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ABSTRACT 

Message Passing in Buffered Delta Networks 

by 

James V. Walkup 

Delta networks are multistage interconnection networks that can 

be used to communicate rapidly between components of a modular sys¬ 

tem. In this thesis their performance is examined and evaluated for 

two types of message passing: circuit switching and packet switching. 

In circuit switching, a start packet enters the network as the first 

packet in the message and reserves a path for the rest of the pack¬ 

ets. At the end of the message, an end packet cleans up the path by 

releasing the switches in the path set by the start packet. In packet 

switching there is no start packet to reserve the path and so each 

packet of the message contends on its own for every switch in its 

path. The performance of circuit switching is found to be as good as 

or better than that of packet switchng in terms of throughput and 

message delay, with packet switching being better for initial delay. 

The effects of changes in network parameters is also examined 

for both schemes and the differences are discussed. Network parame¬ 

ters that are varied are the time taken to pass a packet through a 

switch, the time taken to decode the address for the next switch, the 

size of the buffers between the stages, the size of the network, and 

the length of the messages. 
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Introduction 

1.1. Motivation and Background 

In a packet switching environment* systems communicate with one 

another using a relatively small amount of information called a 

packet. Not all communication needs are met by the data carrying 

capability of a single packet* so it becomes advantageous to look at 

the effects of using a message, a series of several packets going 

from one system to another, to pass information. This thesis consid¬ 

ers two methods of implementing message switching in a class of 

interconnection networks called delta networks. 

As computer systems tend toward greater complexity, there arises 

a need for greater modularity to help simplify the design process. A 

modular system would be made up of independent subsystems, with the 

subsystems being divided into groups such as processors, memory 

modules, storage devices, and I/O devices. Though this modularity 

can simplify design, it also creates a need to communicate rapidly 

between the subsystems. The solution is to connect subsystems that 

need to communicate with a network. Usually this means that members 

of one group (such as processors) will be connected to another group 

(such as memory modules) through the network allowing all the members 

of the first group to communicate with all the members of the second 

group. This could be repeated for any other groups that needed to 
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share information creating a modular system with interconnection net¬ 

works providing the necessary communication links. A simple system 

with m processors and n memory modules is shown in fig. 1.1.1. 

There are varions types of networks that will meet the needs of 

such a modular system. The simplest is a single bus connection, 

which is low in cost since it has only O(N) gate complexity* N being 

the number of network input ports, but it doesn't allow any parallel¬ 

ism and so is relatively slow with a 0(1) ideal bandwidth. On the 

other end of the scale is a full crossbar network which, though it 

has a high degree of parallelism allowing a 0(N) ideal bandwidth, is 

also very expensive as its gate complexity is O(N^). 

The network that will be studied here is the delta network which 

is a multistage interconnection network with 0(N log N) gate complex¬ 

ity and 0(N) ideal bandwidth. This makes it less expensive than the 

full crossbar yet it has the same high throughput in the ideal case. 

Delta networks fit well into a modular system since they themselves 

are highly modular, being built out of simple basic switches, and 

they can be easily extended by making larger networks recursively out 

of smaller ones [1]. Briefly described, a delta network consists of 

several stages of fixed size switches with each output of one stage 

connected to an input of the next stage. The connections are arranged 

in such a way so that each input to the network has one path to each 

of the outputs of the network. Packets can be sent concurrently 

through the network from any input to any output meaning that there 

can be a high degree of parallelism in the transfer of information. 



Figue 1.1.1 Simple modular network 



Buffers can also be added between the stages of the network* to 

achieve a pipelining effect that gives a greater throughput. All 

control of routing is done locally in the switches using a digit of 

the address contained in the packet being passed. The digit tells the 

switch to which of the outputs to send the packet. This digit con¬ 

trolled routing eliminates a potential bottleneck one might get in 

having a global controller set paths. All necessary routing informa¬ 

tion is contained in each packet and its direction is determined 

locally by the decoding circuitry in the switches. 

