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loop architectures were compared by means of simulation models,

with the new architecture demonstrating significant improvements

in throughput and response time over the competitive systems. In

addition, the new loop network is highly modular, flexible, and

adaptable to network growth, allowing for growth and change in

use r rs request.

The new loop structure introduces two major innovations;

use of a separate control loop for control messages flowing between

nodes and a loop controller and a partitionable structure for a



separate data loop with each segment between two adjacent nodes

treated as a separate bus.

The simulation results, for the new loop network, were used

to guide the development of an M /M/m queueing model. This was

done by a regression technique to yield an M/M/Z queueing model.

The results of the analytical model were then compared with

simulation results. The very close fit between the two models

suggests a general technique to obtain a closed form model from

simulation results.
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A NEW LOOP STRUCTURE FOR
DISTRIBUTED MICROCOMPUTING SYSTEMS

I. INTRODUCTION

Distributed computer systems have been designed in the past

with only a few special constraints. For example, the ARPA Net-

work (ROBE 70), spread over the entire nation, is a distributed

system governed by a simple protocol. Only after running the net-

work for some time have deadlock prevention constraints, security

constraints, etc., been treated. Lack of concern for problems

peculiar to distributed computing is explained by the emphasis

placed upon sharing large scale processors as opposed to thinking

of the network as a single distributed processor. The idea is to

share information and programs so that groups of people working

together can improve the effectiveness of their individual efforts.

In addition, sharing the hardware resources enables a large com-

munity to access specialized equipment at reasonable costs. Even

in specially constrained systems, the emphasis has traditionally

been on expensive large scale processors multiprogrammed to

achieve a reasonable cost-performance ratio.

LSI technology and the resulting great cost advantage of

microprocessors call for revising the old concepts of centralized

computing architecture (BEL1 72), (SELI 72), and (DENN 72). The
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cost of CPU-Memory units now represents a smaller part of the

total system cost. Therefore, it does not necessarily make sense

to maintain a centralized architecture. Nor does it make economic

sense to strive for full CPU utilization when the CPU-Memory cost

is only 30% of the total hardware cost (BEL1 72). Microprocessor

applications in multiple processor systems are economically

feasible where even a single minicomputer may have been histor-

ically impractical. This is due to major reductions of cost and

size of processor hardware (SEAR 75).

Distributed systems can be viewed as part of the recent evo-

lution of hardware and software structures that have evolved from a

single processing unit executing one job at a time to complex com-

puting systems simultaneously performing many jobs. As the com-

plexity and size of these systems increase, modularity and distri-

bution in hardware-software are used to reduce hardware-software

complexity.

Farber (FARB 72) lists the motivations to develop a distri-

buted computer systems as any or all of the following:

1. Modular Growth,
2. System Reliability,
3. Incremental Upgrading of Processor Nodes,
4. Dynamic Restructuring,
5. Decreased Design Time,
6. Ease of System Validation.
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This dissertation introduces a ifnew loop,' structure which

7. Tailored Design to the Users' Needs,
8. Better Throughput (Speed),
9. Less Cost.

3

With similar motivations in mind, several people have pro-

posed and implemented a variety of network topologies in hopes of

efficiently managing distributed computer systems. Networking,

however, has the effect of shifting complexity to the resulting net-

work.

It is the general goal of this work to devise means of coping

with complexities arising from distributed central processing

modules. In particular, it introduces a new network topology with

high throughput rate for distributed computer systems. The net-

work has an improved response time, greater throughput, and is

more reliable and flexible than other existing network topologies.

1.1 Scope of Thesis

The scope of this thesis is the design of a multiple loop,

multiple processor, LSI computing system. The network structure

combines advantages of ring structures; simplicity, high line

utilization, concurrent service, distributed control information,

minimum delay for minimum cost, and adds more reliability and

flexibility to users' requirements through modularity. This is
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accomplished using two different types of loops. The rrinnerrr loop

is for control information to pass along under the guidance of a loop

controller. The "outer's loop is partitioned into N segments inter-

connecting N processors, and is used for data transfer.

The results of simulation and mathematical models for dif-

ferent numbers of nodes is the network (from 2 to 15 nodes) show

that the new structure substantially improves throughput when com-

pared to other previously defined structures. In addition, the new

network shows high modularity, flexibility and adaptability to net-

work growth.

1.2 Definitions

Arbitration: Arbitration is the resolution of conflicts occur-

ring when simultaneous requests are made for resources, and only

one request can be honored. One of the requestors is chosen by

some method and its request granted.

Data Bus: A data bus is a data path which is shared by more

than one resource. A data bus may have multiple receivers at any

one time. The bus may be shared by time division multiplexing,

in which only one transmitter may be active at any one time, or

frequency division multiplexing, in which case many transmitters

may be active.
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Multicomputer: A multicomputer is a computing system com-

posed of two or more processors that communicate through the same

input-output channel or shared input-output devices, but do not

share memory.

Multiprocessing System: A multiprocessing system is a com-

puting system composed of multiple processors under control of an

operating system, which allows sharing of system resources such

as memory and input-output devices and can execute two or more

separate and possibly cooperating instruction streams. This nar-

row definition of a multiprocessing system excludes parallel process-

ing architectures such as overlapped, independent functional units

and pipelined units as well as parallel processing structures such

as multicomputers and array processors.

Computer Network: A computer network is a collection of

several computing systems connected together through a network

and with varying services and capabilities, such that program

sharing, data sharing, and load sharing are possible.

Process: A process is an ordered set of instructions that

performs some computation.

Processor: A processor is a collection of hardware that

executes or performs a process.

Homogeneous Network: A homogeneous network is a

collection of architecturally similar processor nodes.
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Heterogeneous Network: A heterogeneous network is a col-

lection of architecturally different nodes.

Terminal Node: A terminal node is a processor node in a net-

work performing activities such as sending and receiving data

messages. We refer to such a node as a terminal node or simply a

node.

Controller Node: A controller node is a terminal node

dedicated to control of the activities of other terminal nodes. Con-

trol applies to activities such as scheduling, routing, etc. We

refer to such a node as a loop controller node, or loop controller,

or simply controller.

1.3 Effects of Current and Future Technology

Integrated circuits will continue to have far reaching effects

in the field of computing. It is reasonable to expect that future

processing units will be constructed largely with LSI. Probably the

most interesting property of LSI components is their low cost. One

potential effect of LSI is the opportunity for design simplification

afforded by a machine with equal memory and logic clock times

(DENN 72). This possibility comes from using fast bipolar memory,

or smaller semiconductor memories which can be overlapped to

gain speed with little penalty in cost. The old rule that bigger

machines are faster and give greater performance per dollar does



not hold over all combinations of conditions. In fact, at the high-

power end of the spectrum, cost approaches a linear relation with

computing power (BAUM 75). The economic aspects of today's

technology causes us to be more interested in multicomputer net-

works.

LSI technology improves some features of programming.

Systems are simplified if the speeds of the processors and data

storage devices are brought closer together. If no more CPU

resources are wasted by allowing the CPU to idle during a file read

than are consumed in overhead by task switching, then it is prefer-

able to let the processor idle, because of the potential reduction of

time spent writing and debugging both operating systems and appli-

cation programs. One way to approach this condition is to parallel-

process with slower CPU's rather than single-process with a fast

CPU. In the past, we multiprogrammed fast CPU's to avoid waste

because CPU costs were nonlinear with speed. We conserved CPU

power by programming effort, while now multiprocessing is taking

over more and more (RAMM 75).

Also, there may be workloads beyond the capacity of any

processors that we will ever build. At this point, multiprocessing

becomes a requirement, not an option. Therefore, many process-

ors may be packaged together under one cover, or separated

geographically.
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On the other hand, microprogramming techniques have been

widely used in implementing LSI processors that further enforce

these techniques and will play a major role in computing system

design, particularly in writable control stores which offer great

flexibility. Many functions in teleprocessing systems today are

handled by software, e. g. line control and bit handling, but per-

formance often warrants hardware solutions.

With respect to communication processing, LSI will permit us

to build the necessary buffers and other interface hardware to afford

a clean interface between the communication functions and other

processing requirements, thus reducing the device dependence and

improving interprocessor communication. Also, LSI will help in the

areas of physical attachment, modem functions, and switching.

Finally, if multiprocessing with LSI microprocessors is to

become economically feasible, systems must be adaptable to a

variety of user needs.

One of the goals of this thesis is to introduce some LSI package

functions which are required for multiple and partitionable bus

structured computing systems.

1.4 Distributed Computer Processing

Distributed computer processing systems may be defined as

consisting of multiple processing elements, potentially
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simultaneously active, which are functionally or physically distribu-

ted, or both (JOSE 74). Further classification of distributed com-

puting systems can be explained depending on the functional or

physical basis for distribution, the geography of distribution, the

size of elements, and the real time response requirements. All

distributed processing element systems may be classified as highly

parallel processing networks, which are divided into two categories:

A) Parallel processors with identical processing units (homo-

geneneous) which are either single instruction and multiple data

stream or associative. These types of structures have been designed

as ILLIAC-IV (BARN 68), PEPE (CRAN 72), or STARAN (RUDO 72).

B) Parallel processors with different processing units (herero-

geneous) which are bus structured with functionally specialized

modules such as STAR-100 (CONT 74) and PDP/11 (DEC 75).

In general, we can classify multiprocessors into four types of

networks:

A) A network of Maxis is a collection of large computers

physically distributed usually over a large distance (over 10 kilo-

meters). Usually, computers in such a network are of different

types. Minis appear as concentrators, front end processors, dis-

tributors, or bus managers. Examples of such networks are ARPA

(ROBE 70), TYMNET(SCHW 77), etc.
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B) A planetary network consists of mixed size computers. In

this type of network, there are frequently a large computer and

several satellite computers in a master-slave relationship such as

anionic (ENTN 70), space and ship board command systems (CRAI

74), which perform in feedback control loops, and also industrial/

commercial systems (HARV 73) and (ZACK 73). Such networks

usually involve real time processing, and therefore high throughput.

C) A network of Minis is an emerging concept. Some, such as

the distributed computer system DCS (FARB 73), or distributed loop

computer network DLCN (REAM 75) serve a community of users. In

others, such as CMMP (WULF 72), the objective is to attain the

throughput of a higher class machine by aggregating Minis.

D) A network of Micros is a new approach to computer archi-

tecture through digital communication system design. Prior to LSI

microprocessor development, there was considerable emphasis on

various LSI techniques such as regular arrays (MINN 67), custom

LSI approach (CALH 69), (LATH 67), (BERG 73), and (KHAM 69),

programmable logic arrays (PLA), (THUR 77), generalized cellular

arrays (CHU 73), and module techniques (ORNS 67), (BEL2 72), and

DEJK 73).

The LSI microprocessor must be considered a major evolution

of LSI technology equal in importance to transistors and vacuum

tubes. LSI technology is causing other new technologies to
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stimulate new future computer architectures (THUR 77). There-

fore, a desire for new communication structures that lead to better

performance, availability, and flexibility than other existing struc-

tures seems to be vital. Hopefully, this work will pioneer standard-

ization of computer architecture design from the digital communica-

tion point of view, as well as be a contribution toward network

communication, (the primary objective of this thesis at this time).

1. 5 Distributed Computing System Structures

The basic network structures described below provide insight

into the organization and operation of any distributed processing

system (including parallel/pipelined processors and networks). The

most complex hybrid forms of multiprocessing, in fact, can be made

up of the basic types: Point to Point, Multiport Multibus, Tree/

Hierarchical, Star, Common Memory, Fully Connected, and Loop/

Ring. Figure (1) illustrates these different structures.

A) Point to Point Structure: This is the simplest structure,

Figure (1A), in which one processor is connected to another device.

A simple communication control structure results because, when

there are data to transmit, the line is always available. In some

applications of this configuration, one processor is used primarily

to transfer the data into a format that can be used to make a fore-

cast or a decision, and the other, which may be a special purpose
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device, performs communication control, message switching, and

data concentration (KALL 77).

B) Multiport Multibus Structure: In this type of structure,

Figure (1B), port implementation requires that the active devices

(CPU's, I/O devices) have the capability of selecting a port, or ports,

capable of resolving simultaneous requests. Also, a bus arbiter is

required to assign the buses to devices (by ports) in device priority,

bur priority, and error recovery operations. Expanding the number

of buses eventually increases the system throughput (especially if a

'Bus bottleneck" is present). In many cases, this fact outweighs the

cost of additional control logic and the bus arbiter (FLYN 71) and

(BAUM 75).

C) Hierarchical or Tree Structure: In this arrangement,

Figure (1C), computers (usually minicomputers) that perform a

dedicated function are linked to another, usually through a larger

computer that monitors their activities and serves as a back up.

The larger computer itself may in turn be monitored by yet another

larger computer that may also carry out higher order strategies. In

this structure, there is less real time response requirement at the

higher levels with a corresponding increase in computation per task,

so communication between computers takes place between different

levels and not among the computers at the same level. An advantage

is that critical response time computations can continue even if a
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higher level fails (KALL 77) and (ARNO 76).

D) Star Structure: In this network, all communication has to

go through a central computer which serves as a message switcher,

Figure (1D). Organizationally, a Star Network could be thought of as

a logical extension of the Point to Point philosophy, with the central

processors as a switch between any two remote computers, or it

could be similar to a two level hierarchy with the difference that a

heavy flow of back and forth communications exists between the small

processors (lowest level) and the central unit (higher level). The

Star configuration is especially effective in mini-micro networks

where a high speed minicomputer can run several low speed micros

(KALL 77) and (ENSL 74). However, any failure of the common

central node causes the entire system to fail.

E) Common Memory: In this structure, all processors can talk

to each other only through a common memory which is called global

memory. Therefore, such a system involves two types of memories,

local and global. Local memory can only be accessed by a single

processor, whereas global memory is shared by more than one

processor, Figure (IE), (JULI 73). It is possible that up to 80% of

the time will be spent executing 20% of a program. Local memory

is, therefore, used to store frequently-used subroutines, tables and

buffers, as a scratch pad to provide diagnostic and restart pro-

cedures and as a RAM stack. Global memory generally contains
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the system executive, resource queues, task queues, interprocessor

message buffers, large programs, and system data buses. The

amount of local and shared memory required depends on the par-

ticular organization and the desired system characteristics. Global

memory contention is a problem that has been under investigation

and analysis (KURT 74).

F) Fully Connected Structures: In this type of network, each

computer is directly connected to every other computer, Figure (1F),

and any two computers can talk to each other privately. This

results in a maximum throughput and reliability. However, when the

number of computers increases, the number of communication lines

will increase drastically-, causing routing complexities and higher

cost. A crossbar switch is a variant of this structure, Figure (1 G),

which replaces permanent connections by temporary connections

which are set up on demand. Recently, two systems (BASK 72) and

(WULF 72) have been reported that use crossbar type switches in an

effort to obtain the reliability and throughput of fully connected

systems without the communication complexity and cost. However,

if a crosspoint fails, the path between two elements will be broken.

High throughput is the main advantage of this structure, with

limited expansion being a penalty.

G) Loop/Ring Structure: The basic organization of this

specialized network is simple. Several processors are linked
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together as in Figure (1H) to form the equivalent of a loop or ring.

The loop structure has great appeal due to its simplicity, high

channel utilization and absence of message routing problems. Since

all information passes through each processor, a decision must be

made only on whether or not to extract the information. Wiring cost

is low due to the simplicity of the structure. The major disadvantage

is low throughput and low reliability due to its serial structure.

