head by one position, marks BUSY in
field Busy of a slot on Bus A when the machine with the first DG in its (*CD) greater
than the first slot request record SQ in its (*SQ) receives the nBUSY slot with non-
local-group-code in field GD of and NULL value in field H of the slot. If its *Q) is

non-empty, it transfers one segment from the head of its (*Q) to the tail of its (*CD).
Machine of group three in ACTIVE state takes loop-transition AA6 that does the
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same as [Al under the same events as IAl. For brief, the transition is only marked

in name but not in a line.

Machine in ACTIVE state takes loop-transition AA7 that copies field GR of the

incoming slot into the tail of its (*SQ) when the machine detects a siot on bus B.

Machine in ACTIVE state takes loop-transition AAS8 that shifts out the head GR

of its (*SQ) when the machine detects a slot on bus A.

Machine in IDLE state takes transition IA1 that changes the state from IDLE to
ACTIVE by putting the address of a segment of the head of its (*Q) and its request
counter RQ value into part Pointer and part CD of the tail of its (*CD) respectively
and marking its local group code LC in field GR of a slot on Bus B when the machine
with non-empty queue (*Q) !=NUL receives a null group request code NUL in field

GR of a slot.

Machine in ACTIVE state takes transition AlIl that transmits a segment in the
head of its (*CD), shifts the (*CD) toward the head by one position and marks BUSY
in field Busy of a slot, sets field H of the slot and changes its state from ACTIVE to
IDLE when the machine with zero value in the first CD field that is the last one left
in the (*CD), (i.e.,L._*CD=1), receives the nBUSY slot with non-local-group-code in

field GD of and NULL value in field H of the slot.

3.5.3 Simulation Results

3.5.3.1 Simulation Parameters The simulation collects data from 60000 full life-
time slots. These data measure throughput gain, media access delay, utilization and
segment loss ratio of the whole system under Poisson traffics with average arrival

rate of 1.0,1.3,1.7,2.0,3.0,6.0 segments per slot-time. A comparison among various
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grouping method was performed (i.e.: performance measures for one-group system

up to fifteen groups system.).

3.5.3.2 Performance Results In Fig.(47) we show simulation results of the segment
loss ratio. From the figure, we see that the loss ratios decrease as the number of groups
increases. This is due to the fact that as the number of groups increases, throughput

increases so that the probability that the system buffers are full decreases.

Fig.(48) shows simulation results of the average media access delay. From the
figure, it is clear that the delay decreases as the number of groups increases. The
reason that causes this happen is that more groups in the system directly provides
more chances to every segment waiting in the system to be carried by a slot so that
the waiting time for a segment to stay in the system with more groups becomes
shorter than the system with less groups.

Figure 47 Segment Loss Ratio vs Number of Grouping of DQDB-NSP under The Offered Segment-Arrival Rates
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Figure 48 Access Delay vs Number of Grouping of DQDB-NSP under The Offered Segment-Arrival Rates
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Figure 49 Slot-time Utilization vs Number of Grouping of DQDB-NSP under The Offered Segment-Arrival Rates
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Figure 50 Throughput Gain vs Number of Groups of DQDB-NSP under The Offered Message-Arrival Rates
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Fig.(49) shows simulation results of the slot-time utilization. From the Figures,
it is clear that the utilization increases as the number of groups increases. When

grouping number of a DQDB-NSP system is 1, the utilization is 0.26.

Fig.(50) shows simulation results of the throughput gain. From the Figure, we see
that the throughput gains increase with the increment of number of groups on average
under Poisson traffic with average arrival rate of 1.0,1.3,1.7,2.0,3.0,6.0 segments per

slot-time.

Fig.(51) shows two throughput gain curves: one from theorem, the other from
simulation, both of which are for the same grouping network as the described above.
We see that the theoretical curve is very close to the simulative curve. In addition,

theoretical curve in the figure is obtained by calculating Theorem 2.
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3.5.4 Remarks

DQDB-NSP protocol is a new protocol for high throughput and little access delay
at MAN-MAC layer. The main features of this protocol are: 1) the protocol divides
all the nodes in the system into multiple groups and assigns a group code to each
group, 2) a node of the protocol may put its group code in request field GR of a
slot when the node get request-chance, 3) a node of the protocol has a queue to
record all slot request GR, 4) a slot can be pre-used before the slot reaches the group

that 1s first requesting for it. In this way, chance of transmission is increased. The
Figure 51 Comparisons of Resuits of Simulation & Theory for DQDB-NSP
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throughput gain of a DQDB-NSP system increases as the number of groups increases.
Of course, too large number of groups being used makes the system complex so that
the capacity of the system goes down. Unlike SP-DQDB, DQDB-NSP handles remote
traffic under uniform load. Hence, DQDB-NSP is generally significant in enhancing

network throughput.
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3.6 DQDB-H Protocol for Slot Pre-Use&Reuse

I am going to describe the verview and specifications of the protocol in the next

two subsections, and then exhibit simulation resuits.

3.6.1 Overview of DQDB-H Protocol

The proposed DQDB-H protocol both for Slot Pre-use and for Slot Reuse provides
for higher throughput via five folds: 1) the grouping of all the nodes in the system;
2) slot post-destination group releasing rule; 3) slot multi-transmission rule; 4) group
request rule; and 5) slot request status record/erasure rule.

Refer to Chapter 2 for the principle of grouping.

As we shall illustrate later, the grouping concept has a significant impact on the
delivered throughput. The higher throughput is achieved because nodes situated both
upstream and downstream from a DQ head group will have chances of both pre-using
free slots before a DQ head node uses it and reusing free slots after a segment sent by
a DQ head node departs from its destination group. In this way, the DQDB-H both

obtains high throughput and maintains the order of original distributed queue.

It is worthwhile mentioning that the distributivity of the DQDB-H protocol can
be guaranteed by an adequate management protocol for the DQDB-H protocol so that
in case of the occurrence of one fault on the DQDB-H, the DQDB-H management
protocol is capable of re-grouping the nodes and activating proper group code for each
node in its group. As a result, DQDB-H can be also one-fault tolerance.

Three new fields are defined in ACF of a slot format. They are
GROUP_DESTINATION, denoted by GD, which carries destination group code,
GROUP_REQUEST, denoted by GR, which carries requesting group code, and
DQ_HEAD, denoted by H, which indicates if the slot has been used by a DQ-head
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node. The sizes of fields GD and GR are determined by the number of grouping. The
DQ_HEAD is one-bit-wise.

The slot post-destination group release rule works as follows. Within each group,
each free slot can only carry a segment. A slot carrying a segment will become free
when the slot departs from its destination group. A node resets the Busy-status field
when the local group code of the node matches the contents of the field GD of a
coming slot so that the slot is in non-busy state. In this way, a busy slot becomes
free for post-destination groups by lower index nodes that are situated downstream

from the destination group.

The group transmission rule works as follows: The determination of a free slot
is done by three fields of a slot rather than only one field: field Busy and field
DESTINATION_GROUP denoted by GD(:), and field H. The i in GD(:) means that
i-bit Group Destination field covering (2i-1) groups. The H Field should be set only
by DQ head node to indicate if a slot can be free for reuse and . Nodes may reuse
a slot only if field H of the slot is set. A slot is free only if the Busy field is NULL
and the GD field is not the local group code of the node. Similar to the countdown-
CD-to-zero-for-transmission rule of DQDB protocol, the DQDB-H transmission rule
is: countdown (CD) at the head of its (*CD) by one when a node with non-empty
(*CD) receives on bus A either a non-Busy slot with H unset, or a Busy slot with H
unset and GD content equal to the local group code until the CD reaches zero, then
the node may loads its segment from the first position of the (*CD) into a coming
free slot. A node can pre-use a slot when the node find that the destination group of
the segment at the heads of its (*CD) or (*Q) is not going to reach the group that
is requesting the slot. Note this slot request information is from the head position of

the slot queue (*SQ) of the node (refer to the next paragraph). If a slot is free for
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slot reuse, the machine will check if the (*CD) is ready to transmit first. If the (*CD)
is non-empty, a transmission may be made without reference to any CD value from
(*CD). If (*CD) is not empty, the machine will check if its waiting queue (*Q) is
empty. If no, a transmission may be made from (*Q).

The slot request status recordferasure rule works as follows. In each node, we
insert a slot queue, denoted by (*SQ), that can store every slot field GR on bus B.
When a node detects a slot on bus B passing by it, the node copies the GR field into
the tail position of its (*SQ). When a node detects a slot on bus A passing by it, the

node shift the (*SQ) toward the head, i.e., erase a slot record.

The group request rule works as follows. Whereas the request rule of basic DQDB
only uses one-bit request field in a slot, the DQDB-H rule for request uses : bits as
the GR(z) field. The ¢ bits in GR(?) covers (2i-1) groups. A node holding the segment
has to send a request to the upstream head-end of Bus A through Bus B. The GR
field of a slot will be filled with the local group code by a node when the node detect
NULL value in the GR field of the slot. The RQ counter increases by one when a
node receives a slot with non-NULL value in the GR field on bus B. The RQ counter
decreases by one when a node with RQ>0 and empty (*CD) receives on bus A either
a non-Busy slot with H unset, or a Busy slot with H unset and GD content equal to
the local group code.