Because of such limitations, the loop network is seldom used in its

pure form, but rather it serves as a foundation for hybrid networks.

The next chapter (Chapter II) contains a review of previous

loop structures, since the main objective of this dissertation is to

exhibit the superiority of the new loop structure with respect to

other existing loop systems. Chapter III, then, explains the moti-

vations and design goals for the new loop structure, and chapter IV

is dedicated to the design of the new loop network. In Chapter V, a

simulation study through a Fortran simulator is presented, and

Chapter VI will present a mathematical model for the new loop net-

work. Finally, in Chapter VII, there will be a summary and con-

clusion of this work.
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II. PREVIOUS LOOP STRUCTURES

In the loop network structure, data transmission can be within

a geographically extensive, but highly integrated complex of machines

(GROS 63), or it can be communication among a variety of separately

owned machines (ROBE 70). Multiuser networks necessarily involve

switching, whether it is separated from or included in data trans-

mission. Most common switching mechanisms are of two types.

The first type is line switching in which a circuit is assigned exclus-

ively to a pair of users for the time needed to complete a message

transmission. This type of switching is well suited for lengthy

transactions (ROSN 75). The second type is message switching in

which a block of data addressed by one user to another finds its way

through circuits that are not assigned exclusively to a pair of ter-

minals. Here a message (either in complete form or in shorter

packets) works its way through the network, from link to link,

queueing at specific nodal points. These networks introduce buffer-

ing or queueing delay, therefore, queueing time plays a critical role

in their design (PIE1 71).

Lately, message switching has gained a great deal of attention,

mainly because it avoids the time spent in setting up a particular

circuit for exclusive use (as for line switching) and is specially

suitable for short inquiries and responses. However, as indicated
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by Rosner (ROSN 75) because of the overhead requirements of packet

switching, long messages are best handled in circuit switching net-

works. A new area to explore is the determination of the best way to

mix various switching technologies to achieve a hybrid structure which

is highly efficient under all types of requirements. The new loop

structure is an attempt to reach this goal.

Loop systems appear to allow the initiation and growth of

message switching with a small capital outlay. As was indicated

before, loop systems have great appeal due to their simplicity, high

channel utilization, and absence of routing problems. The various

loop systems differ basically in the amount of centralized control

exerted over the flow of messages.

There are two classes of loop systems. In the first class,

centralized, there are one controlling master computer and numerous

simpler terminals. All communication is between a given terminal

and the master computer. Communication between terminals is

handled through the master computer. The CAMAC serial highway

(ABBO 75) and IBM's 2790 system (STEW 70) are typical of the

message concentrator types of loop systems. For example, in the

CAMAC serial highway, only the loop controller can originate mes-

sages which contain data and/or specify some action to be performed

by the receiving terminal. The reply space contains data sent from

the terminal after executing the command. Thus, the reply space
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must be long enough to contain the expected reply data, plus enough

bytes to fill the time to execute the command. It can be seen (ABBO

75) that, as defined, the CAMAC message structure is inefficient

when intelligent terminals are available.

The second class, decentralized, of loop systems, is more

general with numerous multiple processors each handling their own

messages. A centralized loop controller is still used, but only to

monitor the loop for proper operation and to adjust the timing delays

to insure an integer number of messages on the loop. Weller (WELL

71) has constructed a loop system which, in effect, provides an

extended circular I/O bus for a time-shared computer. A somewhat

more general version has been implemented at Toronto (POTV 71)

which is called the Star Ring System. It combines the control feature

of a loop network with the message transmission mechanism of a

Star Network. This system is restricted by the number of nodes on

the loop because not more than two nodes can talk to each other at

one time. This slows down the throughput of the system. On the

other hand, two popular and quite different loops in this decentra-

lized class have been developed by Newhall and Farmer (FARM 69)

and by Pierce (PIE2 72). In the Newhall loop, a variable length

message is allowed while not more than one node can insert a

message into the loop at any time, while the Pierce loop is restricted
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to fixed length messages (packets), but several different nodes can

send packets concurrently.

Several systems which were based on the Newhall and Pierce

schemes have been developed, such as the DCS system (FARB 72) at

the University of California at Irvine, which is similar to the Newhall

loop, and the llSpider?I system (FRAZ 74), which was another experi-

mental loop, with a packet switching technique similar to the Pierce

loop. A queueing analysis by Hayes (HAYE 74) has been developed

for both centralized and decentralized loops and showed that when

the load is very small, the line is usually available for transmission

in decentralized systems and such transmission can proceed at the

raw speed of the line. In the centralized cases, treated transmission

always proceeds at 1 IN of the line speed where N is the number of

terminals sharing the line. At high load levels, both systems give

long delays because the frequent bursts of message arrivals must

be smoothed out over a long period and the queues are therefore

long. Overall, the decentralized systems exhibited shorter response

time than the centralized systems.

Polling techniques (KAYE 73) have been implemented in some

centralized networks feeding messages from nodes to a central

system serving as the controller. These techniques provide

alternatives to the interruptor or scanning mechanisms used to

provide access with decentralized systems. Two types of polling
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disciplines have been most commonly adopted in practice, roll call

and hub polling. Roll call or bus polling is a polling discipline

(GRAY 72) in which each message source is in turn interrogated by

the central source. In the hub or distributed central polling

discipline (KNIG 72) the central source initiates polling by inter-

rogating the message source at the end of the loop. Each message

source can either itself respond or pass the interrogation on down

the line. Spragins (SPR1 72) and (SPR2 72) has studied a particular

class of centrally controlled systems in which terminals close to

the loop controller have a higher priority for service. However,

this does not appear to be the case in loops having more general

distribution of message originators and receivers (ANDE 72).

Reames and Liu (REAM 75) and (REAM 76), developed a loop

computer system which combines some features of both the Newhall

and the Pierce transmission mechanisms. This mechanism allows

the simultaneous and direct transmission of multiple variable -

length messages without the use of any centralized control. However,

it suffers from the low reliability and throughput inherent in this

serial type of structure. A somewhat related concept was developed

independently by Hafner (HAFN 74) and Loomis (LOOM 73). How-

ever, their techniques can deal only with fixed-length messages.
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2.1 Major Previous Transmission Mechanism Concepts

It is obvious that the design of the message transmission

mechanism has a major effect on loop network performance. Two

message transmission mechanisms, Newhall and Pierce, are in

common use today for several loop networks, and a third was

recently developed (REAM 75), which combines some desirable

features of the first two basic mechanisms. Therefore, a more

detailed survey of the above three mechanisms is given for com-

parison with performance and trade-offs of the new loop structure.

A) Newhall Transmission Mechanism: In the Newhall loop,

(FARB 73), (FARM 69), and (MANN 74), a round-robin control

passing mechanism circulates around the loop and allows one node

at a time to transmit one or more messages through the loop,

Figure (2A), while the rest of the nodes wait. This adds to the

queueing time at each node when sending the messages and limits

transmission efficiency and the achievable loop utilization.

B) Pierce Transmission Mechanism: The Pierce loop (PIE2

72), (FRAS\74), and (ASHE 75), introduces a transmission mech-

anism that improves network line utilization by dividing the com-

munication space on the loop channel into an integral number of

fixed size slots, called packet frames, in which data packets can be

placed, Figure (2B). To send a message, a node divides each
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message into packets, and checks whether the next packet frame

is empty. If it is, control will pass to the node so it can place a

packet into the empty slot. In case the slot passing by is not empty,

the node checks for the destination address in the packet to find out

if the packet belongs to the node address. If so, the processor node

transfers the packet information into its buffer. If the packet address

does not match the processor node address, then the processor

simply passes this packet to the next node. The transmission

mechanism is as simple as waiting for the beginning of an empty

slot and filling it with a packet. However, disadvantages of this

transmission mechanism are:

a) Problem of dividing messages into packets.

b) Problem of packet reassembly which occurs when mes-

sages are divided into packets and then sent separately,

so a routing problem arises.

c) Messages do not always fit into a fixed number of packets,

so there are some partially empty packets with corres-

ponding waste of network capacity.

d) There is a delay in waiting for the beginning of an empty

slot to appear. Even if all the slots are empty, the

average delay is half the packet length.

C) DLCN Transmission Mechanism: DLCN combines some

good features of both Newhall and Pierce transmission mechanisms.
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This mechanism allows the simultaneous transmission of multiple

variable-length messages on the loop using a special purpose loop

interface at each node. The loop interface transmitter must accept

two streams of relayed incoming and locally generated messages and

must multiplex both streams onto the loop without mutual interference.

Conflicts which would otherwise arise in the node's interface trans-

mitter because of the simultaneous occurrence of transmitted and

relayed incoming messages are resolved by providing hardware

delay buffering for the incoming message in the form of a variable

shift register located in the loop interface, Figure (3). The operation

of the shift register insertion mechanism can best be explained by

describing the changes that occur in this hardware delay buffer for

each of two modes of the interface. In the transmit mode, when a

message generated by the attached component is being multiplexed

onto the loop, the contents of the delay buffer are increased as each

relayed incoming message is received and stored in it; otherwise,

the delay buffer is not altered during the transmit mode. When in

relay mode, the delay buffer is operated as a variable length shift

register, so that relayed incoming messages are multiplexed onto

the loop after some variable delay which depends on the quantity of

previously delayed data. The amount of data in the delay buffer

decreases in relay mode only when no incoming message occurs to

replace the previously delayed data being transmitted. When the



26

delay buffer is completely emptied in this manner, the transmitter

will generate and transmit synchronizing signals until a new incoming

message is received or a switch occurs to the transmit mode. DLCN

actually combines Newhall and Pierce loop advantages by allowing

simultaneous message arrival and message transmission and also

provides automatic traffic regulation based on observed system load,

but DLCN favors infrequent requests while delaying more frequent

requests for network service.

A disadvantage of the DLCN is the complexity of the interface

mechanism and, therefore, the cost to build such an interface.

Secondly, inserting a variable shift register at each node lowers the

reliability of the overall loop since it adds one new possible failure

mode. Also, when the number of nodes in the loop increases,

eventually the queueing time will increase drastically. This limits

the number of nodes in a useful loop.

2.2 Shortcomings and Disadvantages of
Previous Loop Networks

In general, all the previously mentioned communication loops

suffer from the following shortcomings in addition to the problems

discussed for any individual loop networks.

1. The stream of data is in one direction and, therefore,

sometimes the transmission of data from one node to its neighbor



27

node takes place through all the rest of the nodes, causing more

delay and less reliability than necessary.

2. If a node starts sending a stream of messages to another

node, the network throughput will decrease rapidly. Avi-Itzhak

(AVIT 71) has analyzed this problem. The only solution appears to

be to limit the number of consecutive messages a terminal can send,

thereby allowing some free slots for other users. This, in fact,

reduces the loop capacity seen by any one terminal.

3. Privacy: One customer's message passes through another

customer's premises.

4. If there are errors in the address fields of the message

and/or a node fails to function properly, messages will saturate the

loop in all the above systems. Several different techniques have

been used to recover from errors (HILL 72), but this eventually

slows down the loop communication.

5. Loop Reliability: If there is a failure in the loop, the

whole network will fail to operate. Several people have developed

techniques to overcome this problem (ZAF1 74), (ZAF2 74), (TAYL

72), and (SNYD 76). However, their techniques require redundant

links.

6. When traffic becomes very heavy, more sophisticated

systems might be more economical.
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III. THE NEW LOOP NETWORK STRUCTURE

3.1 Motivations and Design Goals for
New Loop Structure

In very large machines, efficient processing cannot result from

complete prescription of a central mechanism. Local events with

high performance implications may not be predictable, and it is too

costly in time and bandwith to submit these to a central decision

maker in real time. It is clearly desirable to decentralize, as much

as possible, into intelligent autonomous units. Chen (CHEN 72) has

suggested that in a centralized system, the hierarchical topology of

modules forms a polycentric system. At each level, there is a

collection of intelligent centers. Each may have a lower level of

intelligent centers as subsets, and so on down to an indivisible

module. The entire polycentric module has a topology of a tree,

Figure (4). Chen (CHEN 72) also states that tightly coupled multi-

processors can be organized from several loosely coupled to the

environment, independent of the detailed timing and arrival sequence.

The loosely coupled network is a suitable model in distributed

intelligence systems.

On the other hand, communication among separately owned

computers and terminals forms more of a serial type of communica-

tion than parallel, and is a loosely coupled system. However, as
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Pierce (PIE2 72) has suggested, these series or loop systems can be

coupled together, by sharing nodes, Figure (5). By using this tech-

nique, a very extensive system such as that indicated in Figure (5)

could be built up. The A nodes in Figure (5) provide clock, generate

empty data blocks, and perform simple supervisory functions. The

B nodes are customer terminals. Regional and national loops are

interconnected by means of C nodes.

Obviously, interconnection of distributed centralized systems

and distributed decentralized systems are different. However, one

may wonder how the nodes in one system can communicate with the

nodes in the other system; that is, how distributed centralized

systems can be connected to a distributed decentralized system, or

vice-versa by some standard means. Hopefully, the new loop

structure will meet these standards.

For the purposes of this study, the design goals of the new

loop network are the following:

1. To provide an efficient communication network which can

concurrently and directly transmit variable length messages from

one node to another.

2. To have better throughput than existing loop networks and

be capable of providing even higher degrees of throughput if

necessary.

3. To provide modular techniques for network growth.



32

4. To allow construction of an inexpensive loop interface

which can automatically buffer, transmit, receive, and control

messages.

5. To improve reliability over any existing loop network.

6. To provide flexible networks which can be tailored to the

user's requests such as scheduling arriving messages to the loop

network and/or upgrading the network (increasing the number of

nodes or throughput).

To meet the above goals, a multiple partitionable loop struc-

ture is designed to inter connect a collection of computers, ter-

minals, and other peripherals. The concept is to distribute data and

control into two different loops (a data loop and a controller loop).

The data loop is actually a segmented loop consisting of single seg-

ments connecting pairs of nodes. Each node is interfaced to the

data loop by a simple switch. The controller is an arbiter, which

accepts requests for communications, decides on the best route

through the data loop, and sets-up data paths between nodes by

adjusting appropriate switches on the data loop.

At this point, we describe significant features of the new loop

network to compare it with others (REAM 75), (PIE1 71), (FARM

69).
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3. 2 Significant Features of New Loop Structure

In order to accomplish all the above mentioned design goals,

some new evolutionary techniques must be applied and some totally

new concepts must be developed. Therefore, five major criteria

are used to evaluate the new loop network.

A) Performance: As already mentioned, the control functions

and data are distributed into two different loops. The data loop is

partitioned into N segments, where N is the number of nodes in the

loop. Each node is interfaced to the data loop by a simple switch.

This allows a node to be connected to the data loop to receive, send,

or pass data along the network. Figure (6) shows a general config-

uration of such a loop.

This concept allows concurrency on the loop. For example,

in a loop with six nodes, Figure (6), there could be a maximum of

six concurrent communications. This property provides the new

loop network with a higher throughput than the other loop networks

discussed. In addition, since the interface between the data loop

and a node is a simple switch, the cost performance ratio of the

network is very low.

B) Flexibility and Modularity: Flexibility is a measure of the

ease with which a system configuration can be altered, while modu-

larity is a measure of the compactness and isolation of system
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elements. A highly flexible system is usually highly modular, while

a highly modular system may not be very flexible. The new loop

network is a highly flexible system and is also highly modular. The

new loop network is flexible because it allows network growth through

loop modularity (loop segments). Also, message transmission

scheduling is flexible due to the availability of a loop controller which

can be programmed. Since LSI building blocks, such as micro-

processors, lend themselves well to the development of modular

systems, and each node on the new loop network is based on LSI

microprocessors, the new network is highly modular.