Like none of SP_DQDB, Destination Release, Erasure Nodes and PSI, the DQDB-
H protocol provides both Slot Pre-use and Slot Reuse, which makes full use of slot
pre-idle time and post-idle time. The throughput gain is determined by the number
of groups. Intuitively, more groups means more chances for transmissions. For
instance of a two-group scheme, a slot traversing the two different groups can carry

two segments totally at most when both segments are destined to their own group. Of
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course, it can only carry one segment destined to the other group. Throughput gain is
improved by one third on average by roughly estimation and at least one bit is needed
as group address code. For a seven group scheme, throughput gain by 2.0 times or so
and at least three bits as group address code, ... and so on. In this way. the DQDB-H
scheme improves throughput gain. As a cost of this, the DQDB-H protocol, however,
is a little bit more complex than others.

Figure 52 The slot record/erasure and transmission of a 18~node 6-group DQDB-H system
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Note: 1) *SQ# means the positions in the queue *SQ;
2) T means a tail of the queue;
3) x in row *SQ# means a value in the GR of the correponding slot we don't care;
4) 4 in row *SQ# is got from the GR field of the corresponding slot.

Fig.(52) illustrates how the DQDB-H protocol makes slot recordferasure and
segment transmissions for Slot Pre-use by an example of a 18-node DQDB system
in 6 groups 3 nodes each group at the moment when Bus B finishes emitting slot 20.
As you see in Fig.(52), #1 node records 20 slot request status exactly, and #2 node
19, #3 node 18, and so on until #16 node 5. Whereas #17 node and #18 node have
3 not 4 records and 1 not 3 records respectively since #17 node and #18 node have

shifted out one slot and two slot respectively already. We suppose that DQ head at the
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moment is node 11, the next in the DQ is node 2, and the third is node 6. Row *SQ1
tells us that nodes from 1 to 11 detected that slot 1 was not carrying a request, node
11 made a request for slot 1, but nodes from 12 to 16 detected that a node in group 4
was requesting slot 1. #17 and #18 nodes both do not keep the GR of 4 in their (*SQ)
even though they both detected the information because it has been shifted out by the
corresponding slots on bus A. Row *SQ2 tells us that nodes from 1 to 2 detected that
slot 2 was not carrying a request, node 2 made a request for slot 2, but nodes from
4 to 17 detected that a node in group 1 was requesting slot 2. #18 nodes does not
keep the GR of 1 in its (*SQ) even though it detected the information because it has
been shifted out by the corresponding slots on bus A. Row *SQ3 tells us that nodes
from 1 to 6 detected that slot 3 was not carrying a request, node 6 made a request
for slot 3, but nodes from 7 to 18 detected that a node in group 2 was requesting
slot 3. Row *SQ4 tells us that nodes from 1 to 17 detected slot 4 but node 18 not.
We do not need the information in the GR after slot 3 for our illustration. Now node
17 has had a chance to pre-use slot 1 since node 17 either had a slot request status
record at the head of its (*SQ) indicating that group 4 was requesting the slot or had a
segment whose destination group was not going to reach group 4; and 3) had received
the slot on bus A. And Node 3 will have a chance to reuse the slot since the slot
is going to be marked in the H field by node 11, DQ head node, a.nld to depart its

destination group, group 2.

It is clear that slot S in this situation is pre-used and reuse once respectively and
conveys three segments. One segment was transmitted from node 17 in group 6 to
node 13 in group 5 by slot pre-use. The second segment was transmitted from node
11 in group 4 to node 5 in the group 2, which is DQ head node transmission. The

other segment was transmitted from node 3 in group 1 to node 2 in the same group
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by slot reuse. In the above example, a slot may convey only one segment if all the
nodes in all the upstream and downstream groups have no requesting segment or all
the nodes in all the upstream groups only have requesting segments either for the DQ
head group or for a downstream group from the DQ head group and the DQ head node
holds the segment for mostdownstream group. There exists a certain probability for
one-segment transmission in the system. A slot may convey either two segments, or
more up to maximum six segments with their own probability. For an instant, when
the slot meets such a case that the node the slot meets first in each group sends its

segment to its own group, a slot may convey at most six segments.

3.6.2 Specifications

The ACF, node structure, and operations of a DQDB-H protocol are specified in

the following, respectively.

3.6.2.1 Employing the ACF of a DQDB Slot Refer to Section 3.5.2.

3.6.2.2 Node Structure of The DQDB-H Refer to Section 3.5.2.

3.6.2.3 Operations of The DQDB-H The following is a specification of operations
of the DQDB-H protocol. As mentioned previously, each node keeps its own group
code. Fig.(53) demonstrates operations of the machine. As usual, vertical bold lines
are for states of machine, the names of states can be found at top of the lines; lines
with arrows are for transitions of states; letters above these lines are for events that
enable the transition; letters below these lines are for actions that execute when the
events above the transition line occur. Tables (15 and 16) provide the explanation of

the events and the actions in Fig.(53).
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All the machines have two states: IDLE state under which there is no segment
in their (*CD) waiting for channel, ACTIVE state under which there is at least one
segment in their (*CD) waiting for channel.

Figure 53 DQDB-H Machine
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Machine in IDLE state takes loop-transition II1 that raises RQ by one when the

machine receives a non-null request nNUL in field GR in a coming slot on Bus B.

Machine in IDLE state takes loop-transition I12 that reduces RQ by one when the

machine with its RQ greater than zero receives either a nBUSY slot with NULL value
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in field H of the slot on Bus A or a BUSY slot with a non-null group code in field

GD and NULL value in field H on Bus A.

Machine in IDLE state takes loop-transition II3 that broadcasts a coming slot on
Bus A by marking nBUSY in field Busy of the slot when the machine receives a
BUSY slot on Bus A with a local group code LC in field GD of the slot.

Machine in IDLE state takes loop-transition II4 that transmits a segment at the
head of its (*Q), shifts the (*Q) toward the head by one position, marks BUSY in field
Busy of a slot on Bus A when the machine with non-empty (*Q) receives the nBUSY

slot with non-local-group-code in field GD and SET value in field H of the slot.

Machine in IDLE state takes loop-transition IIS that transmits a segment in the
head of (*Q), shifts the (*Q) toward the head by one position, marks BUSY in Busy
field of a slot on Bus A when the machine with the first DG in its (*Q) greater than
the first slot request record SQ in its (*SQ) receives the nBUSY slot with non-local-

group-code in field GD of and NULL value in field H of the slot.

Machine in IDLE state takes loop-transition II6 that copies field GR of the

incoming slot into the tail of its (*SQ) when the machine detects a slot on bus B.

Machine in IDLE state takes loop-transition II7 that shifts out the head GR of its

(*SQ) when the machine detects a slot on bus A.

Machine in ACTIVE state takes loop-transition AA1 that raises RQ by one when

the machine receives a non-null request nNUL in field GR of a coming slot on Bus B.

Machine in ACTIVE state takes loop-transition AA2 that reduces CD at the head
of its (*CD) by one when the machine with its first CD value in its (*CD) greater
than zero receives either a nBUSY slot with NULL value in field H of the slot on
Bus A or a BUSY slot with a non-null group code in field GD and NULL value in
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field H on Bus A.

Machine in ACTIVE state takes loop-transition AA3 that broadcasts a coming slot
on Bus A by marking nBUSY in field Busy of the slot when the machine receives a
BUSY slot carrying a local group code LC in field GD of the slot.

Machine in ACTIVE state takes loop-transition AA4 that transmits a segment at
the head of its (¥CD), shifts the (*CD) toward the head by one position, sets field H
and marks BUSY in field Busy of a slot on Bus A when the machine with zero value
in the corresponding CD field of its (*CD) receives the nBUSY slot with non-local-

group-code in field GD of and NULL value in field H of the slot.

Machine in ACTIVE state takes loop-transition AAS that transmits a segment at
the head of its (*CD), shifts the (*CD) queue toward the head by one position, marks
BUSY in Busy field of a slot on Bus A, and transfers the segment at the head of (*Q)
to the tail of (*CD) if (*Q) is non-empty when the machine receives the nBUSY slot

with non-local-group-code in field GD of and SET value in field H of the slot.

Machine in ACTIVE state takes loop-transition AA6 that transmits a segment in
the head of (*CD), shifts the (*CD) toward the head by one position, marks BUSY in
Busy field of a slot on Bus A when the machine with the first DG in its (*CD) greater
than the first slot request record SQ in its (*SQ) receives the nBUSY slot with non-
local-group-code in field GD of and NULL value in field H of the slot. If its (*Q) is

non-empty, it transfers one segment from the head of its (*Q) to the tail of its (*CD).

Machine of group three in ACTIVE state takes loop-transition AA7 that does the
same as [Al under the same events as IA1l. For brief, the transition is only marked

in name but not in a line.
Machine in ACTIVE state takes loop-transition AA8 that copies field GR of the
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incoming slot into the tail of its (*SQ) when the machine detects a slot on bus B.