C) Availability: The availability of conventional systems

depends on system configuration and the availability of individual

modules. In this case, since the new loop structure design is based

on microprocessors and LSI, with rapid decrease of the cost of LSI

modules and improvement of their reliability (BAUM 75), it is

possible to develop a fault-tolerant design, such as "majority voting',

to produce a "fail safe" system. On the other hand, redundant

systems with automatic and/or manual switchover are sometimes

used to provide error recovery. This is inherent in the new loop

structure, because the data loop is bidirectional and any node can

communicate to any other node through two different paths. A dis-

continuity in the data loop will cause a failure in one direction, but

any node can transmit to any other node through the reverse
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direction, as seen in Figure (6). Therefore, the new loop network

exhibits a higher inherent reliability without extra cost.

D) Privacy: Since communication between any two nodes in

the new loop network is directly from one node to another and no

other node has any access to the loop at that time, the new loop net-

work has a higher level of privacy than other loop networks.

E) Measures of Success: To measure the new loop network

performance, a simulation and a mathematical technique were used.

A Fortran program was coded to simulate the new loop network.

Results obtained from the simulation exhibit superiority of the new

loop network performance compared to other loop network simulation

results. This is the topic of Chapter V.

The simulation results for the new loop network were used

along with basic parameters of an M/M/m queueing model and

regression techniques to approximate an analytical model, which

was named the M/M/Z queueing model. The results of such an

analytical model were then compared with simulation results.

Deriving an analytical model in such a manner suggests a powerful

technique to obtain a closed form model from simulation results.

This will be discussed in detail in Chapter VI.
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3. 3 Extensions to the New Loop Network Design

To reach its maximum sophistication and efficiency, there

should be some additional features added to the new loop structure.

The capability of adding these features already exists, but in the

simulation of the new loop structure, these features were not con-

sidered because the simulation parameters were selected to match

published results of other networks. These extensions are as

follows:

1) Lost message detection: Since messages may be received

in error, some control information such as the address of the source

and destination of the message, etc., may be added to each data

message. This address can be checked by the receiver of each data

message to be sure the message that each node is receiving belongs

to that node. If not, the receiver sends a control message to the

loop controller to announce the error. Then the loop controller

sends error checking messages to all the nodes in order to locate

the error and/or arrange for retransmission of the message from

source to destination again.

2) Reliability of the loop controller: Since all the nodes,

along with the loop controller, are connected to a common bus, each

node can provide a table which contains the current status of the

information in the loop controller. In case of any loop controller
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failure, any other node could then take over the loop controller's

responsibility based on the node's priority. This provides fault-

tole rance.

3) Operating system: A network operating system which will

provide user services and access to the new loop network is desirable.

However, the flexibility of the new loop network indicates that any

operating system may be applicable to the new loop network with a

little adjustment. The simulation results were obtained for a FIFO

scheduler assuming uniformly random requests. Development of an

operating system is considered to be outside of the scope of this

work.
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IV. DESIGN OF NEW LOOP NETWORK

In Chapter II, a survey of distributed loop computing systems

demonstrated that such systems could be divided into communication

components and node components. Furthermore, it was observed

that because of its many unique advantages, the loop topology was best

suited to the requirements of a localized, small scale, distributed

computing system. This chapter, therefore, will present a new loop

communication system designed for a distributed loop microcomputer

network (JAFA 77).

The first step is the development and modeling of a novel mes-

sage transmission mechanism for loop networks which allows the

simultaneous transmission of several variable length messages.

This includes loop design and node interface design. The next step

is implementation of the new loop network using LSI packages along

with possible extensions of the design for network growth.

4.1 The New Loop Message Transmission Mechanism

The new loop network shown in Figure (6) suggests two new

techniques to overcome deficiencies of previous loop networks. First,

it separates control message transmissions from data message

transmissions by dedicating each message type to a separate loop.

. Therefore, control messages and data messages are transferred
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through two different communication lines. This technique adds

flexibility and reliability to any microcomputer network with little

increase in cost.

The second suggestion for the new loop network is to divide or

partition the data loop. That is, if there are N terminal nodes in the

network, the data loop is configured from N serial segments which

can be chained together to form a loop structure by a simple switch

at each node Figure (6). This technique adds considerable throughput,

flexibility, and reliability to the network for less cost compared with

the other loop interfaces. Also, all the nodes in the network are

sending and receiving control messages to and from a special control

processor node dedicated to the control loop which behaves as a loop

arbiter.

Therefore, the new loop network design strategy is divided

into four different component design strategies as follows:

1. Control loop design,

2. Data loop design,

3. Processor node design,

4. Loop controller design.

Later in this chapter, discussions of the following activities

treat the above design strategies.

a. Synchronization signals to provide network timing.
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b. A polling technique to organize the node's priorities to

send control messages.

c. Control messages to provide requests for start or end of a

communication, and control messages from the central controller to

set up the switch positions on data loop at each node.

d. Scheduling algorithms to organize the data transmission

activities and routing algorithms to provide appropriate routes for

data transmission.

Interaction of the above activities provides the new loop network

behavior which is flowcharted in Figure (7).

4.1.1 Control Loop Design

The control line loop is a single loop which is very similar to a

common bus structure in computer architecture. In the new loop

network, a serial polling and control message transmission technique

have been chosen in order to allow a single control loop to handle both

control messages and nodes' transmission priorities.

Before defining these techniques, it is useful to describe the

interactions of the terminal nodes and the controller node as follows:

a. The loop controller node has the highest priority to send

control messages.

b. Any terminal node can send two different messages to the

controller node; either a request to communicate with any other node
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(SYNC), or an acknowledgment of the end of communication (ACK).

c. The loop controller node can only send one message type

(in the simplest case) to each node in the network. This message

normally sets the control switches, on the data loop, at each node

interface (relay control) and provides an appropriate path from one

node to the other.

d. The priorities of the nodes to transmit control messages

are assigned at each node interface and are independent of the lo-

cation of nodes in the loop.

Therefore, data transmission is accomplished through a "double

handshake!! of control messages, where a request to send (SYN) is

followed by an acknowledgment (ACK) that the message has been

received. In particular, the control loop design is directly dependent

on control message formats and polling techniques.

A) Control Message Formats: As already indicated, there are

two different types of messages (SYN/ACK and Relay Control) which

can be sent over the control line.

Type 1-(SYN/ACK): A terminal node either desires to commu-

nicate with another node (SYN), or respond to the end of

communication (ACK), then in either case it will prepare a

message of type 1 to send to the controller containing six

fields as shown in Figure (8A):

a. Start of message (SOM).
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b. Polling information to specify the message type and the

priority of the message transmission on the control loop.

c. Source address to specify the source node location in a

loop and loop location in the whole network of loops.

d. Destination address to specify the location of destination

nodes in the network.

e. Control field which includes types of messages (SYN/ACK),

and is for future fault tolerant and lock-out prevention

information, etc.

f. End of message (EOM).

Type 2-(Relay Control): When a node sends a message of type

1 to the controller node requesting to be permitted to transmit

data to another node, then the loop controller is to set up a

data path between the source and destination nodes on the data

loop. This includes sending an acknowledgment to the destina-

tion node to signal it to be ready to receive the data, and to

the source node to signal it to start transmitting and messages

directing other nodes in the data path between source and

destination nodes (including these two nodes) to position their

data switches. Messages of this type contain five fields as

shown in Figure (8B):

a. Start of message information (SOM).
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b. Polling information which only specifies the message type

and thus indicates if the controller is to send any additional

control messages (requiring all the other nodes to stop

trying to send control messages, since the loop controller

has the highest priority). Otherwise, control messages

will be received by the controller based on their priorities.

c. Destination node address which locates the node in the

loop to position its control switch.

d. Command information which specifies the switch position

at each node, or any other actions to be taken.

e. End of relay control message (EOM).

B) Polling Technique: A polling technique somewhat similar

to hub polling (KNIG 72) is used. This technique can be described

as follows:

a. Assuming all the control messages (type 1 or 2) are

passing each node serially (bit by bit), and each node is

able to read the information in a bit frame simultaneously

(considering the propagation delay is negligible).

b. The first bit in each message is dedicated to specify the

type of control message. If it is one, the loop controller

is in command of the loop, but if it is zero, any other

node can be in command of the controller loop depending

on their priorities in the polling information.



46

c. In cases where the first bit is a zero, then the second

through the sixteenth bits each represent a flag for one

node. That is, if any of these bits is one, then the node

assigned to that bit frame has a control message to send.

The priorities of the nodes in sending control messages

depends on the assignment of their bits in the polling infor-

mation field of control messages. This assignment, as

already indicated, does not depend on the location of nodes

in the loop and, therefore, it can be changed later on if

this is necessary.

d. When the polling bits are passing each node interface, each

bit has a higher priority than the following polling bits and

has a lower priority than preceding polling bits. There-

fore, when a bit in the polling information field is set to

one, if all the preceding polling bits are zeros, then the

node which is assigned to that bit frame has the highest

priority to send its control message (this can be changed

to transmitting more than one message if it is necessary).

Otherwise, such a node has to wait until the above condi-

tion comes true.

This polling technique seemed to be very straight-

forward and simple to apply, but other techniques might

be worthwhile to consider in systems serveying the large
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numbers of nodes if including one bit per node in each

polling message to handle priorities in this manner seems

to be excessive.

4. 1. 2 Data Loop Design

The data line loop is a single loop in its simplest case, but it

can be extended to a multiple loop for higher throughput. The data line

loop transfers all the data messages from any source node to any

destination node through a best available route which has already

been set up by the loop controller node. The design of the data line

loop is based on two factors. The first factor is format design for the

data messages which are transferred by the data line loop. The

second factor is the physical structural design of the data line loop

which allows optional routes for transmission of data messages from

one node to another.

A) Format Design of Data Messages: The data messages

which are transmitted on the data loop all have a general format

which contains control information along with the data information.

A general format of such data messages is shown in Figure (9A) and

is configured from the following fields:

a. Flag: The flag is a special bit-sequence, as in SDLC

(DONN 74) or HDLC (DAVI 73), which denotes the start or

end of message frames.
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b. Destination address: This specifies the node address

where the message must be transmitted, as in the distrib-

uted loop message communication protocol DLMCP (REAM

76).

c. Source address: This is the address of the source node

where the message originated, as DLMCP (REAM 76 ).

d. Control information: This information is used by network

operating systems to control the network activities.

e. Data information: This is a variable length field of data

information.

f. CRC (Cyclic Redundancy Check): CRC is an error checking

field. The checksum placed in this field by each message

transmitter is the remainder generated by division of all

the preceding bits in the data stream after the starting

flag sequence by an appropriate polynomial. By recom-

puting the CRC upon receipt of a message, the receiver

can check for any transmission errors which might have

occurred in the data field as well as in source and des-

tination and control fields, thus ensuring the integrity of

the information in the messages.

It can be observed that data message format is very

similar to the synchroneous data link communication, SDLC,

or high-level data link communications, HDLC format,



49

shown in Figure (9B). However, there are some differ-

ences which allow the new loop network to be more flexible

with various message protocols. For example, address

fields can be decomposed into loop node address, and

process number (or any other decomposition which depends

on the application). Such a composite quantity which

includes process addressing results in more efficient

message transmission on the network, by permitting

processes to communicate with each other by logical name

as in the DCS at Irvine (FARB 73). Using the SDLC format

for such address decomposition may not be suitable because

of its limited address field. This data message format is

actually the same as that of DLMCP, introduced by Reames

and Liu (REAM 76).

B) Physical Structure of Data Line Loop: The data line loop,

illustrated in Figure (10A) for a network of four nodes, is inter-

faced to each node through a simple switch at each node. This

enables a node to connect segments of the data lines together and

either connect a node to the data loop so that the node can receive

or send the data, Figure (10B), or bypass the node, Figure (10C).

The controller sets the switches at each node before data trans-

mission is allowed. For example, for a network of four nodes, as

in Figure (11), if node one is to send data messages to node three,
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then switches and data segments are connected in one of the config-

urations shown in Figure (11A) or (11B).

Observe that the connections of segments of data loops permit

the following:

a. For each communication, a source node can send a mes-

sage to a destination node through either of two different

paths, as is illustrated in Figure (11A) and (11B).

b. The connection of segments of the data loop permits con-

current use of several segments of the entire data loop

network. For example, if node one is to communicate with

node two in Figure (6), then only a single segment between

nodes one and two is dedicated to this communication. The

remaining segments of the data loop are available for con-

current data transmission in the new loop network. For

example, communication between nodes four and three, and

nodes five and six, is possible, simultaneously with com-

munication between nodes one and two.

c. Transmission of the data is in either direction. The

minimum route is normally assumed to be chosen. For

example, in Figure (6), nodes one and two can use the

shortest path to communicate with each other.

The combined effect of redundant alternate paths, concurrent

paths, and bidirectional transmission over non-interfering segments
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of the loop, adds to the network reliability, flexibility and through-

put.

The new data loop structure described above is a general

structure. In addition to the loop topology studied here, there is also

the potential for other configurations where this new loop structure

lends itself to application of multiprocessing and/or distributed com-

puting systems with higher throughput. The topoligies of such

specified networks may require high-speed transmission between

two or more nodes. In such special cases, it may be expedient to

include additional nexpressli buses to supplement the basic loop.

This can be done, for example, as shown in Figure (12), by merely

increasing the capability of control line switches'at these nodes.

In the example of Figure (12), supplemental data buses may be used

to establish high bandwidth communication between node one and node

four, Figure (12A). Additionally, the response time of communica-

tion between nodes four and two, Figure (12B), may justify an

additional data line. However, it may be desirable to improve the

overall throughput of the system, which can be accomplished by

adding an extra data loop, as Figure (12C).

4.1. 3 Processor Node Design

Network'nodes, which are called processor nodes in this

section, are the basic elements of the network. The activities of
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these nodes are of two types, internal and external activity. Internal

activity is the type of activity in which a processor node behaves

independent of other processor node activities. However, some of

this internal activity may result in requiring external activities.

External activities are the ones which require communication with

other node processors or interfacing with data loop lines or control

loop lines. The main concern in this work is on external activities

which are summarized as:

a. When a processor node is to send some information to any

other processor node, then it prepares a control message

of type 1 (SYN) to be sent to the loop controller node.

b. When a processor node is sending a data message to

another node, then the data loop interface at each node

must be capable to either shift out or shift in the data from

the data loop.

c. When a processor node receives a data message completely,

then it must prepare a control message of type 1 (ACK)

and set a polling flag in the control loop interface at the

receiver node to send this control message to the con-

troller node.

Any processor node interface is configured from four basic

components as shown in Figure (13A). These components are control

switch, node control, transmitter and receiver, and terminal node
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interface. Functions and design of these components are discussed

in the following sections.

A) Control Switch Design: A control switch is a data com-

munication path between the data loop and a processor node. In

general, in a two way node interface receiving and transmitting the

data are handled through two separate communication paths, Figure

(13B), instead of through a common path (one way case). Then, the

control switch, as shown in Figure (14A) can settle in one of eight

different positions. The function of each position is tabulated in

Table 1.

Table 1. Truth table for switch positions.

Switch Position Control Switch Function

1 Transmit only to A

2 Transmit only to B

3 Receive only from A

4 Receive only from B

5 Transmit to A and receive from B

6 Transmit to B and receive from A

7 Bypass A to B (connect A to B)

8 Receive from A or B and Bypass A to B
(Broadcast mode)
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However, if the simplest case is desired, only four different

positions are required, which can be achieved by connecting the

receiver and transmitter paths together.

On the other hand, when the number of data lines increases, the

above design must be generalized to let the user have the capability

of modular growth. For this purpose, let us consider the design of

a control switch for two data lines as in Figure (14B). A, B, C, and

D in Figure (14B), represent the four data segment terminals and T

and R represent transmitter and receiver terminals.

To design an integrated circuit package (IC) to perform the

control switch activities, the main concern is the number of terminals

for such a package. As indicated before, there are eight different

connections to receiver and transmitter for each pair of segments

entering the control switch, as was shown in Table 1. Then three

terminals in an IC package (chip) are needed to decode these eight

different positions. However, there are two pairs of data segment

sterminals and, therefore, we need three IC terminals for each

pair. As can be observed from Figure (14B), it is desirable to have

connections among the two pairs of data segments bypassing trans-

mitter and receiver terminals. At least, there are four such con-

nections as A to C, A to D, B to C, and simultaneous connections

of A to D and B to C.
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These four connections also require two IC terminals to be

decoded. Therefore, a control switch IC for two data loops requires

eight terminals only for decoding switch positions and then four

terminals for four data segments, two terminals for transmitter and

receiver and two terminals for power to the IC. Such an IC package

(chip), then, must have at least 18 terminals (pins). Figure (15)

shows a possible pin assignment of such an IC chip.

The control switch shown in Figure (15) can be called a modular

control switch since under different topologies and complexities of

the new loop network it can be used in a modular manner. For

example, for one data loop, in the simplest case, pins 12 and 13 will

be connected together and only pins 1, 2, 9, 12, 16, 17, and 18 will

be used in Figure (15). However, when the system allows simultan-

eous transmitting and receiving (two way- communication) then, pins

1, 2, 3, 9, 12, 13, 15, 17, and 18 are to be used. In case of a double

data loop and two way communication, all the pins will be used. On

the other hand, if the number of data loops is more than two, then

some additional number of control switch IC chips are required.

For example, for three data lines, as shown in Figure (16), three

IC control switches are necessary to do the required switching

functions.

Observe that some of these control switch chips are redundant,

but add to switch mechanism reliability. Therefore, this modular
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technique of designing such a modular or universal control switch

IC chip will offer the network engineers simplicity and modularity

in constructing such networks.

In conclusion to the control switch design, it should be men-

tioned that the number of modular control switch IC chips required

(C) at each node of the new loop network is only related to the num-

ber of data loops in the network (D). Since each pair of data loops

requires one control switch IC chip, for D data loops, each node

interface requires:

C = (D - 2)! 2!
D! for D > 2

C = 1 for D = 1

The above relationship actually shows the number of possible

combination pairs which exist for D data loops.

On the other hand these control switch IC chips can be con-

nected in a serial manner when the number of data loops is greater

than 2 as in Figure (17). In this case one pair of data terminals on

the preceding chip is connected to the transmitter and receiver ter-

minal of the following chip. Figure (17) shows such a connection for

4 data loops, therefore the number of control switch IC chips

required in this case is equal to the number of data loops minus one,

or:
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However the reliability in this case is very low, since a fault in any

chip causes the whole system to fail.

B) Node Control Design: The node control design is based on

the activities of each node and since each node must be able to take

over the responsibilities of the loop controller node, each node must

include capabilities to conduct the, following activities:

1. Polling activities,

2. Sending and receiving control messages,

3. Receiving and transmitting data messages.

The first thing that should be considered is that control

activities on the control loop and data transmission activities on the

data loop are two different and independent activities, from the

point of view of the node interface. Hence, each node control inter-

face has to be prepared to accomplish both activities independently.

The control activities at each node interface are flowcharted as in

Figures (18) and (19), which include activities of both the controller

node and a terminal node. Based on the flowcharts shown in Figures

(18) and (19), each node can be designated to function as a controller

node or as a terminal node. If the node is to be a controller node,

Figure (18), then it sends a start of message (SOM) bit pattern
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similar to an SDLC type of framing pattern. As soon as SOM is sent,

then based on the control message to send, it will set the first

polling bit to one in the control message. Then, since it has the

highest priority, immediately after the first polling bit is sent, the

rest of the relay control messages will be sent, followed by the end

of message signal (EOM).

Other nodes synchronize their timing to the length of relay

control messages using the EOM signal from the loop controller.

However, if the loop controller does not have any message to send,

then the first polling bit is set to zero and the rest of the polling bits

will be checked. If none of the polling bits are set to one, the con-

troller will send a new SOM and follow the node controller activities

as discussed above. Otherwise, a message from one of the nodes in

the network is to be sent to the controller. Therefore, the controller

will buffer a message of type 1 which was sent by one of the terminal

nodes and followed by an EOM (to activate the loop controller to send

a new SOM signal).

On the other hand, if the node is not a loop controller, then it

follows the procedures flowcharted in Figure (19). In this case,

each node will check the control loop until it detects an SOM signal.

Then, if it has any messages to send, it will set a polling flag.

Otherwise it will check the first polling bit (FPB). If this bit is

zero, then the node checks to detect if it is being polled. In this
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case, it sends a message of type 1 to the loop controller to reset the

polling flag. Then, control will be transferred to check for a new

SOM signal. If the node is not polled, however, it simply waits for

another SOM. If the first polling bit is not zero, then it is evident

that the controller node is sending relay control messages to the

nodes. However, each relay control message contains a variable

number of control switch commands for the nodes along a communica-

tion path and includes SOM and EOM fields for the start and end of

each relay control message, Figure (8B). Therefore, each node

interface checks to see if the address field of each relay control

switch command matches with that node address. If so, it buffers

the switch command and sets up the control switch. Then, it trans-

fers the control to detect an EOM signal, and thereafter looks for a

new SOM. If the address field does not match with the node address,

it simply looks for an EOM. After an EOM signal is detected, it

again transfers the control to look for a new SOM. These activities

are flowcharted in Figure (19).

The above mentioned activities are external control activities.

For each node, however, there are some internal activities which

initiate external activities as follows:

a. Scheduling and routing are internal activities for the

controller which result in external activities such as relay

control messages.
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b. Each node is taking advantage of load sharing, resource

sharing, program sharing, etc., in the loop network. Any

one of the above facilities initiates external activities at

each node, resulting in control messages of type 1.

As was already indicated, the above control activities may be

concurrent with receiving and transmitting the data messages. There-

fore, any node in the network has to have the capability of sending

and receiving control messages simultaneously with transmission

and reception of data messages.

C) Transmitter and Receiver Design: The control functions of

transmitting and receiving have already been discussed under node

control design. Therefore, this section is only concerned with size

and speed of the memory buffer required for transmission and

reception of data messages.

The size of the memory buffer must be large enough to buffer

the longest data message (in our simulation model, a maximum

length of 512 characters is considered) to receive or transmit. Also,

it must have room for control messages. Hence, a reasonable

estimate of the minimum memory buffer requirement for receiving

and transmitting single data messages is twice the size of the

longest message plus the buffer required for sending and receiving

control messages (an average of 24 characters in our simulation for

the new loop network). However, if each node is to be capable of
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scheduling and routing data, which basically depends on the number

of nodes on the loop network and the application of the network.

Therefore, the size of the required memory should be considered

when the network application is chosen. Since most microprocessors

have the capability of adding on a memory of up to 64 K bytes, memory

size does not seem to be a limitation in node interface design.

The speed of the memory buffer, however, depends on the

speed of the node control. For the design of the new loop network,

we are mainly dealing with applications of microprocessors. Since

the speed of the fastest microprocessor (bit slice bipolar micro-

processor) has not exceeded that of the fastest memories (bipolar),

speed of memory does not seem to be a limitation for this design.

D) Terminal Processor Interface Design: A terminal can be a

simple input/output device such as a TTY, printer, card reader,

etc. , or it can be an intelligent device (BEL1 72) such as an intel-

ligent display terminal or computer (micro, mini, etc.). The inter-

face to any terminal may be divided into two types: serial inter-

face and parallel interface.

Serial interfaces are required for teletypes, serial printers,

cassette tape drivers, etc. , and most commonly are RS 232 com-

patible. Hence, a node processor interface should contain an RS

232 compatible interface. Most of the microprocessor manufacturers
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include a serial I/O communication adaptor with their micro-

processors. Therefore, including an LSI microprocessor chip in

the processor node interface design will increase the universality of

such an interface.

Parallel interfaces are normally used for high-speed terminals

such as computers. Any intelligent terminal can be interfaced and

programmed to an 8 bit or one byte parallel communication interface.

Hence, the node processor should include a parallel interface com-

munication adaptor. Again, most of the microprocessor manufac-

turers include such a chip in their product line.

In conclusion, using a microprocessor in node interface design

will reduce hardware design time and cost, while improving the

modularity and reliability of the interface.

4.1.4 Controller Node Design

As was already indicated, for reliability purposes, any node

should be able to take on the responsibilities of the controller node

and the design of each processor node should include the controller

node activities as well. The external activities such as sending SOM

and EOM messages and polling have been discussed previously. In-

ternal activities which are those initiated by external activities

(which eventually result in new external activities) are the main

subjects of this section.
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In general, the node controller includes two main types of

internal activities, routing and scheduling. A third internal activity,

however, may be added to the above two. This includes activities

devised to increase fault tolerance (which are not treated in this

thesis).

A) Routing: The new loop network may be assumed to be a very

special case of a fully connected system in which each pair of adjacent

nodes are connected together with a separate communication line.

However, routing on the loop network is much simpler than that on

most fully connected networks. This depends strongly on the number

of data loops and the capability of each node interface (one way or

two way). For a single data loop in either one way or two way case,

each node on the network (see Figure (6) for example), has only two

paths in two different directions to a chosen destination and one of

these paths may be the shorter path. Finding the best path available,

for one way traffic, is much simpler and faster than finding a path

for two way traffic. In the one way case, each node has only two

states, either it is free or busy (receiving, transmitting or bypassing).

Therefore, checking each noders status only requires one instruction.

But, for two way nodes, each node has five different states, (free,

receiving, transmitting, receiving and transmitting, and bypassing)

and each state has to be distinguished from the others. Then, at

least three instructions are needed to discriminate these states
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from each other (and some more instructions are needed to do the

processing on each state). One way to handle this type of routing

was incorporated in the simulation of the new loop network, and a

flowchart of the routing algorithm used is illustrated in Figure (20).

Routing for more than one data loop or for a more complex

structure, however, is more complex, which may result in some

tradeoffs in different applications. For example, for two data loops,

we may search for a path between two nodes separately on each loop.

This may not be very efficient, but it is very simple and straight-

forward. Nievergelt (NIEV 74) and E. F. Moore (MOOR 59) and

others have investigated general routing procedures, which may be

of considerable use in the new loop structure.

B) Scheduling: Communication process scheduling is the

activity of maintaining a list of the ready communication processes

(requests for communication from the terminal nodes to the con-

troller node by messages of type 1) in some order reflecting

priorities.

Dispatching is the activity of selecting the most eligible com-

munication process from a ready list in which the nodes involved

in that communication process are ready to communicate, and the

route exists for such a communication. Therefore, when a com-

munication process is dispatched (to running status) from ready

status, the communication process must be loaded on the network and
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be provided with whatever resources may be needed initially to run

(RUSC 73).

Much concern has been devoted to the selection of appropriate

scheduling algorithms (MIES 71) and (WHIT 70), with a great variety

available. Algorithms may be classified (RUSC 73) in terms of when

an algorithm is to be applied as:

a. Non Premptive: In non premptive schemes, jobs are

allowed to run to completion; scheduling decisions are only

made when a job departs.

b. Preemptive: In preemptive schemes, a decision is made

upon completion of and also upon arrival of a job.

c. Quantum Oriented: In this type of scheme, the priorities

are recomputed at the end of a quantum (a fraction of a

job).

d. Processor Sharing: This type of scheme has the capability

to make scheduling decisions continuously. Processor

sharing schemes may be obtained from quantum oriented

ones by letting quantum size approach zero.

Non-preemptive and premptive schemes seem to be suitable

for network communications, while quantum-oriented and processor

sharing schemes are more suitable for multiprocessing and time

sharing systems.
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In terms of algorithms, a classification of scheduling methods

is very involved. There is practically no limit to the number of

ways a job7s priority may be computed. Coffman and Kleinrock

(COFF 68) have done a considerable amount of work on different

methods of scheduling. In this thesis, however, a classification of

parameters which have direct influence on scheduling algorithms is

given, rather than listing schemes which consider combinations of

them. According to this classification, algorithms which consider

the following job characteristics may be used as scheduling factors:

a. Message length,

b. Path length,

c. External priority: (Priorities may differentiate between

jobs in terms of their urgency),

d. Timeliness: (Timeliness takes into account the fact that

the value of completing a job may vary in time),

e. System Load: (System loads have a direct impact on

response time, and therefore at different levels of system

load scheduling may change).

In the new loop network simulation, a FIFO algorithm and a

shortest message first scheduling algorithm were used.

As we have seen, routing and scheduling can be accomplished

by a wide variety of algorithms and may change with different users!

requirements and applications.
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A controller node processor should meet the requirements on

flexibility and response time. For a node controller to be flexible

enough to handle different users' requirements, a microprogramming

scheme can be provided. This promises more flexibility and makes

it possible for one to optimize and tailor the processor to fit precisely

a particular network application. This gives faster response time.

On the other hand, in order to reach the throughput necessary for

such a node controller, a bipolar microprocessor is currently the

right choice (NEME 77). Such microprocessors are faster than MOS

microprocessors, and in addition, are microprogramable. However,

it should be mentioned that in many small to medium applications,

routing and scheduling do not have to be very sophisticated and bulky

and changing. In such applications, therefore, using a MOS micro-

processor may work quite successfully.

4.2 Design of New Loop Network
Using Recent Technologies

LSI microprocessors with their low cost and high integration,

reliability and simplicity, lend themselves to be a main tool in the

design of node interfaces. Figure (21) is a block diagram of a con-

figuration for such node interfaces of the new loop network. In

Figure (21), a microprocessor based CPU is receiving and trans-

mitting data messages and control messages through a 4 channel

high speed direct memory access device (DMA). Two channels of
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the DMA are dedicated to data message activities and the other two

channels are dedicated to control message activities. Control and

data messages are received or transmitted serially and the DMA

channels transfer data in byte parallel; therefore, the DMA channels

are multiplexed and there is enough time for each channel to transfer

information to and from memory. As is illustrated in Figure (21),

the two DMA channels dedicated to data transfers are connected to a

universal synchronous asynchronous receiver transmitter (USART)

which is a serial to parallel and a parallel to serial transducer.

USART receives the data from memory through DMA in parallel and

transforms it into a serial form through a RS 232 interface (or modem)

depending on the application. At the same time, the USART has the

capability of receiving serial data from the data loop through the

control switch and modem, and transforming that into parallel data

which is sent through a DMA channel to memory.

Control messages are handled in the same manner as data

messages in being routed to and from memory through DMA channels.