Machine in ACTIVE state takes loop-transition AA9 that shifts out the head GR
of its (*SQ) when the machine detects a slot on bus A.

Machine in IDLE state takes transition IA1 that changes the state from IDLE to
ACTIVE by putting the address of a segment at the top of its (*Q) and its request
counter value RQ into part Pointer and copying and part CD of the tail of its (*CD)
respectively and marking its local group code LC in field GR of a slot on Bus B when
the machine with non-empty (*Q)!=NUL receives a null group request code NUL in
field GR of a slot.

Machine in ACTIVE state takes transition AIl that transmits a segment at the
head of its (*CD), shifts the (*CD) toward the head by one position and marks BUSY
in Busy field of a slot, sets field H of the slot and changes its state from ACTIVE to
IDLE when the machine with zero value in the first CD field that is the last one left
in the (*CD) (i.e.,.L._*CD=1) receives the nBUSY slot with non-local-group-code in

field GD of and NULL value in field H of the slot.

3.6.3 Simulation Resuits

3.6.3.1 Simulation Parameters The simulation collects data from 60000 full life-
time slots. These data measure throughput gain, media access delay, utilization and
segment loss ratio of the whole system under Poisson traffics with average arrival rate
of 1.0, L5, 2.0, 3.0, 6.0, 16.0 segments per slot-time. A comparison among various
grouping method was performed (i.e.. performance measures for one-group system

up to fifteen groups system.).

3.6.3.2 Performance Results Fig.(54) shows simulative results of the segment loss

ratio. From the Fig., we see that the loss ratios decrease with the increment of
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number of groups on average under Poisson traffics. This is due to the fact that as
the number of groups increases, throughput increases so that the probability that the

system buffers are full decreases.

Fig.(55) shows simulative results of the average media access delay. From the
Fig., we see that the delays decrease with the increment of number of groups on
average under Poisson traffics. The reason that causes this happen is that more groups
in the system directly provides more chances to every segment waiting in the system
to be carried by a slot so that the waiting time for a segment to stay in the system

with more groups becomes shorter than the system with less groups.

Fig.(56) shows simulative results of the channel utilization. From the Fig., we see
that the utilizations increase with the increment of number of groups on average under
Poisson traffics. When grouping number of a DQDB-H system is 1, the utilization

is 0.26.

Figure 54 Segment Loss Ratio vs Number of Grouping of DQDB-H under The Offered Segment-Arrival Rates
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Figure 55 Access Delay vs Number of Grouping of DQDB-H under The Offered Segment-Arrival Rates
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Figure 56 Slot Time Utilization vs Number of Grouping of DQDB-H under The Offered Segment-Arrival Rates
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Figure 57 Throughput Gain vs Number of Grouping of DQDB-H under The Offered Message-Arrival Rates
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Fig.(57) shows simulative results of the throughput gain. From the Fig., we see
that the throughput gains increase with the increment of number of groups under
Poisson traffic with average arrival rate A of 1.0, 2.0, 2.0, 3.0, 6.0, 16.0 segments per
slot-time. When grouping number of a DQDB-H system is 1, the system become a
DQDB system and the throughput gain is 1.

Fig.(58) shows two throughput gain curves: one from our theory, the other
from simulation, both of which are for the same grouping network as the described
above. We see that theoretical curve basic;ally matches simulative curve. In addition,

1
theoretical curve in the figure is obtained by calculating Theorem 6.

3.6.4 Remarks

A new protocol for high throughput and little access delay at MAN-MAC layer,
DQDB-H protocol, is presented. The main features of this protocol are: 1) the protocol

divides all the nodes in the system into multiple groups and assigns a group code to
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each group, 2) a node records all slot request status, 3) a busy slot can be freed
after the slot departs its destination group, 4) a busy slot can be reused after the slot
carrying a DQ head segment pass through its destination group, and 5) a slot can be
pre-used before the slot reaches the group that is first requesting for it. It is a united
form for the two kinds of schemes: Slor Reuse and Slot Pre-use and make full use
of slot pre-idle time and post-idle time. The throughput gain of a DQDB-H system
reaches what our theory expects. As a cost of this, the DQDB-H is a little bit more

complex than the others.

Figure 58 Comparisons of Results of Simulation & Theory for DQDB-H
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Chapter 4 New S++-Like Protocols

I am going to introduce the S++ protocol first, then describe the overview and
specifications of the protocol in the next two subsections, and finally exhibit simulation

results.

4.1 Introduction to the S++ Protocol

A S++ network consists of either two unidirectional buses with data flow in
opposite directions or a single folded bus. If used on a folded bus, the bus is actually
folded at one end node (node 1) into two sides: upper side and lower side. The upper
side of the bus is denoted by bus A or a WRITE bus and the low side by bus B or a
READ bus as shown in Fig.59. A slot generator at the head of the bus emits empty
fixed size slots at a constant rate. Each node is connected to both buses. A node may
only send data by filling in an empty slot on the WRITE bus and receive data on the

READ bus though the node can also read signals from the WRITE bus.

The S++ prevents the nodes close to the head of the WRITE bus from acquiring
all empty slots by implementing a transmission limitation scheme that requires one
limitation counter P and one period flag F in each node. A node determines its turn
(i.e., being the first right node (FRN) for using an empty slot) to transmit segments by
recognizing an empty slot when the node is with its P>0 or with its P=0 and F=1. A
node having segments ready for transmission may send them and subtract the P until
the limitation is reached (i.e., P=0) when the node keeps on receiving empty slots on
the WRITE bus. After the node reaches the limitation, the node will pass all empty
slots to downstream nodes until flag F of the node is set. The F flag will be set to

one when the node receives a I-bit signal, RESTART, in a slot header on the READ
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bus. The RESTART signal in a slot was initially set by the head-end node. The node
can not find the signal in any slot on the READ bus until the last node finishes its P
transmissions. When the node with the F flag set receives an empty slot on the WRITE

bus, it sets up limitation (i.e., P=Pnq;) for new transmission period and uses the slot.
Figure 59 The Basic S++ Single Fold Bus Network
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Now let us take a look at throughput of S++. The nodes in a S++ network empty
their P value for sending their segments in the order from upstream to downstream.
If a slot is filled, then it will not be released until it finishes running the trip along
the whole bus. It means that maximum number of segments a slot can carry during
a slot lifetime is one and so the maximum throughput under heavy load is equal to

the channal capacity, the slot generating rate.

4.2 S++-GA Protocol for Slot Reuse

4.2.1 Overview of a S++-GA Protocol

The proposed S++GA protocol with Slot Reuse provides for higher throughput
via a four-fold approach: 1) the grouping of all the nodes in the system, 2) slot post-
destination group releasing rule, 3) group transmission rule, and 4) cyclic bandwidth

restart rule.
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The S++ network working feature is as follows: once a segment is sent by a node
onto the media, it will propagate through the media until it reaches the end of the
bus. This feature is thought of as a broadcast among all nodes in the network and the
nodes are viewed as a single group within which a slot can only carry one segment.
S++-GA generalizes this feature into a multi-group concept: dividing all the nodes on
the networks into a limited number of groups and assigning each group a group code
or say group address in order along the bus.

Figure 60 The physical configuration of S++GA Network

Upstream <— Bus A (WRITE) Downstream —»
a 4 < 7 4 ! 14
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—
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, Bus B (READ) !
G |
node N  node ((G-1)N+1)/G node 2N/G node 14+N/G node N/G node 1
\-ﬁ/—_/ . — —
GroupG ... Group 2 Group 1

Figure 60 shows the physical configuration of a G-group S++-GA net-
work.  All the nodes in the S++GA network are divided into G(G= 2' —
1, (i € I*|I* are all positive integers.)) groups in order, numbered group 1, group
2, ... , group G from the bus-folded-end node to the head-end node. Each group
is assigned a group code. In each group there are N/G nodes, where N is the total
number of nodes in the network. Note that hereinafter the left, high index position, of
the networks is thought of as upstream whereas the right as downstream. The upside

bus (Bus A) is a WRITE bus and the downside bus (Bus B) a READ bus.
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A new field, destination group (GD), is added in a S++ slot header in order to
change S++ into S++GA. The GD has i bits standing for (2 - /) groups, initially
is NULL and then loaded with a group code by a node when the node uses the slot.
Whether a slot is available is determined by two fields of a slot rather than only one: a
traditional Busy status field and the GD field. A slotis EMPTY (or free for first-use) if
the both fields are NULLs and free for reuse if the Busy is NULL and the GD carries
neither NULL nor the local group code (LGC) with which a node is receiveing the slot.
A slot is in the FULL state if its Busy field is BUSY and its GD contains non-NULL
and in the REACH state if its Busy field is NULL and its GD contains non-NULL.