This is due to the availability of low cost four channel DMA. On the

other hand, since some sections of control messages, such as

polling, start and end of message transmission and detection, and

setting up the control switch, require some processing time, the

control section of each node interface must be capable of handling

processing on serial raw control messages as was shown in Figures
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(18) and (19). These activities can be processed by a separate pro-

cessor which will be called the new loop communication adaptor, see

Figure (21). This adaptor will receive and send serial data and

process some fields of control messages where immediate process-

ing is required, and then will transfer the rest of the control mes-

sages to and from memory through the USART and the DMA channels.

Since the communication adaptor requires some immediate

processing in a limited time, processing time is a limiting factor.

Especially when the loop bit rate is very high (around 1 MHZ and

more so that processing time on each serial bit must not exceed 1

[isec). At this point, three options in the design of a control message

communication adaptor may be considered.

The first option is to use a combination of SSI and MSI chips

to do the design, using flowcharts of Figures (18) and (19). How-

ever, using SSI and MSI chips requires about 60 chips (as a first

approximation) so this involves considerable complexity, hardware

debugging, and cost, although it would take advantage of the speed

of such adaptors.

A second option is to use a bit slice microprocessor such as

the AMD 2900 (Advanced Micro Device) or the MC 10800 (Motorola)

both of which are four bit slice bipolar microprocessors and have

higher clock rates (near 10 MHZ) and are microprogramable. In

this type of microprocessor, instructions can be tailored to users?
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requirements and provide a very high flexibility in node interface

design with less debugging time and less cost than the previous

approach requires. However, speeds of microprocessors limit

their application, since if the bit rates on communication loops are

above 1 MHZ, then even bit slice microprocessors are not capable

of handling such communication processing. (This results from con-

sidering each communication process instruction such as checking

the polling bits, etc. , each requiring 10 micro instructions (average).

Therefore, if each micro instruction requires one clock cycle, each

such instruction then requires at least 1 micro second which hardly

meets the bit rate requirements on communication loops).

A third option is to use a bit slice microprocessor as a control

communication adaptor for prototype purposes and take advantage of

the flexibility of such technologies, then, replace the bit slice micro-

processor by a specially fabricated LSI communication adaptor to

achieve higher speed and integration.

As has been indicated, all of the above options are speed, cost,

flexibility, and technology dependent. Therefore, a detailed design

for such interfaces depends on manufacturers and users! require-

ments and limitations which are not treated in this dissertation.

However, flowcharts such as Figures (18) and (19) are the main tools

of such designs.
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V. SIMULATION STUDY OF NEW LOOP NETWORK

In Chapter IV, the design strategies for new loop networking

systems were presented. Two major features were incorporated in

design strategies: First, distribution of control and data in two dif-

ferent loops, and second, partitioning the data loop into data segments

between nodes. It was clear that while existing loop networks (New-

hall, Pierce, and DLCN), suffer from comparatively low throughput,

flexibility, and reliability, the proposed method would provide better

performance in these areas and still be easy to use.

A number of very interesting and desirable properties were

claimed for this message transmission mechanism in the previous

chapters. These include the following:

1) Concurrent and bidirectional transfers of variable length

data message frames between nodes are possible.

2) Throughput can be regulated by adding new data segments to

data loops and by using one way or two way transmission mechanisms.

3) Automatic regulation of loop message traffic can be perform-

ed by scheduling and routing algorithms.

4) Improved reliability is inherent in the new loop network

since the data loop is bidirectional. In addition, one can always add

some extra control messages to data messages and then double check

the information in messages.
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The claims made for improved response time and throughput

will be verified through presenting simulation results in the next

section.

5.1 Development of Simulation Model

A simulation study of the new loop network was modeled after

the work of Reams and Liu (REAM 7n). The results obtained from

simulation of the new loop network will be compared with their

results. Reams and Liu (REAM 7)5) performed their simulation study

for six nodes using the GPSS/ 360 simulation language at Ohio State

University. They studied three major loop networks, DLCN (distri-

buted loop computer network), Pierce loop, and Newhall loop, so that

relative performances could be more easily judged. The primary

quantities of interest in their simulation study were message trans-

mission and queueing times. The new loop network was simulated

with a Fortran program at Oregon State University to save computer

time, and to take advantage of Fortran flexibilities and portability.

(Techniques used to verify comparability of the new simulation model

with Reams and Liu's model are discussed in 5. 3). The results of

the new loop network simulation extend the results of Reams and Liu

(REAM 7p), to provide an evaluation of all four network topologies

for networks of six nodes. In addition, the results obtained for the

new loop network include an evaluation of networks with a number of
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nodes varying from 2 to 15 nodes. Also, the new loop network simu-

lation results include some additional measurements on queue sizes

in the central controller and on average number of concurrent com-

munications for different numbers of nodes in the network.

Since it is important in discussing the results to know exactly

what is meant by various measurement terms, it is appropriate at

this time to define precisely the quantities of particular interest.

1) Queueing Time: Time elapsed from when a local message

(generated in the attached component) is ready for trans-

mission until its first character is placed onto the loop.

2) Transmission Time: Time elapsed from initial placement

of the first character of a message on the loop at the source

until final removal of the last character from the loop at the

de stination.

3) Acknowledgement Time (DLCN only): Time elapsed from

generation of an acknowledgement message at the destina-

tion until the last character is received and removed from

the loop at the source. (This is an option in DLCN for the

destination node to send an acknowledgement message to

the source node after reception of the data message).

Total Message Transmission Time:

a) For the Newhall loop, Pierce loop, DLCN loop (without

acknowledgement message transmission) and the new
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loop network, total message transmission time is the

sum of queueing and transmission times only.

b) For DLCN (with acknowledgement message transmission)

total transmission time is the sum of queueing, trans-

mission, and acknowledgement times.

Loop Utilization Factor: Percent of time during which the

loop was used for transmission of the message.

6) Queue Size (New Loop Network): The number of requests

for communication outstanding at the central controller at

a particular instant of time.

7) Average Number of Communications (New Loop Network):

Average number of concurrent data transmissions on the

loop.

8) Average Path Length (New Loop Network): Average number

of data segments used by one message.

9) Node Arrival Rate: The average number of requests for

communication (arrivals) at each node in one time unit.

10) Network Arrival Rate: Node arrival rate multiplied by the

number of nodes in the network.

11) Interarrival Time: The average number of time units in the

network between two consecutive arrivals.

12) Time Unit: Transmission time for a single character.
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The general characteristics of all four networks modeled were

similar. Therefore, the same basic assumptions were made for all

four simulation models. Each network consisted of exactly 6 nodes.

(In the new loop network simulation, an extra node to function as loop

controller was included. The number of data generating nodes was

also varied from 2 to 15 nodes for additional results. ) All message

sources at each node were assumed to be identical, independent

Poisson generators (thus making message interarrival times expon-

entially distributed), and were randomly addressed by the other nodes

so that the message traffic was entirely symmetric and uniform.

Message lengths were exponentially distributed, with a mean of

50 characters, for Newhall, DLCN, and the new experimental loop

(since they are allowed to have a variable message length). However,

for the Pierce loop model, Reams and Liu (REAM 75) selected an

optimal fixed packet size of 36 characters including 9 control char-

acters. For the Newhall and DLCN models, 9 additional characters

of overhead for header and trailer information were then added to each

message frame. In the new experimental loop model, though, since

control messages were sent through the control loop, only 2 additional

control characters were added to each message in the simplest case

(where each node is only allowed to receive, or send, a message at

one time and not both). However, in more sophisticated cases when

transmitter and receiver can operate concurrently (2 way nodes), or
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when two data loops were used, 9 control characters were added to

each message length.

Each node interface contributed 2 time units of delay in Newhall,

Pierce, and DLCN models, one unit in the receiver for address

checking of incoming messages and one unit in the transmitter for

processing before retransmission onto the loop. However, for the

new experimental loop, the control messages of type 1 (6 characters

long) and type 2 (from 6 to 12 characters long) would provide the

control activities as mentioned in Chapter IV. Hence these delays

were not included.

Propagation delay on the loop communication channel itself was

ignored (a safe assumption at 1-10 MHZ with loops spanning short

distances). Other features of the three models were unique simply

because of the different characteristics of each loop network. For

example, in the DLCN simulation model, the size of each interfacets

delay buffer was modeled to be 512 characters, since the truncated

negative exponential distribution used for determining message size

allowed message lengths of up to 500 characters, and the delay buffer

must be at least as large as the longest message to be transmitted.

For the Pierce simulation model, a packet size of 36 characters

(including 9 control characters) was selected by Reams and Liu, as

an optimal packet size, which can be calculated by minimizing the

product of average number of packets in a message times the packet



88

size. This also was obtained in an earlier work (ANDE 72), by the

fact that the number of packets in a message is geometrically dis-

tributed. Since the 6 nodes in the network altogether introduce only

12 time units of delay, a delay box of 24 time units was placed in the

loop between the last and first interfaces, so as to form an entire

packet interval of 36 time units (space for one packet). Two possible

schemes for the control-passing mechanism of the Newhall loop were

also investigated in Reams and Liuts work. In the first method, all

messages in the queue of the selected interface were transmitted onto

the loop before passing the token to the next interface (switch when

empty). In the second method, the control token was passed after

only one message was put onto the loop, even if the other messages

remained in the queue (switch one-by-one). Method one led to much

longer mean and maximum queue lengths, but always gave shorter

mean total message transmission times. Thus, it was adopted for

the Newhall simulation model.

In the new loop network simulation model, a simple FIFO

scheduling algorithm was first implemented for the loop controller

scheduling and routing algorithms. The routing algorithm (simplest

case) was simply to find the length of the shortest path between two

nodes in either direction which was available for use. If two paths

were available and both had the same length, the clockwise direction

was arbitrarily chosen. The new loop network did improve throughput
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over that obtained with the others, by employing even such simple

algorithms for scheduling and routing. However, to show the superior

flexibility and throughput of the new loop structure, a simple shortest

message first scheduling algorithm was also modeled, and then a

routing algorithm with two way node interfaces was implemented.

This showed a much higher achievable throughput than was obtainable

by Newhall, Pierce, and DLCN. In addition, the new loop network

simulation model was designed and coded in FORTRAN in such a manner

that simulation of any number of data loops, with either one way or

two way nodes, was possible and that the number of nodes in the net-

work could vary from 2 to 15. Simulations of a variety of these

additional possibilities have been done and the results are presented

here.

5. 2 Results of the Simulation Study

Tables 2, 3, 4, and 5 present the simulation quantities of

primary interest from the new experimental loop, DLCN, Pierce,

and Newhall models, respectively. Each table lists the mean message

interarrival time for each message source (node) in the network,

together with the average utilization level of the interface transmitter

(which is effectively the same as the communication channel or the

line load level). Also, mean values of queueing time, transmission

time, and total transmission time, with their standard deviations, are
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listed. For the new experimental loop, control line utilization was

also listed. While for DLCN, mean acknowledgement time was

included, it should be mentioned that the figures in the total trans-

mission time column for DLCN (Table 3) are slightly different from

those in Reams and Lius paper (REAM 75) and Ream's dissertation

(REAM 76). This is due to their miscalculation of total transmission

time for some interarrival times. Table 2 presents only the data for

6 nodes for one way and two way node interfaces, and also for double

data loops and one way node interfaces with mean message lengths of

52 characters, for the new experimental loop, to compare this loop

with the others. Table 6 presents much more detailed and complete

information for six nodes for mean message length of 59 characters

(including 9 control characters), and with different options including

single data loop or double data loop, and one way or two way node

interface mechanisms. Thus, Table 6 presents 4 different sets of

data. In addition to those parameters listed in Table 2, Table 6 also

presents the maximum and mean queue sizes in the loop controller,

the average number of communications on the loop and the average

path lengths.

Table 7 lists the same parameters as Table 6, but for different

numbers of one way nodes in the network. Values are given for net-

works with 2, 4, 9, 11, and 15 nodes. This is to show the behavior

of the network for different numbers of nodes. On the other hand,
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Table Z. Simulation results for the new loop network with different
node interface design and different controller node
scheduling.
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TABLE 3

DLCNSIMULATION RESULTS

queueing
IA line time
time usage mean dev

transmit
time

mean dev
acknowledgement
mean dev

total
time

mean dev

delay

time

mean dev
3600 .056 2.1 14.3 58.6 47.8 13.7 12.8 74.5 51.1 10.9 29.8
1500 .138 6.4 25.8 61.3 50.1 19.1 26.5 86.7 61.8 12.5 32.3
900 .235 12.2 38.3 67.8 64.2 24.0 35.6 103.9 83.3 14.7 37.3
600 .365 19.4 45.9 79:6 78.3 37.1 59.2 136.1 113.8 19.8 42.6
480 .474 30.1 65.2 102.1 124.6 42.2 57.5 175.2 163.4 25.2 55.9
420 .543 39.9 84.2 115.1 145.3 55.1 68.7 210.2 193.4 30.4 63.0
342 .677 64.2 145.9 150.8 206.4 81.8 97.4 297.7 279.0 42.9 86.6
300 .759 101.6 222.1 210.3 334.0 91.4 93.1 404.0 450.0 56.6 130.9
270 .844 181.5 504.0 332.7 659.0 132.4 122.4 648.4 903.0 89.6 242.8
240 .937 303.1 606.0 468.9 805.0 176.8 139.9 900.61061.0 131.2 353.0

* delay time is for each interface visted

TABLE 4 TABLE 5

PIERCE SIMULATION RESULTS NEWHALL SIMULATION RESULTS

queueing
IA line time
time usage mean dev

total
time

mean dev

queueing
IA line time
time usage mean dev

total
time

mean dev
2700 .098 10.9 38.3 115.2 79.3 2100 .153 15.3 32.9 77.8 55.9
1800 .147 18.7 53.3 124.4 94.7 1500 .183 21.1 45.1 84.4 66.4
1200 .200 27.9 71.5 133.7 109.6 900 .242 38.6 65.0 101.0 78.3
900 .293 47.1 103.3 152.1 133.4 600 .328 75.5 111.3 137.7 120.3
720 .367 69.1 111.3 174.1 142.9 480 .378 135.2 204.9 198.5 210.1
600 .430 74.9 123.3 180.9 152.2 420 .424 283.6 343.0 346.5 343.0
540 .479 119.1 194.3 215.3 212.9 360 .487 611.6 558.0 675.4 559.0
480 .513 148.4 259.0 251.8 263.0 330 .518 3210.0 2230.0 3269.0 2231.0
420 .633 215.6 271.0 326.1 299.0. 300 .511 6564.0 4384.0 6632.0 4384.0
360 .717 257.7 317.0 365.3 342.0
330 .762 360.9 455.0 463.7 457.0
300 .801 537.2 661.0 690.7 686.0
270 .935 1412.0 1329.0 1511.0 1357.0
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Table 8 lists data for networks of 2 nodes and 15 nodes using single

or double data loops (for 15 nodes), and two way node interfaces.

Some of the information in Tables 2 through 8 can be displayed

better by graphs, and in the next sections the behavior of network

performance measures and their comparisons will be discussed using

such graphs as evidence.

5.2.1 Comparison of the New Loop Networks
Simulation Results with Others for Networks
of 6 Nodes.

Based on the information in Tables 2, 3, 4 and 5, Figure (22A)

shows a graph of mean total message transmission time versus mean

message arrival rate at each node for all four loop networks, the new

experimental loop, DLCN, Pierce, and Newhall loops. Figure (22B)

shows the standard deviations of total message transmission time

versus mean message arrival rate at each node for all four loop net-

works (emphasizing the new experimental loop performance). Note

that the new loop network is superior when comparing either the

means or the standard deviations Figure (23) shows the changes in

data line utilization versus changes in mean arrival rate (a

measure of the load handled by the networks). Finally, Figure (24)

presents a graph of mean control line utilization versus mean

arrival rate for the new experimental loop network.
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From Tables 2, 3, 4 and 5, we observe that the new experimental

loop, Pierce loop, and Newhall loop have a constant meantrans-

mission time for any load on the system. For the new experimental

loop, assuming propagation delay is zero, transmission time is equal

to the transfer time of the characters in a message (52 characters).