Figure 61 Node Structure of S++GA

Bus A Free Slot |

/ Release Rule M»

“@—DataFlow “€——Signal Flow Bus B

Two new devices are added in a S++GA node with retaining the P counter, the
Pmay egister, the local queue (*Q), and the F flag of S++ in each node all with the
same functions of theirs respectively as those in S++. One of the two new-added
devices is a LGC register to keep local group code. The other is a post-destination

group slot release rule that decides when to release a slot. In addition, we make a
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minor modification of transmission rule that decides when and how to reuse a released

slot. Fig.61 shows the implementation structure of a typical S++-GA node.

The post-destination group slot release rule works as follows: a node in any state
sets the Busy field of an in-coming slot to NULL when the node reads a busy slot on
the WRITE bus and its own group code in the GD field of the slot. As we expected
previously, the slot with NULL in its Busy field and non-NULL in its GD field will

become free for reuse when the slot gets into a different group.

The group transmission rule works as follows: a node with P>0 and (*Q)>0 may
fill a segment of its own into a slot on the WRITE bus either with the decrement of
its bandwidth counter P if the slot is empty for use or without action on its bandwidth

counter P if free for reuse.

The explicit restart bit of S++ is retained for S++GA almost in the same functions
and values, RESTART or NO_RESTART. Let’s recall here. Initially, this bit is set
to RESTART by the head-end node. If a node with P>0 uses the slot, then the node
changes the bit to NO_RESTART. A node may restart a new cycle immediately if P=0
and F=1 when using or reusing the slot, but does not change the bit to NO_RESTART.
When a RESTART value is read on the READ bus, then all nodes start a new cycle

by setting F to 1.

The state machine associated with S++GA is shown in Fig.62. As usual, vertical
bold lines are for states of machine, the names of states can be found at top of the
lines; lines with arrows are for transitions of states; text above these arrow-head lines
are events that enable the transition; text below these arrow-head lines are actions that

are executed when the events above the transition line occur.

In the figure, the following notations have been used.
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* The tupie [X | Y] denotes the state of a passing slot, where X indicates whether
the slot is EMPTY, FULL, or REACH, and Y indicates the value of the restart bit
(RESTART or NO_RESTART). A value of ( _ ) indicates don’t-care.

* A slot is assumed to be observed on the WRITE bus. If it is observed on the
READ bus, then it has a superscript R, e.g., [REACH | RESTARTIR.

* Q denotes the length of the queue — if Q > 0, then the node has packets to send.

Figure 62 A S++GA State Machine
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A S++GA state machine has the same three states as S++: IDLE under which it
has no packet waiting for channel (Q =0), ACTIVE under which it has at least one
packet waiting for channel (0>0) and bandwidth for transmission (P>0), and DEFER
under which it has at least one packet waiting for channel but no bandwidth (P=0).
The node is initially in the IDLE, and then moves to the ACTIVE if it has packets to
send and its counter P is greater than zero. The node is forced to DEFER if it run

out its counter P, but still has packets to send. The node leaves the DEFER when
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its flag F is set to 1 and it observes a RESTART bit on the WRITE bus. A node
does not reloaded P unless it is in the DEFER state, which prevents some possible
unfairness conditions.

In order to support the recognition of field GD of a slot, a S++GA node at least
need buffer the bits before (and including) the GD field. In fact, it buffers one byte
header. As a result, the latency per node of S++GA is only 1 byte.

Fig.63 illustrates how S++GA supports for Slot Reuse by an example of a 18-
node S++GA network in 6 groups with 3 nodes each. Note that we ignore the
technical detail of how a node of S++GA operates but focus on segment transmission

phenomena on a bus caused by S++GA.

Figure 63 The transmission principle of a 18-node 6-group S++GA system.
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in the corresponding source node.

We randomly selected node 11 in group 4 to be the FRN node for transmission.
The first segment of the node is for node 5 in group 2. Like S++, a free slot S carries
no segment before it reaches node 11. After node 11 transmits its segment for node
5 with loading the group code “2” of node 3 into the slot, nodes 10, 9, 8, 7, and 6

have no right to transmit in the slot because they recognize that it is busy. Node 6
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sets the busy field of the slot to NULL because it has the same group code as the
slot. Node 5 and 4 have no right to transmit in the slot because they recognize that
the slot has the same group code as theirs. Node 3 can reuse the slot, but nodes |
and 2 see their own group code in the slot.

It is clear that slot S in this situation is reused once and conveys two segments.
One segment was transmitted from node 11 in group 4 to node 5 in group 2. The
second segment was transmitted from node 3 in group 1 to node 2 in the same group
by slot reuse. In the above example, a slot may convey only one segment if the
FRN node has a segment either for the most-downstream group (i.e., for nodes 3,
2, or 1) or for an upstream node (i.e., for nodes 12, 13, ... or 18) of its, which is
one of transmission chances. A slot may convey either two segments, or more up to
maximum six segments with their own probability. For an instant, when a free siot
meets such a case that active nodes the slot meets first in each group except group I
send segments for their respective in-group downstream nodes whereas nodes in group

1 only need to have segments to send, a slot may convey at most six segments.

4.2.2 Specification of S++-GA Protocol

The first byte format of a slot and operations of S++GA protocol are specified

in the following, respectively.

4.2.2.1 The First Byte Format of a S++GA Slot In Fig.64, we show the first byte
(FB) format of a S++GA slot. We maintain Busy field and Restart field Rs in the
format like those in S++ protocol and add one new fields, destination group code,
denoted by GD(i) and is used to carry a destination group address. The i in GD (i)
means that the i-bit GD field covering (2-1) groups. In Fig.64, we provides four

options of the FB format: Fig.64.a, b, c, and d.
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Fig.64 (a) and (b) both support three-group S++GA protocol. In Fig.(64.a), bit
1 is used as a traditional Busy field of the siot, Busy=0 means an empty slot while
Busy=1 busy; bit 2 as Slot Type field SType of the slot, SType=0 means an ordinary
message slot while SType=1 means a management message slot; bit 3 as restart field
RS to convey cycle restart message, RS=1 means a permission to restart a new cycle
while RS=0 means not; bit 4,5 as group-destination field GD to carry destination-group

coding : 00 for null, 01 for group 1, 10 for group 2, and 11 for group 3.

Figure 64 The First Byte Formats of a S++GA Slot.

bit 1 2 3 4 5 6 7 8
(@ |Busy [STypel RS | GD | GD, :

® |Buy| RS | GD,| GD, |

) |Busy| RS | GD,| GD,| GDs

()] Busy | RS GD:| GD,| GD3| GDs

4.2.2.2 Operation of S++-GA

Refering to the notations listed in the preious topic and figure 62, operation of a
S++GA node state machine is detailed as follows.

A S++-GA state machine have three states: IDLE under which there is no segment
waiting for channel (Q=0), ACTIVE under which there is at least one segment waiting
for channel (@>0) and bandwidth for transmission (P>0), and DEFER under which
there is at least one segment waiting for channel (@>0) but no bandwidth (P>0).

The machine in IDLE takes loop-transition II1 that sets flag (F=I) when the

machine receives a restart signal RS=1 on the READ bus.

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The machine in IDLE takes loop-transition II2 that broadcasts a coming slot by
marking nBUSY in field Busy of the slot when the machine receives a BUSY slot
and its own group code in field GD of the slot.

The machine in IDLE takes transition ID1 to DEFER when the machine with no
bandwidth (P=0) receives a segment for transmission (Q>0).

The machine in IDLE takes transition IA1 to ACTIVE when the machine with
bandwidth (P=0) receives a segment for transmission (Q>0).

The machine in DEFER takes loop-transition DD1 that sets flag (F=1) when the
machine receives a restart signal RS=1 on the READ bus.

The machine in DEFER takes loop-transition DD2 that broadcasts a coming slot
by marking nBUSY in field Busy of the slot when the machine receives a BUSY slot

and its own group code in field GD of the slot.

The machine in DEFER takes transition DAl to ACTIVE that sets bandwidth
P=P g and cleans period flag (F=0) when the machine with no bandwidth (P=0) and

with flag F=1 receives BUSY and RS=1 in a slot.

The machine in DEFER takes transition DA2 to ACTIVE that sets bandwidth
P=Ppu-1, cleans flag (F=0), marks BUSY in the Busy field of a current slot, inserts
the local group code into field GD, and transmits a segment from its (*Q) when the

machine with no bandwidth (P=0) and flag F=1 receives BUSY and RS=1 in the slot.

The machine in DEFER takes transition DA3 to ACTIVE that sets bandwidth
P=P a4y, cleans flag (F=0), marks BUSY in the Busy field of a current slot, inserts
the local group code into field GD, and transmits a segment from its (*Q) when the

machine with no bandwidth (P=0) and flag F=1 receives REACH and RS=1 in the slot.
The machine in ACTIVE takes loop-transition AA1 that sets flag (F=/) when the
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machine receives a restart signal RS=1 on the READ bus.

The machine in ACTIVE takes loop-transition AA2 that broadcasts a coming slot
by marking nBUSY in field Busy of the slot when the machine receives a BUSY slot
and its own group code in field GD of the slot.