In the Pierce loop, the mean number of packets per message is 2.36

and, therefore, from Table 4, the average packet transmission time

is 46 character transmission times, which was measured by Reames

and Liu (REAM 75), and calculated by Anderson (ANDE 72). For the

Newhall loop, the average transmission time is the time to transfer

an average data message (59 time units) plus half of the loop delay (6

time units) which adds up to 65 time units. For DLCN, however,

since messages may be delayed during data transmission by each

intermediate interface, the mean transmission time increases

rather significantly with higher system loads as is shown in Table 3.

This causes higher line utilization.

Notice that at low levels of system load, the performance of

the Newhall loop and of DLCN closely approach that of the new experi-

mental loop (see Figure (22A)). As the traffic load level increases,

however, the performance of the Newhall loop soon falls far behind.

This results from the fact that at low levels of message traffic, all

message queues for all nodes are empty, so for the Newhall loop the

control token will circulate around the loop once every 12 time units

and the mean message queueing time will be half of the token

interval (or 6 time units). As soon as the traffic load
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increases, the control token is delayed more and more due to the

lack of concurrency in this loop.

In the Pierce loop, however, at light loads a message always has

a mean queueing time equal to one-half of the mean packet size (17.5

time units), and many messages must be transmitted in several

packets (an average of 2.36 packets). For this reason, the Pierce

loop can not compete with the others for low system loads. As soon

as the system load goes higher, though, the Pierce loop exhibits

concurrency (simultaneous packets on the loop) and its performance

improves over that of the Newhall loop whose inherent serial nature

leads to a lower performance.

DLCN has a better performance than either the Newhall or

Pierce loop networks at higher traffic levels, for it does not have to

divide a message into packets and does not have to wait for a control

token to arrive. However, at very high levels of system load, the

loop utilization approaches 90% (the same as for Pierce loop), which

practically limits any more improvement of the systemls throughput,

while the new experimental loop (in simplest case, of one way

switches) at very high system load approaches 44% line utilization

(resulting in better throughput). Figure (23) indicates the correspond-

ing capability of traffic improvement.

In the new experimental loop, for very low levels of system

load, there is a minimum queueing time of 20 time units resulting



98

from SYN/ACK messages ( 12 time units) and relay control messages

(average of 8 time units). This overhead is more than the Newhall

loop and DLCN queueing times and comprises a significant part of the

overall delay at low system loads, although the mean total transmission

time is still better than that of the others because of the lack of any

delay in data transmission. At higher system loads, however, con-

trol message overhead contributes a smaller proportion of the delay,

since messages are queued before being transmitted and the delays

due to control messages are overlapped with data messages! queueing

times. Figure (24) shows a linear relationship between mean control

line utilization and system load up to the maximum 35% control line

usage obtained in simulation runs. This is due to the constant delay

for SYN/ACK messages and almost constant delays for relay control

messages (where changes are within 10 percent).

Figure (22A) gives 4 curves for the new experimental loop (for

different types of node interfaces, such as one way, two way, etc. ).

In the one way network system (in which either the transmitter or the

receiver at each node, but not both, can operate at one time), perfor-

mance shown for the FIFO scheduling algorithm in Figure (22 A),

proves that the new loop network is better than the existing loop network

but improvement over such a performance is still possible. For

example, by providing a different scheduling algorithm such as shortest

message length first or a two way node interface in the network (such
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that each node is capable of transmitting and receiving data at the

same time) we can improve the communication concurrency and the

performance of the data loop. This is also shown in Figure (22A).

Another example is use of more than one data loop, in which case,

the network is provided with two express data lines instead of one,

and the capacity of such networks is expected to be twice as much as

that of the predecessor ones. Such a two data loop network was

simulated for one way node interfaces. The results are presented in

Table 2 and Figure (22A).

The gain in performance for the new experimental loop over

that of the other three networks is primarily due to the segmentation

of the data loop and to the capability of data transmission in both

directions. The added concurrency of the new loop network explains

its increased throughput when compared with the other networks. The

loop segmentation capability also provides flexibility and reliability

for the network. The flexibility will provide the capability of additions

of more data segments (or data loops if desired) to the network, which

in turn improves the network throughput as shown in Figure (22). The

reliability gains result from the \fact that the network can operate

under some loop failures. For example, if one of the segments fails

to operate, the nodes in the network are still able to communicate

with each other through the other segments. On the other hand, since

the data and control messages are distributed into two different loops,
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for fault detection purposes, we can add the control message's infor-

mation to the data messages and let each node check the control

messages on the data loop with messages being sent on the control

loop to make sure the control information is correct.

In order to allow this, 9 control characters (instead of 2) were

added to each data message (making the mean message length 59

characters instead of 52 characters) and the simulation was repeated

for a single data loop with two way node interfaces and for double

data loops with both one way and two way node interfaces. The

results are presented in Table 6 and a graph presenting the changes

in total transmission time versus arrival rate is illustrated in

Figure (25). Comparing the graphs in Figures (22A) and (25), observe

that the performance of the new loop network is still better than that

of the others.

5.2.2 Comparison of the New Loop Network's
Simulation Results for Different Numbers
of Nodes in the Network

To evaluate the new experimental network's performance for

different numbers of nodes, the FORTRAN simulator was run for net-

works of 2, 4, 6, 9, 11, and 15 nodes with one way node interfaces.

Table 7 presents the results, and Figure (26) shows a graph of mean

total message transmission time versus mean message arrival rate

at each node, while Figures (27) and (28) illustrate mean data line
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utilization and mean control line utilization, respectively, plotted

versus the mean per node message arrival rate for different numbers

of nodes in the network. In order to evaluate changes in the network,

the mean total transmission time versus network growth graph of

Figure (26) can be converted to the graphs of Figure (29), which pre-

sent mean total transmission time versus number of nodes in the

network for different per node arrival rates. In this case, three dif-

ferent node arrival rates were tried.

As can be seen from Figure (26), for any node arrival rate,

the networks with fewer nodes have less mean total transmission

time along with lower data and control line utilization. This is

obviously expected, since networks with smaller numbers of nodes,

at a constant node arrival rate, produce fewer total network arrivals,

which results in a lower system load and less mean total trans-

mission time, and line utilization.

What may not be expected is that at a constant network arrival

rate, the networks with larger numbers of nodes present less mean

total transmission time, Figure (30). This is due to more concur-

rency in larger networks. For example, for a network of 15 nodes the

maximum concurrency is 7, for 11 nodes it is 5, and for 2 nodes it is

1, for the one way node interfaces. Further, from Table 7, we can

observe that the average number of concurrent communications in the

network is larger for larger networks. This is why the mean total

transmission time is less for larger networks at the same network
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arrival rate. Also, this higher concurrency for larger networks

causes more line utilization on both data loops and control loops than

occurs for smaller networks.

Since network performance is based on per node arrival rate,

Figure (29) presents changes in network throughput versus number of

nodes in the network at different node arrival rates. As is illustrated

in Figure (29), at lower arrival rates (lower system load), the mean

total transmission time stays constant within some tolerance and the

network performance is not sensitive to the number of nodes in the

network. But for higher node arrival rates, the mean total trans-

mission time will increase considerably when the number of nodes

increases in the network. For some applications, this can limit the

amount of network growth which should be considered. For example,

in applications which require the mean total transmission time to stay

under 200 time units with per node interarrival time no less than 500

time units, the network can grow up to 11 nodes. For more through-

put and larger networks, we may use networks with two way node

interfaces at each node or add more data loops. Some of these

possibilities are shown by a graph in the appendix of this dissertation.

Furthermore, it can be stated here that the new experimental loop

simulation models have proven to be fairly insensitive to most para-

meter variations and no unexpected changes in behavior have been
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observed. The next chapter provides a mathematical model based on

the simulation results.

An implicit goal in the design of the new experimental network

and its new message transmission mechanism was the desire to make

more efficient use of the loop communication channel. At the same

time, it was felt that the number of nodes in the network should not

be limited to 6 as in DLCN and others. The hardware implementation

for the new loop network given in the previous chapter has shown that

both of these goals have been successfully accomplished. The next

section presents a justification of the new loop network Fortran

simulator.

5.3 Validation of the New Loop Network Simulation

To verify that the simulation results obtained from the new loop

networkrs FORTRAN simulator are correct, we adjusted the FORTRAN

simulator to allow only one communication at a time in the new loop

network. This should make the simulation results closely resemble

the Newhall loop simulation results obtained from the GPSS simulator

by Reams and Lui (REAM 75). Their simulation, for the Newhall loop,

allowed only one message transmission at a time. In the adjusted new

loop network transmission mechanism, however, there are two types

of delays prior to each message transmission, 1) a constant delay due

to use of a control message of type 1 to inform the loop controller
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node that the previous message has been transmitted, and 2) a delay

due to setting up the control switches for the next message trans-

mission. Therefore, a fair comparison must take these delays into

account. Furthermore, the comparison against the Newhall loop

simulation with an average message length of 59 characters is made

with the adjusted new loop network simulation for an average message

length of 46 characters plus 6 characters for the acknowledgement

control message plus an average of 7 characters for setting up the

control switches.

The simulation results are presented in the form of graphs in

Figure (31). The continuous graph presents the adjusted new loop

network simulation results and the dashed graph shows the Newhall

loop simulation results. The two graphs are reasonably close to each

other. A closer comparison should not be expected since there are

differences in the loop architectures not accounted for in this model.

The reasonably close agreement indicates that the FORTRAN simulatorts

results are comparable to those Reams and Liu obtained with their

GPSS simulator.

Attention will now turn to presenting a mathematical model

based on the simulation results.
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VI. THE MATHEMATICAL MODEL
AND ITS EVALUATION

In the early days of computer system design, trial and error

yielded adequate results for managing system resources. Since then,

the increase of complexity of computer systems has forced designers

to try out and improve innovations by simulation models or via ana-

lytical approaches. The analytic approach maps the systems

behavior into a closed form expression, which often increases insight

into the internal system activities and interactions. Due to involved

analysis, however, the more complex and the larger the model is in

terms of generality and number of parameters, the less likely it is

that much useful information can be obtained using purely analytical

approaches.' Thus, complex systems, such as that studied here, have

to be simulated.

Due to advances in computer technology simulation not only is

economical, but often produces much faster results than can be

obtained by the analytical approaches. That is one reason why in

recent years, computer technology has advanced computer theories

so substantially. However, most simulation models still suffer from

being bulky, and need to be supplemented by analytical models.

The rapid development of queueing theory over the last decade

has provided sufficient mathematical tools to attack simplified models
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of computer systems analytically. However, for more complex models,

we can benefit by simulating the model and then using the simulation

results along with existing known mathematical formulas and regres-

sion techniques to approach a hybrid analytical model. This technique

not only leads researchers to basic mathematical models faster, but

it also helps to fill out the gap between the rapid development of com-

puter technology and the slower development of computer theory.

The hybrid technique of using simulation models to help develop

analytical models in this manner is currently being studied as a tool

for developing queueing models by other researchers at Oregon State

University. However, in this chapter, we use the simulation results

for the new loop network and basic queueing parameters for M/M/m

queueing models to approach a unique analytical model, M/M/Z.

Hopefully, the presentation in this chapter will exhibit the usefulness

of the above mentioned hybrid technique.

In this chapter we first propose the M/M/Z queueing model

and discuss its derivation from the M/M/m queueing model. Second,

we investigate bounds on new loop network performance factors such

as average path lengths under low and high system loads, maximum

traffic intensity and average number of concurrent communications,

for one way and two way loop interfaces. Finally, we investigate the

new loop network performance based on the results obtained in this



118

manner. Also, a comparison of analytical results and simulation

results is given.

6.1 The Model - An M/M/Z Queueing System

The need for communication among separate computer systems

has led to the formation of computer networks, and to the application

of queueing theory to study such networks. The success of the ARPA

network (ROBE 70) and many others (SPAN 76) proves the feasibility

and power of such systems. Accordingly, computer network models

have been given much attention in the literature (BAMU 72), (KLEI 76),

(MART 72) and (SCHW 77). However, since we are primarily con-

cerned with a queueing model of a reasonably general nature, yet

still reasonably simple, the M/M/Z queueing model seemed to be a

reasonable model for the new loop network. We shall focus only on

the explanation of the motivations and the parameters for such a

model.

In the model used in our investigation, the new loop network is

viewed as an M/M/Z queueing system. The first M specifies a

Poisson (Markovian) arrival process of messages and the second M

stands for exponential distribution of transmission time. Trans-

mission times on the data loop for different messages are assumed

to be independent, identically distributed, random variables. Also,

transmission time of an arriving message is independent of the
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arrival process. Z is assumed to be a number representing the

effective number of servers which is not necessarily an integer (a

value of Z between one and two gives a good fit to the simulation data).

We shall further assume that the system is in a steady state. This

means that the transient behavior of the system is no longer signifi-

cant at the time of our observations.

We now devote ourselves to the presentation of an M/M/m

queueing model, (where m represents the integer number of servers

in the system) and explanation of its parameters. After some adjust-

ment of such a model, the M/M/Z queueing model will be approached.

6.1.1 Definitions of Parameters

The literature in queueing theory offers a confusing wealth of

notations. We have introduced new terms only where it seemed

necessary in order to avoid doubtful interpretations. Most of the

special symbols, however, have been adopted from Kleinrock's

publications (KLEI 75) and (KLEI 76).

E(x)=x = Expectation of random variable x

E = Average path length
Pt

L(t) = Number of messages in the system at time t

= Average number of messages in the system

= The average queue size
q

m = Number of servers (integer number)
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N = Number of nodes in a network

P[A] = Probability of event A

P[A. I B] = Probability of event A conditioned on the event B

PK(t) = Probability of K messages in the system at a given
instant t

PK = Steady state probability of K messages in the system

T = Average time in system (total transmission time)

Td = Average response time on data loop

Tc = Average response time on control loop

Tn = Average per node interarrival time

T=-1 = Average interarrival time

W Average time in queue (queueing time or waiting
time)

x=-1 = Average service time (average message transmission
11, time)

xc = Average transmission time on control loop

xcl = Average control message length from controller node

= Control message length from any node

Z = Maximum average degree of concurrency

X = Average number of arrivals per unit of time (network
arrival rate)

X = Arrival rate at node number K

X n = Average per node arrival rate

= Average number of services per unit of time for each
server which is in use (service rate for each server)
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P

Pc

2
Cr
a

2

(Y13

= Service rate at node number K

= Utilization factor

= Traffic intensity on control loop

= Variance of interarrival time

= Variance of service time

6.1.2 M/M/m Queueing Model

In an M/M/m queueing model, a multiserver system with an

unlimited waiting room and with a constant arrival rate ). is con-

sidered. The system provides for a maximum of m parallel servers

so the average service rate for this multiserver system when all

servers are busy is mµ. By definition, the utilization factor (line

utilization, traffic intensity or facility utilization) is:

The time the facility is occupied
P The time available

which can be shown in this case to correspond to:

Arrival rate
P = Maximum service rate

x x
=

mT

We note that the condition for ergodicity, which is necessary

for equilibrium probabilities to exist (KLEI 75), is met whenever

p = <1. As p approaches 1, the queue sizes and delay timesmp,

(1)
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build up rapidly, although not quite as rapidly as in the single server

case with the same exponential service time and same per server

arrival rate. Standard queueing theory texts, e. g., (KLEI 75), show

that the following relationships hold.

The average time in the system is simply related to the average

service time and the average waiting time through the fundamental

equation.

T = + W (2)

It is the quantity W that reflects the price we must pay for

sharing a given resource (server) with other arrivals. One of the

more famous formulas from queueing is Little 's result (LITT 61),

which relates the average number in the system to the average

arrival rate and the average time spent in that system, namely,

= X T

This result is very general in its application and the corres-

ponding result for number and time in queue is simply given by:

17 =x w
q

Where r is merely the average queue size. It is also true in any
q

queueing model that these quantities are related by:

1.7 = L - nip

(3)

(4)

(5)
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A second common and general law of nature relates the rate

at which accumulation within a system occurs as a function of the

input and output rates to and from that system. In particular, if

we let EK denote the system state in which K customers are present

and if we let

P
K(t) = P [L(t) = K] (6)

be the probability that the system state at time t is E , then we have:

d PK(t)

dt = flow rate into EK - flow rate out of EK (7)

This equation allows us to write down time-dependent relation-

ships among the system probabilities in a straight forward fashion.

Now consider a stable system, for which the probability PK(t) has a

limiting value (as t cc ) which we denote by PK (this represents

the fraction of time that the system will contain K customers in the

steady state). Arrivals are assumed to occur according to a Poisson

process with rate X (KELI 75), (MART 72).

The equilibrium probability of finding K customers in the

system at a given instant

p

is given by (KLEI

P (rnP)K

75):

for K < m

for K > m
(8)

0
K!

K m
0 (P)mmm

m!



where
m-1 K

po [E (E221 (mP)m -1

K=0 K! m! (1-p)
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(9)

From these basic equilibrium probabilities one may easily calculate

the average response time T as:

Pm
1T +

mµ(1 -p)

Where P is the probability that all servers are busy and is givenrn

by:

or

cc

(n1P)K 1Pm E PK = E P
0 m!m

K=m K=m mK-m

(mP)Pm = PO (1 -p)m !

m

and finally replacing Po in equation (12)

m(rnP) 1

) ()1-p
m-1

(mP)K ((mP)) 1

K=0 K! m!

m

(10)

(12)

(13)

This probability is of wide use in multiserver queues and also is the

probability that an arriving customer is forced to queue.

Comparing equations (2) and (10), the following relationship

exist
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1x =

Pm
p)

W = (14)-

Where W is the mean queueing time before service begins. The

M/M/1 queueing model can be obtained from the M/M/m queueing

model simply by substituting P = p and m = 1 in equation (10) whichrn

yields:

T = I +
11 P(1 -13)

(15)

All the preceding equations for multiserver queueing systems

assume that the service times are exponentially distributed. Simple

general equations do not exist for queues with a finite number of

multiple servers and general waiting time. Solutions to such problems

can only be obtained by mathematical methods too elaborate for the

typical system analyst. In fact Kleinrock (KLEI 75) states that the

M/G/m problem has not been solved exactly.

However, as a good approximation, we may use a multiplier

factor A for the average time in queue to make it usable for general

service time distributions (MART 72). The adjustment factor is:

2
6

r
A = L l + ( )

2 Tc
(16)



Therefore, equation (10) may be modified to give the following

approximate relation for the M/G/m queueing model:

Pm crb
2T 1 + [1 + (=2mp.(1- p)
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(17)

At this point, we have almost covered the basic material for

a multiserver queueing model. In the next section, we will concen-

trate on a new and unique queueing model M/M/Z in which Z is the

equivalent number of servers in the system. However, the value of

Z may; range between 1 and 2. This model may be extended to an

M/G/Z model as mentioned above for the M/G/m model and also the

value of Z may be extended to be any number of servers, including

non-integer numbers. Our major concern is to develop a model only

for Z values between 1 and 2 in this work, however, since this is the

range of values implied by our simulation data.

6.1.3 M/M/Z Queueing Model

In the M/M/Z model, the first and second M again indicate

Poisson arrival and service distributions. Z, however, indicates

the mean effective number of servers in the system which has a

value not restricted to be an integer. Initially it seems awkward to

accept a non-integer number of servers in a system, but in systems

where the number of available servers is time dependent, then we can
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easily end up with an average number of servers as a non-integer

value. The M/M/Z queueing model would seem to be vital to analyze

such systems. It should be noticed that the M/M/Z model (for general

values of Z) extends the M/M/m model capabilities to handle a non-

integer valued number of servers, while it covers the capabilities of

the M/M/m model inherently. The following discussion is restricted

to values of Z between one and two.

To develop the M/M/Z model, we simply start with equation

(10), replacing m (integer number of servers) in M/M/m queueing

model with Z (not necessarily an integer). This will not change the

behavior of this multiserver queueing model. However, it will extend

the capabilities of the model. Therefore, equation (18) represents

the total response time (T) for the M/M/Z model:

T - 1
+

PZ
- p) (18)

with X and El the average arrival and service rates, as before, and Z

representing the equivalent number of servers (a non-integer number).

p is traffic intensity (or line utilization) and is defined to be:

X
P (19)

P represents the probability that all servers are busy. P may be

assumed to have the following relationship with p and Z (obtained by



analogy from equations (12) and (13)).

P

(Zp)Z 1

Z! 1-p
Z Z -1 i<

[Z (Zpi"--) (Zp) 1

K=0 K! Z! (1-p )
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(20)

However, the above expression is not in a correct form to

calculate P since Z is not an integer number. But for values of Z

between one and two, we can come up with a reasonable and close

approximation of P. To obtain such an expression for Z values

between one and two, we first set Z = 1 and find P which is:

P
Z

= p for Z = 1 (21)

then we set Z = 2 and find P
Z

again which is:

2p2P
Z l+

= for Z = 2 (22)
p

In both relations (21) and (22), we expect Pz = 0 when p = 0 and

Pz = 1, when p = 1, which meets the boundary probabilities when none

of the servers are busy and/or all of them are busy. Now, to find an

expression for P for Z values between one and two, equation (20)

can be approximated by the following expression

ZpZPz Z <2 1 + (Z 1) p (23)
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Equation (23) now is in a convenient form and a reasonable approxi-

mation of equation (20) due to three reasons. First, for Z = 1 and Z =

2, this equation agrees precisely with equations (21) and (22), for one

and two servers respectively. Second, expression (23) meets the

boundary conditions for p = 0 and p = 1, which are:

1 <Z < 2

=1

1 <Z <2

if p = 0

if p = 1

Third, Pz versus p was plotted for Z = 1, 2, and different values of

Z between one and two, see Figure (32). The plots for Z values

between one and two are reasonably located between the plots for Z

values one and two. Using this as a reasonable approximation for

P ,7, then equation (18) will turn out to be approximated by:

Tti1 +
pZ

p. p.(1 -p) [1 + (Z -1 )p ] (24)

T in equation (24) represents the response time for our M/M/Z

model when Z values are between one and two, Equation (24) may be

generalized to an M/G/Z model when we add the adjustment factor

A as before such that:

T 1 +
pZ

[A]
p.(1 -p) [1 (Z -1 )p ] (25)
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6.2 Bounds on Inherent Characteristics
of New Loop Network

Three inherent characteristics of the new loop network are

analyzed here. First, we are concerned with the variation of average

path lengths between low and high system loads (traffic intensity).

Second, we would like to know the variation in average number of

concurrent communications on the loop. Third, we calculate the

minimum and maximum of line utilization (traffic intensity). We also

will discuss the relationships between average path length, con-

currency and line utilization.

To find estimates of average path length, we first recall

equation (19):

ZEI

When X is much smaller than 11, then any arrival from any node finds

the loop free to send a message to the destination node. In this case

the shortest path is always selected. This gives a lower bound on

average path length which will be investigated. Slightly different

formulas are obtained depending on whether the number of nodes

(N) is odd or even.

If N is odd, we know the minimum path length is 1 and the

1-
'

maximum path length in the light loading case is N2 since the loop

is bidirectional. The path length on the loop can take on any integer
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1- 2value between 1 and N2 with each possibility having probability N-1'
so:

P [(n. - n. = K N1 2
2 N-1K = 1, 2, ...

and the average path length E is
P2

N-1
2

2 N + 1
E = K =

RP, N-1 K= 1
4

NFor N even, maximum path length is -2- with a probability of

while path lengths for 1 to N-2 have probability 2

N-1

P [(ni

P [(n. - n.) = K] = 2 K = 1, 2, ,
N -2

N-1 2

Therefore, the average path length for N even is

or

N-2
2

1 NE K + ()
Re N -1K=1 N-1

N2
E

pg 4(N-1)

(26)

(27)
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Now that the lower bound on average path length can be obtained

from equations (26) and (27), one can observe that when the number

1of nodes in the loop is large enough the average path length is
4

of

loop length.

For an upper bound on average path length, however, we need

to have a more detailed analysis. If p represents fractional line

utilization, each data segment is busy with probability p and free with

probability (1 -p), assuming these probabilities are independent.

Although this assumption of independence is not necessarily true in

all cases, the assumption is useful for a first-order analysis such as

that attempted here. Any other assumption would make the problem

extremely complex. Then if node n. is to communicate with node

n. (n. n.), the probability of this connection being made by the
3 I-

shortest path is:

P [sp I (n.-n.) = (1-p)K; K <
2j

where K is the number of data segments between nodes n. and n.,

(28)

since the connection is made by the shortest path whenever this path

is not busy.

The probability of node n. being connected to node n. by the

longest path is the probability of the shortest path being busy and the

longest path being free. Thus

P[ep I (n.-n.j ) = K] ti (1 -p)N-K (1-(1-p)K) (29)
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where the term (1-p)N-K, represents the probability of the longest path

being free and the term (1 -(1-p)K) represents the probability that the

shortest path is busy. Further, we have

P[sp I (n. -n.3 ) = + P[e p I (n. -n.) = 113 1 (30)

Therefore, we can utilize this to normalize these probabilities.

Representing the probabilities by P (K) and P (K), respectively,
sp PP

give s

and

(-)K
Psp (K) = K = qi (31)

(1-p) K + (1-p)NpK (1-(1-p)K '
)

(1-p)N-K Sl- (1-p)
K

K) ,N,P (K) = K = 1, 2, L--.1 (32)
P (1-p) K

+ (1-p)N-K (1-(1-p)) 2

To find the average path length, we again consider two cases,

N odd, and N even.

For N odd, we can write:

2
E =

p,e N-1

N-1
2

(K P (K) + (N-K) P (K))
K=1 sp PP

Substituting P
sp

(K) and P
.eP

(K), from equations (31) and (32) into

equation (33), we have:

(33)
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N-1
2

K(1 -p )
K

En= Ni - [

K=1 -P)K + (1-p)N-K
(1 -(1 -p)K)

(34)

(N-K) (1 -p)N-K (1 -(1 -p)K)

(1-p)K
+ (1-p)N-K (1-(1-p)K)

To find limiting cases for average path length, we simply take

the limits of E for p .0 and p 1. This gives:
Pt

N-1
2

N + 1Lim EN=
N-1 K

4
K=1

(35)

This is the same as equation (26) and was expected. When

p .1 we also find the same formula to be valid for the limit of average

path length (using L 'Hospital's rule to find the limit) which is:

N-1
2

+ 1Lim. Ep
e= N2-1

K= N41
K=1

1

(36)

This result may be surprising, but when the loop line utilization

approaches 100 percent, the communications between nodes are

forced to take the shortest path, since the probability the longest path
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is free approaches zero much more rapidly than the probability the

shortest path is free. This can be tested by examining equation (34)

when p approaches one.

For N even, we can write:

N-2
2

1E= E (K P (K) + (N-K) P (K)) +--- (N P
p2 N-1

2

sp c, N-1 2 sp
K=1

N
+ (

N
2 ))

replacing P sp P
(K) and P (K), from equations (31) and (32) into

equation (37) we obtain:

have:

N-2
2

K(1 -p)KE
2

PE
= Ni - (

K=1 (1-p )+(l-p)N-K (1-(1-p)K)

(N-K) (1-p)N-K(1-(1-p)K)
) + 2(N-1)

(1-P)
K

+(l-P)
N-K

)

When we take the limit of average path length when p--0 we

N-2
2 2

Lim E = K +N-1 2(N-1) 4(N-1)

(37)

(38)

(39)
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Which is exactly the same as equation (27) for lower bound on average

path length. If we take the limit of average path length when p

N -2
2 2

2 N NLim Epp= N-1
K=1

K + Z(N-1) 4(N-1)

p 1

which is also the same as the lower bound. By the same arguments as

were given for N odd, we conclude this is reasonable.

Average path length versus line utilization is plotted and shown

in Figure (33), for different numbers of nodes. As we observe, the

average path length will increase slightly (12% at the most for 15 nodes)

and then decrease to the values of equations (26) and (27).

To find the maximum line utilization permitted in the new loop

network due to its inherent characteristics, we first find the average

number of simultaneous communications (concurrency) on the loop.

Loops with two way nodes are those in which we expect to have

maximum average concurrency, since the maximum number of

possible, concurrent communications in this case i .1\1, while for

loops with one way nodes it is approximately..

Since the mean path length, for either even or odd numbers of

nodes, is slightly over 4 a rough estimate of the mean number of

concurrent communications possible (or mean concurrency) would be

no greater than three, since no more than three average length
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communication paths can be established at one time. Actually,

calculation of a precise estimate of the mean number of concurrent

communications possible is a very complex combinatorial problem

including the effects of variability in path lengths, the relative

spacing of paths around the loop (including whether spaces between

two paths are large enough to contain other paths), along with other

factors. No precise formulas for mean concurrency have been

obtained, but the results of fitting the simulation data to M/M/Z

response curves discussed in section 6. 3, indicate mean concurrency
1tends to approach 2 (since two paths, each of length
4

of the loop

circumference, implies use of half the loop for transmission at one

time).

We can give similar reasoning for the one-way switch case,

with the added factor of a required gap between one path end and the

next node involved in another path.

6. 3 Investigation of New Loop Network
Performance Based on M/M/Z Queueing Model

The main concern in this section is to use our M/M/Z queueing

model to obtain a mathematical model for response time of the new

loop 'network. However, we know that the new loop structure is con-

figured from two loops, a data loop and a control loop. Therefore,

the response time of the whole network (T) has two components; data



loop response time (Td) and control loop response time (Tc),

T = + Tc

We have already developed an M/M/Z queueing model for the

data loop response time, (Td) in the form of equation (24).
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(40)

However,

the arrival rate, X , in equation (24) represents network arrival rate,

but it will often be more convenient to deal with per node arrival rate

X n. The relationship between node arrival and network arrival rate

can be expressed as:

X = NXn (41)

A slightly more convenient form of equation (24), for our pur-

poses is:

pZxTd = x+ [1 + (Z-1) p] (1-p)

where p is data loop line utilization and is defined as:

P

N X
n Nx

Tn

(42)

(43)

1With x = 1 and F = representing average data loop servicen X
n

time and average per node interarrival time, respectively, and Z

representing the average concurrency on the loop.