The machine in ACTIVE takes loop-transition AA3 that marks BUSY in field Busy
of a current slot, sets RS=0, inserts the local group code into field GD, and transmits
a segment from its (*Q) when the machine receives REACH and RS=I in the slot.

The machine in ACTIVE takes loop-transition AA4 that sets RS=0 of a current
slot when the machine receives FULL and RS=/ in the slot.

The machine in ACTIVE takes loop-transition AAS that marks BUSY in field Busy
of a current slot, sets RS=0, inserts the local group code into field GD, and transmits

a segment from its (*Q) when the machine receives EMPTY and RS=/ in the slot.

4.2.3 Simulation and Analysis

4.2.3.1 Model and Simulation Parameters The simulation of S++GA networks
is done only at the MAC-level, including the folded single bus, all the new-designed
MAC fields of a slot, and node MAC finite state machines.

The basic parameters for the S++GA protocol simulation are: the total number of
nodes in the network is 60, 45, 30, or 15, the length of optical fiber is 37 kilometers,
the channel capacity is 1 giga bits per second, the slot size is 256 bytes, and the server
rate is 488,281 slots per second. We limit the size of a waiting queue (*Q) (or say
buffer size) in a node to 48 segments and its Ppax to 8.

The simulation collects data from 120,000 full lifetime slots. These data measure
throughput gain, media access delay, slot-time utilization, and segment loss ratio of the

whole system under uniform node distribution, uniform source-destination distribution,

121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and uniform Poisson traffic with average arrival rate A of 1.0, L.1, 1.2, 1.3, 1.4, 1.6,
1.7, and 6.0 segments per slot-time. The slot-time utilization is the sum of busy time
intervals over the slot life-time during which a busy slot is loaded with a segment that
has not yet reached its destination. Access delay is average time duration for a segment
to wait in a node for transmission over all measured segments. A comparison among
various grouping scheme was performed (i.e., performance measures for one-group

system up to fifteen groups system.).

4.2.3.2 Performance Analysis Fig.(65) shows the theoretical and simulative results
for the S++GA network throughput gain. The theoretical curve is obtained by directly
calculating based on the Theorem 2 established in this paper. From the figure, it is
noticed that the throughput gains increase with the increment of number of groups
theoretically or simulatively and that simulative curves are close to the theoretical

Figure 65 Throughput Gain vs Number of Groups of S++GA
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Figure 66 Segment Loss Ratio vs Number of Grouping of S++GA
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Figure 67 Access Delay vs Number of Grouping of S++GA
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Figure 68 Slot-time Utilization vs Number of Grouping of S++GA
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curve. When the number of grouping in a S++GA system is 1, the throughput gain
is 1.

In Fig.(66) the simulation results of the S++GA network segment loss ratio are
shown. From the figure, it is seen that the loss ratios decrease as the number of groups
increases. This is due to the fact that as the number of groups increases, throughput
increases so that the probability that the system buffers are full decreases.

Fig.(67) shows simulative results of the S++GA network average media access
delay. It is observed that the delays decrease with the increment of number of groups.
The reason that causes these happen is that more groups in the system directly provides
more chances for every segment waiting in the system to be carried by a slot so that the
waiting time for a segment to stay in the system with more groups becomes shorter

than the system with less groups.
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Fig.(68) shows the simulation results of the S++GA network slot-time utilization.
From the figure, it is clear that the utilizations increases as the number of groups

increases. These are also direct results from the improved throughput.

Figs.(69 and 70) show the simulative and theoretical results for the throughput
gains of the S++GA networks with the different number (60, 45, 30, and 15) of
nodes in the systems (The simulation under traffic A=1.6 seg/s). It is found that as
the number of nodes increases, the simulative throughput gains increase slightly. This

phenomena can be explained by the theoretical curves, as you see in the figure (70).

Figure 69 Throughput Gains and Number of Nodes vs Number of Grouping of S++GA under Heavy Traffic
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Figure 70 Theoretical Throughput Gains and Number of Nodes vs Number of Groups of S++GA
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4.3 Conclusion for This Chapter

S++GA is a new protocol for high performance at the MAC layer. The main
features that distinguish itself from S++ and improve the performance of S++ are: 1)
that it divides all the nodes in the system into multiple groups and assigns a group
code to each group and 2) that a S++GA busy slot can be reused after the slot passes

through its destination group on its WRITE bus.

From the theoretical analysis and calculations, S++GA should always be effective
in improving throughput of S++ and the throughput gains of a S++GA network should

increase as the number of groups increases.
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From the simulation results, as the number of groups in the system increases, the
throughput gain and the slot-time utilization of a S++GA system do increase, while
the access delays and segment loss ratio do decrease.

In fact, S++-GA is a general form for S++DR, S++EN, and S++. A complete
grouping S++GA system is a S+~DR system, a non-grouping S++-GA system
is a S++ system, while a (M+1) grouping S++GA system is considered as the
corresponding distributed M erasure nodes S++-EN system in improving throughput
gain. It is worthwhile stating further that any erasure node of a S++EN protocol
plays a role that groups the system and M erasure nodes splits a S++EN system into
M+1 divisions. The M+1 divisions are completely equivalent to the M+ groups from
S++GA in improving throughput gain. A S++EN erasure node, however, needs 257
bytes latency while any S++GA node only needs 1 byte latency, which conducts that

access delay of S++-GA is smaller than that of S++EN.

In addition, the performance of S++GA could also be improved further by using

two sides “write”, Slot Pre-Use or PSI like S++-EN.
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Chapter 5 Conclusion

A simple scheme, named grouping transmission (G7), to enhance the throughput
for a high speed dual bus configuration (DBNET) is proposed and analyzed. A
theoretical analysis of the performances of the GT scheme is presented. The scheme
has been applied to design six new protocols.

The main features of GT are: 1) it divides all the nodes in the system into multiple
logical groups and assigns each group a group code and 2) a busy slot can be reloaded
with a segment for Slor-reuse after the slot departs from its destination group, or a
busy slot can be reloaded with a request for Slor-Pre-use after the slot departs from
its source group. The GT scheme is a general form for Slot Reuse and Slot Pre-Use.
The Slot Reuse includes Destination Release and Erasure Nodes. Being used as a
Slot-reuse scheme, the GT either becomes Destination Release when every group in
the system with a GT scheme has a single node or becomes Erasure Nodes when
every group in the system with a GT scheme has more than one node. A GT scheme
can employe less number of bits for slot-reuse than those of either of Destination
Release and Erasure Nodes, does not need so long a local queue in each node as that
in SP-DQDB protocol and can directly be used at lower layer than MAC at which
PSI has to be implemented as long as an additional access control field (ACF) in the
lower message format such as DQDB is defined. This means that a GT scheme is
capable of obtaining higher system capacity and throughput than the others.

Four lemmas and eight theorems for GT schemes to obtain higher throughput gains
than the corresponding non-grouping system are proved. The theoretical analysis and
computation demonstrate that the throughput gains of performance of the systems

increase as the number of groups dividing the system increases.
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The implementations of a GT scheme are application-dependent. Based on the GT
scheme, I have designed DQDB-GA, DQDB-GR, DQDB-NSP, DQDB-G, DQDB-H,
and S++GA protocols. Simulative curves verify both the protocols themselves and
theoretical curves obtained from the GT throughput gain theorems.

In addition, GT can be inserted in CRMA and CBRMA resulting in CRMA-GA
and CBRMA-GA. Furthermore, synchronous multimedia transmission is expected to
be supported by DQDB-GA, DQDB-G, DQDB-H, and S++GA protocols.

129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix I Lemma 2 Proof

Proof:.

(1) For a fold bus upper-side-sending DBNET system,

G
K —1
f:P _iKk—u(k—g+1) u(g — k+1) kZ_ZI & _N-1_
ok = N -1 N-1 N-1 ~

k=1
(28)

(2) For a DBNET system:

(a) Let’s, firstly, show that probability that a node in a DBNET sends segments

to its downstream nodes is complete. In light of Assumption 1, we have

and obviously

t—1

-1
=1, :=12,...,.N
;”" 1_12-1 i1 !

for each node in the system.