139

Control loop response time calculations, however, are much

simpler than data loop response time calculations, since the control

loop has a single server and arrivals of the messages X
n

occur

according to a Poisson process and service times for control messages

can be assumed to be exponentially distributed. Although the expon-

ential service time assumption is an approximation, the results of

the model agree adequately with simulation results, indicating the

assumption is reasonable.

In such a case, where interarrival times and service times are

exponentially distributed, we can use an M/M/1 queueing model to

obtain the response time of the control loop. Therefore, we rewrite

expression (15) here for calculating control loop response time.

where

and

x pc cT = x +
c c 1 -pc

p = NXnxc

xc xcl + xt

(44)

(45)

(46)

with xcl' representing the average length of control messages trans-

mitted from the controller node and xt expressing the average length

of control messages transmitted from terminal nodes. To calculate
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xcl, we know each control message transmitted from the controller

node includes a 2 character message for each terminal node (along the

path length), plus 2 characters for start and end of a message.

Therefore:

= (Ept(K) + 1) 2 + 2 (47)

Epp (K) is the average path length which can be replaced by either of

the relations (26) or (27) depending on the structure of the new loop

network.

Substituting from equations (42) and (44) into equation (40), we

can obtain the total response time (total transmission time) of the new

loop network.

pZx x
c

p
cT = x + + xc +[1 + (Z-1) p] (1-p) 1-pc (48)

The main part of the total response time results from response

time of the data loop for two reasons. First, the average length of

transmission times on the data loop x is much larger than the average

length of transmission times on the control loop xc. Second, queueing

time on the data loop is larger than that on control loop for the same

reason, plus the fact that the data loop utilization is higher. There-

fore, the approximations made to obtain control line response time

have very little effect on the whole network response time calculations.
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To compare the result of the mathematical model with the

simulation model for the new loop network, Tables 9 and 10,

respectively, present the simulation results and estimates of the

same simulated parameter values listed in Tables 7 and 8. To

illustrate the differences between the two models, total transmission

time versus node arrival rate is plotted for both the mathematical

and simulated models in Figures (34) and (35) for one way and two-

way loop networks. From Tables 9 and 10 and Figures (34) and (35)

we can observe that the mathematical and simulation results closely

agree with each other. For the two node loop network the Z value in

Table 7 is slightly less than one. This is due to non-overlapping of

control line response time with total response time.

As a conclusion to this chapter, it should be mentioned that

analytical models were obtained by first using the simulation data

and regression techniques to find a suitable form for a multiserver

queueing model. This suggested the M/M/Z queueing model. Then,

having the parameters for such a model, we searched for reasons

which caused the parameters such as Z and p, etc., to have the

values estimated, by studying the inherent characteristics of the new

loop network. Although it is not claimed this is a final performance

model for such loop networks, it seems that such results have

established a reasonable initial model to explain the results.



'4 +.

JN

ft

ZZW2..1
1.3313-

LAW,Z
=...r 10.

T.Z .UT

SJC.

. n

NNOONNoNON ....... 133.30.13.....NeeeN ... ...JePNnoNnp......
oNN e n o ...... me...Nun I -N.M...... ........

..... ......

=7=;7:=T"====17-444:4="ng:=7=n°-:=7;.......44 ....... seeogeo ee ......4 .... oee...... .....

g..r.=7;;%==========tz,=======7
.

................. NO.0...N. NON rrrNNnO ..... N., .....Non.N.

..,...^. ....... Oet.1.11..ronl-ns...,1...4M..IN ..... 17.4ove.sralsalor.N.re0
:0V,0; . s,.. . 1....uN.4;1,4...:461.4c.41:4...4.4:;;!NtA,

40,....-mry, ..... mern4,..freS.Srwse.1* ..... te,u,,owOro,s0 ..... ......,,,,,,...,,
r .. s r.... ....wnsaa. 3.-........ ....NNN..... ,.........n_ftmNO ....3

000.u0.00.000 ........ 050 ....... .. 0000002.0000000e6 .... 0000.0000.0

lee,m,,tru,*v.*voneorne.rn,u,lan*NrnwrnigAnNanAripu

.
fwvsr.,,,swv M.,raw .....MmmmNWANNMMMm.....MmmsftMlftmwNNMMIAminNMmen.W.MmWMINANNM.ftw.NMNMINMMO...ftNurftn.

..r.r......... orr.
.-...,,, ..... Inr,7442,0r1rnssoN,.......Wsw,... ..... ...fw*S......J.J.,,er4^

..Z..444...4.74.:g444.:4,..,:g...4..:.;.:4.:;
1.4,-,n....nsn.w... ...... 0,0^MT ..........N.N.SOMNNmcoloNnN.O.u...Nm...a, ...sp,' ...f0A ..Nft....s .......m"' . N....

... mow,M....10^,wwes ........ ..... IMONOWWwww,W.,Nw...wno+wi
..... w.0mcm.0

0000.0000000.000m1004.2000000m ......... 0.0r.m00070mal.WWW.MeWn.000,..p.e.=
6..Ine10.0.mpOWe.000.7,!OC0001.0...W00000WeC.O.O.W,

ONO vo 0.330 NONOoefte.NOJ eN faeoec. CeNumNovcr eNotalemftftemee OVOIOmeu.ft nft3NfteO. fr.e{ 0.3.33... AN...nNr

............ ..........

.or..
s-2rz*.
,3

O W
ZZ.
.2.0.
0,0

... :-Zge_4=

WWW0WW,A40.....1,1.-1W,Ninw,WSW4 ....IV, nftl.0..

..... uN.NION0.04NO.NONNNO4.0.n.PNOM......

.....

......

4,,,,,Nsr,.trNs,Apa,.......N.,Nr.,

20 ...... Ww00.

Jln2wr.wr

rrw
I ..a

X..

Z.2Ar 4

X..

2.rwr

INS .........

AoenPPPNnO ...... noPNJOO)jfl

****
00000 ........ emOr. ..... .. 0eftem
NM....NNONNIPNN.M.N.W.I.MNINWNNNI.NNNW.

****
.....

0......wroTeM.,Mmr.mnrMmeePetpoo,Mw

... ..
27wr irmoNrea.ww1MN,NOW0,w, .....NNOrn........

Irzy.

Ta,

.........,... ...... .. .
444444444.:4.:44gg4.;g4.:44g44;44e;

...... NNNIPV.

0

0



Probability Versus Traffic

Intensity For Different Values

Of Z

Z = 1.
Z = 1 . 1

t Z = 1. 2
Z=1.3

+ Z=1.4
* Z=1.5

Z=1.6
1 Z=1.7

Z=L8
Z=1.9

O Z=2.

Traffic Intensity

Figure 32

143



Average Path Length Versus
Traffic intensity'For Varying
Numbers Of Nodes Served By The

New Loop Network

2.0

) ) > > > ) > > > ) > )

144

2 Nodes
4 Nodes
6 Nodes

N LA A Ui

TRAFFIC INTENSITY

Figure 33

0

x 9Nodes
+ 11 Nodes
* 15 Nodes



145

Comparison Of Mathematical Results
With Simulation Results For Varying
Numbers Of Nodes Served By New Loop
Network (One Way Node Interfaces)
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_J
201LCL

0

100.0:

--1-4"-I-S-4-4-1-

4 4

C.)

2Nodes
4 Nodes
6 Nodes

I I' H 4 *44-4 4-4 H--f 4--f +4-4-4+4-4 4-4-1-.-H 4 4 4 I 4- I -1'+ -1-4-1
4 N N f\) 1)4 -N (1 Ul 01 01 M

4 4 6 4 1 4 4 1 4 4 4 0 4

M -P CO N a) co

MEAN ARRIVAL ROTE_ *-10F_-f

F i gure 34 x 9 Nodes
+ 11 Nodes
* 15 Nodes



146

Comparison Of Mathematical Results
With Simulation Results For Varying
Numbers Of Nodes Served By New Loop
Network ( Two Way Node Interface )
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VII. SUMMARY AND CONCLUSION

The previous chapters of this dissertation have considered

various features of the system design of the new loop network, a

hypothetical distributed computing system envisioned in this study as

a means of investigating fundamental questions in distributed network-

ing and processing. Research concerning the new loop network was

primarily directed toward geographically local communities of small-

scale computer users, who occasionally have need of computing ser-

vices or resources which are only available from others in the group.

Such a computing environment is typical of that frequently found today

in many industrial, commercial, and university settings. Bringing

the cost advantages and performance improvements of distributed

computer networking to such computing groups would be a very

significant achievement and is, therefore, one of the major design

goals of the new loop structure for distributed microcomputing

systems.

7.1 Significant Features of the New Loop Network

Attention was focused during the design of the new loop network

on extending and integrating hardware and communication technologies

so as to form a powerful distributed computing system out of a loosely

associated collection of small scale computers, terminals and
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peripheral devices. In addition, effort was put into developing a unique

analytical approach to studying such systems.

As a result of this effort, new concepts were developed, and

significant contributions to distributed computing were achieved.

Among these are the following:

1) For loop network communications, a new message trans-

mission mechanism, allowing the direct and simultaneous

transmission of variable length message frames, was

developed and shown to be far superior to any in use today.

Automatic traffic regulation is handled by a controller node

which can provide different scheduling and routing algorithms

based on the network application. This adds a great amount

of flexibility and throughput to network applications.

Higher throughput is achievable if it is needed to satisfy

users? requirements. This is due to the capability of the

new loop network to change its configuration. The new loop

network, in its simplest configuration, can be viewed as a

simple loop, but adding more data segments to the original

loop structure allows it to exhibit more complex forms,

including that of a fully connected network. This shows the

flexibility of the new loop network to handle different

topologies.
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The hardware design strategy of an improved loop interface,

incorporating the new message transmission mechanism,

was also presented. Besides transmitting, buffering, con-

trolling, and receiving variable length messages, the inter-

face hardware has the ability to take over the node con-

troller's responsibilities for fault tolerant purposes.

Moreover, control messages can be added to data messages

for double checking and error recovery for each component

of the network.

5) An analytical model was obtained by first using the sim-

ulation results and regression techniques to find a form for

a suitable multiserver que-ueing model This suggested the

M/M/Z queueing model. Then, having the parameters for

such a model, we searched for reasons which caused such

parameters as average number of concurrent communications

and effective traffic intensity, etc., to have the values

estimated by studying the inherent characteristics of the

new loop network. Although it is not claimed this is a final

performance model for such loop networks, it seems such

results have established a reasonable initial model to

explain the results. The model is developed in Chapter VI

and summarized here:



T = Td + Tc

or

x ppZx c cT = x + + x +[1 + (Z - 1) ID] (1 -p) c 1-pc

in which

1
x = and xc = xcl +

-x-t1

P =

NX
n and p = NXijEc
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The definition of these quantities are found in section 6. 1. 1.

It would seem then, that the system design of the new loop net-

work was rather successful in accomplishing the original goals.

Simulation results have shown that the new message transmission

mechanism is quite fast, efficient, and much better than any in cur-

rent use. Study has also shown that the logic of the loop interface

hardware would be fairly simple and inexpensive to implement. The

merits of the message communication protocol are probably best

proven by the speed of message transmission and bidirectional path

selection in the new loop network and by the distribution of control

and data messages into two different loops. Finally, existence of an

initial mathematical model tends to explain the behavior of the new

loop network. The understanding of such a model should encourage
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the use and further development of its concepts.

7.2 Areas for Future Research

Four main areas needing further work are: A) investigation of

different loop structures and of different loop control algorithms, B)

investigation of the analytical modeling techniques used here, C)

investigation of reliability aspects, and D) investigation of the new loop

network applications in computer architecture.

A) For the investigation of different loop structures and different

control algorithms, the following are of most interest:

Investigation of changes in the new loop network per-

formance as it varies from a simple loop to a highly

connected network.

b) Investigation of different routing and scheduling

algorithms for the loop controller to achieve highly

dynamic traffic regulation and network throughput.

c) Investigation of techniques for designing a modular

operating system, so as to be compatible with modular

growth of the new loop network. This may be thought of

as a distributed operating system configured as a col-

lection of loosely coupled modules such that one can

design an operating system tailored to a particular

network configuration and application by putting
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together some of these operating modules.

B) For the investigation of the analytical approach, the following

are promising:

a) Investigation of a general approach to developing an

analytical model using simulation results and regression

to solve a wide variety of queueing problems.

b) Studying the M/M/Z queueing model for values of Z

greater than two.

c) Studying the new loop network line utilization in order

to develop techniques to maximize the line utilization

on each loop.

C) Reliability is an issue that should be more fully explored.

A considerable amount of error detection and recovery can

be automatically performed by the loop interface hardware

if it is designed carefully.

D) Another area for future research is applications of the

new loop network in a hierarchy of interconnected loop

systems as in Figures (4) and (5), so that smaller networks

can be joined together into still larger and more powerful

distributed computing systems. In addition, the connection

of the new loop network to other networks of other types

should be considered.
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7. 3 Contributions of Research

This study of the distributed loop computer network was a major

undertaking, but as has been shown previously, the significance of the

results obtained made it all worthwhile. Besides the individual con-

tributions which have already been discussed, it would appear that

someting fundamental about the nature of distributed operations (be it

networking, computing, or whatever) has been learned. Namely, when

trying to form an integrated distributed system out of a collection of

independent, identical components, the way to proceed is for each

request to be passed first to its local component for servicing. If

the service can be performed locally, then it is done there, and the

results are returned immediately to the requester.

If it is determined that remote servicing is necessary, however,

then the request is put into a standard form and is sent out over the

communication network to the other remote components. The proper

one of these is responsible for recognizing that it can service the

request and for performing the appropriate action. The results of

that action are then put into standard form and passed back to the local

component, which will manipulate them if necessary and return them

to the original requester. Thus, results are always obtained from

the local component, whether it directly performed the requested

service or not. The requester may never know the difference (if it
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does not need or want to know).

In conclusion, this study of the new loop network has helped to

answer some questions about computer networking and has illus-

trated an approach to developing an analytical model for such com-

plex systems. The study has also shown some ways in which the

proposed network is superior to others. Possibly, some fundamental

principles behind a new mathematical model were also discovered.

Certainly, significant contributions have been made in the areas of

distributed loop networking and possibly some have been made in

queueing theory. Hopefully, these results can now be applied to

the kind of localized, small-scale computing communities envisioned

in this dissertation, so that the new loop networks potential for

forming an integrated distributed computing system can actually be

realized.
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APPENDIX

Additional simulation for varying numbers of

nodes served by the new loop network with

different node interfaces and 9 additional

control characters along with each data

message.
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Mean Total Transmission Time For
New Loop Network With 9 Additional
Control Characters Along With Data
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Figure 36

NEW Loop (two way, one data loop) 2 Nodes x 6 Nodes 115 Nodes
NEW Loop (one way, one data loop) + 6 Nodes t15 Nodes
NEW Loop (two way, two data loops) * 6 Nodes
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Data Line Utilization For
New Loop Network With 9 Additional
Control Characters Along With Data
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Figure 37

NEW Loop (two way, one data loop) 2 Nodes x 6 Nodes j 15 Nodes
NEW Loop (one way, one data loop) + 6 Nodes t 15 Nodes
NEW Loop (two way, two data loops) *6 Nodes
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Control Line Utilization For
New Loop Network With 9 Additional
Control Characters Along With Data
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Figure 38

NEW Loop (two way, one data loop) 2 Nodes x 6 Nodes j 15 Nodes
NEW Loop (one way, one data loop) + 6 Nodes t 15 Nodes
NEW Loop (two way, two data loops) * 6 Node s