—1

(b) Secondly, we derive Eq.(7) by substituting index 7,; with E K4 +n and
d=1
E—1
Y. K4 + m in the Eq.(30) above with reference to group index g, respectively. The
d=1

g-1
index substituttion : = ) Ky + n means that for the GT system described above,
=1
g be an index number of a group in the system, g=1,2,...G, n be a relative index
number of a node within group g, n=1,2,....Kd and : is an absolute index in the whole

system, i=1,2,...,N. For the g-th group, the probability that group g transmits to group
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k, a downstream group, is

g9 k g k
Yk o Sk Ko YK

d=1 1 d=1 d=t d=1 1
fuz 2 m 2 mm XY g
izz Ka+1 L—:Z Kq+1 z Ka+1 ]—Z Ka+1
d=1 d=1 d=1 d=1
k
& Ekd 1 o Ki

1
B n=1 -[{—9 klz gilk - z:l K—ggil
= = d+n—-1 m= Ki+n-—1
j—EKd-H d=1
K oLl 1
= . 9=L2,....Gand g >k #

= — -3
[\g n=1 gz: Ki+n-1
d=1

Let us consider probability Py ;of in-group transmission. Since great group-index
means upstream, group 1 has no downstream group, which means that for g=1, we

have

g g—=1 g
K. i-) Kq—1 =! K, i~ -
E * 1 g ¢ m.—:j—gZ:Ka ,,gl ¢ 1 ' EKd ! 1
— .. -—kl
Ppg= ). X, > i = > X, > 1
g~1 g9—-1 - =
i=2 Ka+l ]=Z Ka+1 i=gz:l Kq+1 "
d=1 d=1 d=1
g=-1
n_t—z K4 K, 1
d=t
AR L Ly
n=1 ""—IZ[\,l-f-n—l ""IZKd-f-n—l

d=1
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So,
l =1
1 X n—]
Ppg = 7{;21——,-1 9> 1;
n= Kg+n—-1
K,
K <X 1
Pg,k=—§ — y 9=L2,...,G and g > I.
Ky &~ 9-1
n=1 2Kd+n—l
d=1

(c) Therefore,

g—1

g
ZP,k=P,,g+ZP,k
k=1 k=1

g-1 Kg

1 & po K L
=-[\Tg29—1 +Z—[:’—k2g—l

u=lde+n_1 k=1 gn:lZ[{d_*.n_]_

d=1 d=1
g_l Kg
K,n—].-{-ZKk Z
_ 1 k=1 _n=1_£y__1[j
K, 9=l T K, K,
g":lZKd-i-n—l I g
d=1
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Appendix II Lemma 3 Proof

Proof:

We simplify the problem. For m > k (k > 0) or k < 1, the Lemma is not
significant; while mm < 1 means actually no chance for use, the Lemma is not
significant, either, that’s

P(m,k)=0, m>k,k>0) or k<1l or m<1 .

So, the Lemma becomes

oo k
Y P(m,k)= Y P(mk)=1.
m=0 m=1
We use mathematical induction as follows.
(a) we verify it by four initial cases: k=I, 2, 3, and 4, respectively.

For case k = 1, the left side of (11) becomes:

k 1
D B(mk) =" P(m,1) = P(1,1) = Py,

m=1 m=|
k 1
and from Lemma 2, ). P.(m,k) =t YPj=P, =1
m=1 J=1

For case k = 2, the left side of (11) becomes:

k 2
Y P(m,k) =Y P(m,2) = Pr(1,2) + Pr(2,2) = Po1 + PraPy,

m=1] m=1

k 2
and from k = 1 and Lemma 2, 3. Pi(m,k)*=* S Pyj = Py + Pra = 1.

m=1 =1

For case k = 3, the left side of (11) becomes:

k 3
Y Pi(m,k) = Y Pr(m,3) = Po(1,3) + P.(2,3) + P:(3,3)

m=1 m=1

3 3
=P+ ) PyP(Li—1)+Y P P(2,j - 1)
= P31+ P32 Pr(1,1) + P33P (1,2) + P33 Pr(2,2)

2
=P1+ P2+ P, Z Pr(m,2)

m=1
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k =
and from the result of k = 2 and Lemma 2, . P,(m, k) *=° 1.

m=]

For case k = 4, the left side of (11) becomes:

k 4
Y Pim,k) = Pr(m,4) = P(1,4) + Pr(2,4) + P.(3,4) + P.(4, 4)

m=] m=]

4 4 4
=Pu+) PuiP(Lj—1)+ Y PiP2,j ~ 1)+ PPi(3.j — 1)
=2 Jj=3 1=4
= Py1+ P2Pr(1.1) 4+ Py3Pr(1,2) + Py 4 Pr(1,3)+
+ Py3Pr(2,2) + Py4Pr(2,3) + Py 4Py 3P (2.2)
=Py1+ PyaPi1+ PiaPyy + PyyPs
+ Pi3Pro+ Pra(Psa+ Ps3Pay) + PyaPy3Pss

= Py + Pyo+ Pua(Pay + Pya) + Pia(Pag + Pya + Py 3(Poy + Pro))

1 2 3
=Pi1+ P2 ) P(m, 1)+ Py3 3 Pr(m,2) + Py ) P(m.3)

m=1 m=1 m=1

k _
and from the results of k = 1,2,and3 and Lemma 2, " Py(m, k) ‘=* 1.

m=2

(b) Set up the following mathematical induction assumption:

k—1
V(k—1,m|(k—=1,m) € I*,1 <mgk-1),az P(m.k—-1)=1.

m=]
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(c) For case &, the left side of (11) becomes:

k
Y P(m,k)
m=1
= Pr(L,k) + Pr(2,k) + Pr(3,k) + Pr(4,k) ...+ Pr(k = 2,k) + Pr(k — L, k) + Py (k. k)
k k
=Pei+ ) PeiP(Li—1)+Y PeiPu(2,j—1)
7=2 7=3
k k k
ot D PPk =3,j-1)+ Y P iP(k—2j- )+ ) PejPr(k—1,j—1)
J=k=2 j=k—1 i=k

k
=Pei+ Y PijPioi

=2

+ (PeaPr(2,2) + Py Pr(2,3) ... Pe g1 Pr(2,k — 2) + Pe g Pr(2,k — 1))

+ (Prk—aPr(k =3,k =3)+ Peg_y Pr(k— 3,k —2) 4+ Pep Pr(k — 3.k — 1))
+ (Pep—1Pr(k =2,k ~2)+ P g Pr(k— 2,k — 1))
+ PeiPr(k—-1,k-1)
= Pe1+ PraPry+ Pea(Poy + PoaPri) + Pea(Pag + P3aPiy+ Pia(Pay + PaaPry))
+ Prk-1(Pe-2,1 + Pe22P11 + P2 3(Po,1 + PapPry)
+ Pr24(P31+ PPy + P33(Po + PaaPry)) ...+ Pe_ggal...))
+ Pep(Pr-1,1 + Pem12P11 + Py 3(Pa1 + Pap Pry)
+ Pe14(Ps1 + P3oPLi+ Pa3(Po + PagPry)) ...+ Peoypei(.. )

1 2
=Pei+ P2 ) P(L1)+ Pe3 Y Pr(m,2)+

m=] m=]
k-2 k-1
...... + Pekor ) Pe(m k= 2)+ Peg Y Pr(m,k—1)
m=1 m=1

and from the mathematical induction assumption and Lemma 2, we conclude that

oo k
V(k,m|(k,m) € I*,1 <m <k), 3Y " Pm, k)= Pr(m, k)= 1.0

m=0 m=l1
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Appendix III Lemma 4 Proof

Proof:
1) For G = 1, the Lemma is not significant and for p > G — g, the Lemma is

not significant, either, that’s
B (p,9) =0, (p>G-g,0<g<G) or G=¢g

So, the Lemma becomes
G—g
=) PP(pg)=1.
p=0

> PC(p,g) =

p=0
2) Consider the cases G = 2 and G > 2, respectively

2. The Lemma is significant only for ¢ = 1. So we have

(@ G=
G—g
> P(p,g) = Z P}(p,1) = P2(0,1) + P(1,1)
p=0 p=0
2 1 2 n 2 1
II 22+ 3 3 (I X Pem)™Pa( H Z Pen) 0=
k=1+1 j=1 n=1+1j=1+1 k=n+1m=1I k=141 m=1
=P+ Py
Po(pvl) = Z:PZJ =1

j=1

and from Lemma 2, Z: PE(p,g) G=2 3
p0
() G > 2. Let g = G — K. We straightly expend the left side of (14)

=0

G-g K
> P(pg) =L ZP%,G k)
p=0
= P7(0,G-K)+ PF(1,G- K)+ P°(2,G-K)...+ PF(K - 1,G - K) + PS(K,G - K)
(48)

We further expend each item of the right side of (48). For the first item, i.e.,

G-K G-K
Z Po_k+2.; Z FPo_p41.;

= 0, we have
G-K
=1

G-K
I Y eu- 2, Fei 3 Fo-v-

G .

PS(0,G- k) =
k=G-K+1 ;=1
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, and for the second item, ie., p = 1, we have

G G-K -1 G-K
G d - § - L -
PP(L,G-K)= Zj Zj CIT X Pem) @i [T 3 Pem)ed-G+E-0
n=G-K+!1j=G—K+1 k=n+1 m=1 kE=G-K+1 m=1
G-K
=( Z Pgm Z Potm-- Z Po_k42,m)" "V Ps_ki16-Kk41
m=l. m=1
G-K+2 i-1  G-K
II Z Pem)* 5= N Po_gya( II 3 Pm)i-c+k-n
=G~-K+3 m=1 J=G-K+1 k=G—-K+1 m=1
G G-K ) G-K+3 i-1  G-K
+( JI 3 P ™D N Pogyag( [ S Pe)ei=Gtk-D
k=G~K+4 m=1 i=G-K+1 k=G—-K+1 m=1
G G-K G-2 -1 G-K
+(I] Y Pem)i® 3 Peay( II Y Ppp)U-G+K-D
k=G-1 m=1 j=G-K+1 k=G~K+] m=1
G G-K G-1 -1 G-k
HILE A 3 ol [T 3. ppp=oreon
k=G m=1 J=G-K+1 k=G-K+1 m=1
G i-1  G-K
3 fesl JI S mymers
j=G—-K+1 k=G~-K+1 m=1
, and for the third item, i.e., p = 2, we have
G G-K

PE(2,G-K) = Z Z (II > Pm)“C P, ;Pu2,G - K, j)

n-G-K—F’ J=G—-K+2 k=n+1 m=1

G-K
=( Z Pem Z Po-tm--- Y Po-k43m)"F ) Po ka6 k42Po-ki1.c-k41
m=1 m=1
G G-K+3
H Z P )53 Z Pe-r+3,jFi(2,G — K, j)
I:-G—K+4 m=1 i=G=K+2
G G-K G-K+4
+CJI 22 Pem)* ™Y Y Pok44,iPr(2,G ~ K, j)
k=G—-K+5 m=1 j=G-K+2
G G-K G-2
9 :
+( I X Pm)® Y PosjPu(2,G K. j)
k=G-1 m=1 J=G—-K+2
G G-K G-1
+(IT X Pem)™® Y Po_1jP(2,G - K.j)
k=G m=1 j=G—-K+2

G
+ Y Pg;P(2,G-K.j)
1=G—-K+2
, and

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



, and for the k-1-th item, ie., p = K — 2, we have

G n G G-K
FFk-26-K)= Y S (][I X PP, Pk -2,G-K,j)
n=G-K+K+2j=G-2 k=n+1 m=1

G-K G-K
=()_ Pom Y Poo1m)*PPs 26 2Pu(K —2,G— K,G ~2)
m=1 m=1
G-K G-1
+( Y Pom)® Y Po_1;iPhi(K —2,G-K,j)
m=1i i=G-2

G
+ ) PgiPu(K —2,G-K,j)

j=G-=2
G-K G-K
=(Y Pem Y. Pootm)*®Ps_26_2Pu(K ~2,G~ K,G - 2)
m=1 m=1
G-K
+( D Pom)*N(Po_1,6-2Pu(K = 2,G — K,G = 2) + Pe_1.6-1Ppi(K —2,G = K, G — 1))
m=l

+ P6.G-2Ppi(K ~2,G - K,G~2) + P6,6-1Pi( K —2,G~ K.G — 1) + Pg.c P(K - 2,G — K, G)
, and for the k-th item, ie., p = K — 1, we have

G n G G-K
PE(K-1,G-K) = Y DI Y Am)C P, Pk - 1.G - K.j)
n=G—-K+K+13=G—-1 k=n+1 m=1
G-K
= (D Pem)*WPa 16 1Pu(K —1,G - K,G — 1)

m=1]

G
+ ) PoiPu(K—1,G-K,j)
1=G-1
G-K
=(D_ Pom)"MPo_16-1Pi(K —1,G - K,G — 1)
m=1 -
+ PG,G—lei(K -1,G-K,G-1)+ FPecPpi(K —1,G - K,G)
» and for the k+1-th item, i.e., p = K, we have
n G G-K

G
FEG-K)= Y S X A C P, jPuk,G - K,j)
r=G—K+K j=G k=n+1 m=1
= PG,cPpi(K,G — K,G) = PggPe_16-1Pi(K —1,G - K,G - 1)...

G
= Pe,cFPe-1,6-1--- PG-K+2.6-E+2PG-K+1,6-K+1 = H Pj ;.
1=G-R+1
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After expending each function Pp; (Due to the limitation of length of the paper,

G-g
_.G K
> Pi(p.g)° Z P (p,G - K)
p=0 p=0
G-K G-K G-K G-K
Z Pg ;( Z Fg_1,;( Z Fg—2,(.- Z Po_k+2,4( Z Po_k415 + Po-k+1,G-K+1)

J=1 =1 =1 =1 =1
G-K
+ P6-k+26-Kk+1 + Po-k+26-k+42( ) Po-k+1j + Po-k+1.6-K+1))
=1
G-K
--)+ Po_2G6-k+1 + Po—2,6-k+2( Z Po-k+1,j + Po-K41.6-K+1) ---+ Pg-2.G-2(...))
=1

G-K
-+ Pe-1,6-k+1 + Pg-1,6-K+2( Z Pe_k+1,j + Po-k+1,6-K+1) ---+ Po-1.6-1(--.))
Jj=1
+ PG.G-K+1
G-K

+ Pog-r+2( ) Po-k+1j+ Po-K41.6-K+1)
=1

------

+ Pe,g-2(--.)
G-K G-K ~K
+ Pg.g-1( Z Pg_a;(...( Z Po_k42.5( Z Po_k41,; + Po-K+1,6-K+1)
=1 =1 =1
G-K
+ Po-K+26-k+1 + Po-k+2.6-k+2( ), Po_ki1j + Po-K+1.6-K+41))
Jj=1
G~K

-+) + Pe-2,6-k+1 + Po-2.6-K+2( Z Pe_k+1,j + Po-k4+1,6-K+1)---+ Po-2G-2(...))
Jj=1

G-K G-K G-K G-K
+ Pe,6( Z Pe-1,5( Z Fe2,5(---( Z Fe-k42,5( Z Pe_k+1,j + Po~K+1,6-K+1)
j=1 Jj=1 Jj=1 J=1
G-K
+ Po-k+2,6-k+1 + Po-K+2.6-K+2( z Pe-k+15 + Po-k+1,6-K+1))
=1
G-K

)+ Po-26-k+1 + Po-2.6-K+2( Z Po_k+41 + Po-k+1,6-K+1) -+ -+ Po-2.G6-2(. - .))
=1
G-K
..+ Pe-1,6-Kk+1 + Po-1,6-Kk+2( Z FPo_k+1,; + Pe-k+1.6-K+1)---+ Po-16-1(...))

i=1
(56)

we omit the expansion of functions of P,;.), by substituting each item in (48) with
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the corresponding expansions of the items above and combinming them with reference
to Pg (7 =1,2,...,G), we obtain equation (56) above

Since we already have Lemma 2,

= =G K -
Y Fwe)T="Y PC(p,G-K)
p=0 p=0
G-K G-1 G—K+1
=Y Pei(Y Po_1;) + Pog-rs1 + Pog—kal Y Po_gii)
=1 =1 i=1
G-3 G-2 G-1
+Pee-2()_ Posj) + PeG-1()_ Poaj) + Pea()_ Po_y;)
=1 =1 =t
G-K G
= Y Po+Poc-k+1+Pog-k+r---+Pegoa+ Pog_ + Pec=) Po;=1.
1=1 =1
57)
we, therefore, conclude that
) G—g
V(G.p.gl(G.pg) € IT,0< g < G), 3D PE(pg) =3 PP(p.g)=10
p=0 p=1
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Appendix IV Theorem 1 Proof

Proof:

(1) For the proof for a DBNET system, refer to the corresponding decomposition

part of Theorem 3 proof.
(2) For the proof for a fold bus one-side-sending DBNET system,

(a)For arbitrary G, we expand the left side of 16

G G
1 _ |
PE(1) =) Po{(Py(5)*00C=9) 4 Y (o yuloti-Riuth—gtl) p
g=1 - h=g =
P P
- Pl( 1,1 1,1

3 T3

+Pa...+ P g)
P
PP+ 5=+ Pyg3...+ Pg)
P:
+ PP+ =2+ Py + Prg) (59)

Pg_2c-2

+ Pg—2(Pg-2,1 + + Pg-2,6-1 + Pg-2,)

2
Po_16-
+ Pe_1(Pg-1,1 + % + Pg-1,G)
FPec
+ Po(Pe,1 + —22)
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G g
1
PE(2) =3 Py(Y_(Fo¥i-Rutk=o+lip, , p (2, k)

g=2 k=2
P2
=A059)
P P
+ P3y(Ps2 + ;’3 (P21 + % +P3...+ P g))
, (60)
+ Pe-1(Pg-12 + Pg—13(P21 + % +Py3...4+ Pg)
Pg_1,6-1 Pg_. »
-+ ‘T(Po-z.l + % + Pe_2.g-1 + Po_2c))
P
+ Fo(Pe2+ Pe3(Pr + % +Py3...+ Pg)
Pec Po_ ;;—
ot 5= (Pe-11 + -% + Pe_1,6 + Pg-1,6))
. G s 4
PR(3) =) B(Y (5)Mori-Hutb=atlip, , p,(3,k)
g=3 k=3
_p B3P
Py  Pyy P33 P,
+ P4(P4,3T + —2-(P3.2 + —2—(1’2,1 + —;—2 +P3...+ Pg))
Pe (P Py, P33 P,
+ Pg_( G-13—5"~ + Po_1,4(Ps2 + -2—-(1’2.1 + —2‘ +P3...+ Pg)) +...
Pg_1.6-1 Py P P
e ¥ T(Pc-z,s%z- + Pg_24(P32 + %(Pz,l + % +Pg3...+ Pg))...)
P, P P
+ Pe(Poa=" + Poa(Poz+ 52 (Poa+ 2 + Pog...+ Pog)) + ...
PG,G P2,2 P3 P
-t T(PG-mT + Pg_14(P32 + 7'3(1’2,1 + % +P3...+ Pg))...))
(61)
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......

G g
1
PRIG=2)= 3 Py ) (3)*0+-Butt=stDp b (G -2,k)
9=G=-2  k=G-2

Pg_26-2Pc_36-3 PszPsa
- P _ ’ y N 2,2
G 2( 2 2 A 2 2 )
+ Pg-1(Pg-1,6~2 PG-;'G-3 . P;'a P;'g
Pg_1,6-1 PG_46-4 P33zPr2 P, Ps_s P
+ , Pr e .  Psapy G~2,G—2 G~5,G—5 3.3 Pa 2
— (Pg-2,6-3 5 3 5+ > Pg_3G-4 5 SRR e
PG_:;‘G_ P' Pg'_l P - - P 29
+ Pe(Pg.g-2 ) 3. ;3 2’ + Pg.g-1Pg-26-3 & ;'G ... ;’3 Pé" .
(62)
G g 1
G - -
PEG—1)= 3 B ) (5)ti-Rulb=stlip ,p (G —1,k))
g=G-1 k=G-1
Po_1c-1Po_oca_
= Po_y( G-1,6-1 FPe-2,G 2.“P3,3 Pz,z)
2 2 2 2
Pg_26-2 P33Py Pg P P33 P
+ Po(Poc. 26-2 B3P, G G-3,G—3 3,3 P2
(P'G‘ 2 3 2 T g [e-iGT 5
G.¢ Pe-1,6-1 Pa  Pgg Po-16-1 P
S T B i e e
Pec Pe-16-1 P33 P
2 3 3 f)
(63)
G & 21
PRG) = Y P} (5) o+ i-H1k=stlp, PG, k)
9=G k=G (64)
- Ps Pgc Pg-1,6-1 Pe-2G6-2 P33 P2
2 2 2 2002
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(b) We combine items with reference to P

G

] P P:
ZPg(z) =P + P(P3; +%2-+P2,3 +...+Pc+ :';'2)+
i=1 - =
P;3
+ P3(P31 + -t Pys+...+ PG+
P P
+ P32+ —;é(Pzg + —;’3 +P3+...+ Pg)+
P33 Py
t 2 2 )
P
+ Py(Pyy + —;44- +Pys+...+ Pyg+
Py 4 P33 ©3)
+ P2+ -#-(P:m + -2—' + P3,4 4+ ...+ P3'G)+
P P: B
+ Pi3+ -%(Ps,z + ;'3(P2,1 + ?2 +P3+...4+Pg))+
Pyg P33 Pss
2 2 3
G G G
+Pe-2)_ Pozk + Po-y Y Po_rk+Pcy Py
k=1 k=1 k=1
In terms of Lemma 2,Lemma 1, andAssumption 3,
G
Y PG =10 (66)

=1
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Appendix V Theorem 3 Proof

Proof:

1) For G < 1, the Lemma is not significant, for i > G, the probability PS(;) is

zeros, and for i < 1, the probability PG(i) is also zero due to Assumption 3, that’s
PC(i)=0, G<1,G<iori<l.

So, the Lemma becomes

o0 G
Y PSG) = Y PSH)=1.

=0 =1

2) Consider the case G = K (K >0). By expending the left side of (22), it

becomes

G K
3" POG:) °ZF Y PR(i) = PR(1) + PK(2) + PK(3)...+ PE(K - 1) + PK(K)
i=1 =1

K K g
=Y PPaaPf(0,9) + Y P[P PX(1,9) + Y PkPi(1,k - 1)PK(0, g)“K~9)]

g=1 g=1 k=2
K 2 g ) ’
+ Z P[P, 1PE(2,9) + Z u(g — m) z Py kPr(m, k — 1)PE(2 = m, g)“(K=9)]
g=1 m=1 k=m+1
K ) K-2 g )
+ Z Py[Pg,leR(K -2,9)+ Z u(g — m) Z Py ek — I)PPK(K ~2—m,g)K-9)]
g=1 m=1 k=m+1
3 i K-1 g ) )
+ z P_q[P_q,le[‘([\" -l,9)+ Z u(g — m) Z Py i P(m.k - I)P:‘(I\' —-1 - m,g)“("‘”)]
g=1 m=1 k=m+1
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= PLPLiPF(0,1) + P P21 PK(0,2) + P3Py 1 PR (0,3)... + P Pxy PE(0, K )(K—K)
+ PP PE(1,1) + PPy  PE(1,2) + P3Py P(1,3). .. + Pky Pt  PE(LK - 1)
+ P2Py2P(1,1)PR(0,2) + P3[Ps2P.(1,1) + P33P:(1,2)]PE(0,3)
<o+ Pr[PraPr(1,1) + PraPr(1,2) + PraPr(1,3) ...+ P P(1, K — 1)]PK (0, K)*©
+ PP P (2,1) + PaPau PRC(2,2) + PaPsy PR(2,3)... 4+ Py P2 FK (2, K - 2)
+ PP Pr(L,1)PY(1,2) + Po[P32Po(1,1) + P33Pr(1,2)] PX(1,3)
coot Prot[Pr-12Pr(L,1) + Po13Pr(1,2) + ...+ Pr_r k1 Pr(1, K ~ 1)]PE(L K - 1)
+ P3P33Pr(2,2)P;(0,3) + Py[Pi3P.(2,2) + PyaPr(2,3)]PK(0,4)

-+ + Pi[Pr3Pr(2,2) + PraPr(2,3) + ...+ Pk Pr(2, K — 2)]PE(0, K)*©

+ PP PR (K — 1,1) + PPy o Pe(1,1) PR (K — 2,2) + PsPs3Pa(2, 2)PK(K -3,3)

et PRt PRt k-1 P(K — 2,K = 2)PX(1,K — 1) + PgPx g P-(K - 1, K — 1)PR(0, Ky

and then combine the corresponding items in the expansions above with reference to
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Py, we readily have

G K

>_PeE) EEY PR

=1 =1

= P PLa[P(0,1) + BS(1,1) + PF(2,1) + PX(3,1)...+ PE(K —1,1)]

+ Pa[Pay + Poa Pe(L DIPY(0,2) + P3(1,2) + PF(2,2)... + PE(K - 2,2)]

+ Pa[Pyy + Paa Pr(1,1) + P33(Pr(1,2) + Pr(2,2))][5°(0,3) + P(1,3) + PX(2,3) ... + PX(K —3,3)]

+ Pr_1[Pr—11 + Pr-12Pr(1, 1) + Pr—13(P-(1,2) + Pr(2,2))
ot Protk—1(Pe(LK = 2) + P2, K = 2)... 4+ P(K =2, K = 2))][P;5(0, K — 1) + PF(1, A = 1)]
+ Px[Pka + Pra2Pr(1,1) + Pra(Pr(1,2) + Pr(2,2))

-+ Pic(Pe(LK = 1) + Pi(2, K = 1) ...+ P(K =2, K — 1)+ P(K — 1, K — 1))]PE(0, K)*©

K-~ k—1 k—1 K-3
=P P, Z P, l)+P22szZPr(f, -1) Z PK(P,~)+PJZP3kZPr(T, -1y P(p,3)
=1 r=1 k=1 =1 p=0
K-—l k—1 k—1
-+ P Z Pr-1x Y Pk~ 1)ZP“(p, -1)+PAZP“ZP,(T k- I)ZP"(p,I\)]PK(O Ky«
r=1 p=0 k=1 r=1 p=0

and next, repeatedly using Lemma 4, Lemma 3, Lemma 2, and Lemma I, we obtain

K K
Y PEG) =p +P ...+ Pra+Pk=Y Pp=1
=1 g=1

Since the K may be an arbitrary positive integer, we conclude that

(%) G
V(G,il(G,i) € I*,i<G), 3)_ P(i)=)_ PC(i)=10

1=0 =1
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Appendix VI Theorem 8 Proof

Proof: As known, a non-grouping DB-MAC system is actually an one-grouping
system from the viewpoint of GT. The theorem, therefore, means thatZ(G | G > 1) >
z(1).

In terms of Theorem I, Theorem 2, and Theorem 3, when G=lI,

oo 1
DB =3 P)=Pi(1) =1

=0 =1
where £ = R, PorNone,

oo 1

F(1) =) iPli) = Y iPli)=P1) =1

=0 =1
Note
oo (¢}
(1) =1=) PFGE) =Y PEG), foranyG>1.
1=0 =1
and

G G
V(G > 1),35(G) —3(1) = } JiPF() - Y PE(i)

=1 =1

G G
=Y (-1)PEE) =" (i-1)PSGE) > 0.

=1 =2

since PS(i) > 0 when 1 < i < G under full load. Therefore, we obtain

(G| G >1)>7(1).0
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