There are. however, applications where a packet is not large 

enough to handle all the data that must be transferred. As an exam¬ 

ple. communication between main memory and a disk or a processor with 

a cache and main memory is usually in the form of blocks which would 

be many packets of data. Therefore, data must be transferred through 

the network as a series of packets. Let a message be informally 

defined as a series of packets issued by an input and destined for a 

particular output. This thesis considers two methods of passing these 

messages through a delta network - one method is a form of circuit 

switching and the other a straight forward packet switching scheme. 

The advantages and disv ant ages of these two schemes will be dis¬ 

cussed. 

1.2. Thesis Plan 

The next chapter is divided up into four parts. The first part 

gives the uninformed reader a more detailed explanation than was 
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given in the introduction as to what a delta network is and how it 

operates. The next part explains how circuit switching and packet 

switching operate and the differences between them. The third part 

defines the performance measures (namely throughput and delay) used 

to evaluate a particular network and the last part gives a short sum¬ 

mary of previous work on delta networks and message switching. 

Chapter three starts with an introduction to the operating 

environment that will be used in the analysis and simulations. The 

next section presents the analysis of a delta network used to circuit 

switch messages and shows how its results compare with some simula¬ 

tion results. The third section gives seme performance results for 

circuit switching obtained by simulation and the last part discusses 

an implementation possibility for circuit switching. 

Chapter four talks about breaking up messages into packets and 

letting them run through the network in a way similar to straight 

packet switching, except that there are multiple packets directed 

from a particular input to a particular output. Simulation results 

are given and then compared with the circuit switched case. The last 

part of the chapter compares the implementation complexity of circuit 

switching and packet switching. 

The last chapter gives a summary of the thesis and discusses 

future possible research ideas in the area of circuit switching in 

delta networks 



CHAPTER 2 

Delta Networks 

2.1. Operation of Delta Networks 

Delta networks are a class of multistage interconnection net¬ 

works utilizing digit controlled routing [2]. Ike size of the net¬ 

work is usually described in terms of tie number of input and output 

links. The number of input and. output links is determined by the 

number of stages and the size of the switches used. If there are n 

stages and the switches are of size pxp, then there are N input links 

and N output links, where N=pn. Delta nets must satisfy the property 

that there is a unique path from any network input to any network 

output. This property allows packet routing to be controlled locally 

by the switches using the destination address contained within the 

packet. 

Switches in a delta network can be of any type as long as they 

have the digit controlled routing property. They conld be simple 

busses or full crossbars depending on the gate complexity and speed 

desired. It is even possible to construct switches from smaller delta 

networks built from smaller basic switches. The most common basic 

switch under consideration, however, is the 2x2 crossbar which is 

used in this thesis for all the analysis and simulation cases exam¬ 

ined 
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The interconnection pattern between the stages is not a factor 

in determining the overall performance of a delta network and there 

are several ways of linking the stages together that allow all inputs 

to communicate with all outputs [2,3]. The simplest implementation 

of a network would be to have all the patterns between the stages be 

the same. This can be done using a p-shuffle, where p is the size of 

the basic switches. If the switch size is 2 then the pattern becomes 

the well known perfect shuffle [4]. 

Switches in a delta network control all the routing of the pack¬ 

ets. In order to do this, each packet must contain a destination 

address which the switch can use to decide which of its outputs will 

receive the packet. If the network has n stages and uses pxp 

switches, then the destination address is an n digit, base p number 

which is sufficient to address all the outputs of the network. The 

stages are numbered beginning with the stage connected to the network 

inputs being stage 0. A switch at stage i upon receiving a packet at 

one of its input ports will look at digit i of the packet's destina¬ 

tion address. This digit has p possible values, matching the number 

of output ports on the switch, and it tells the switch which output 

to send the packet to. No other calculations are necessary to do the 

routing. In the most common case a basic switch has a size of 2x2 

making the destination address simply an n bit number and the output 

port calculation becomes a matter of finding the value of bit i. As 

an example fig. 2.1.1 shows an 8x8 network with 2x2 basic switches 

and the perfect shuffle interconnection pattern. A packet entering 
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the network at input port 0 and destined for output port 7 (111) will 

follow the dashed line through the network. At each stage the bit 

corresponding to that stage is examined* which in this case is always 

a 1* and the packet is switched to the "1" output of the switch. 

Blocking or delay can occur in a switch if two or more packets 

at input ports are directed to the same output port. In the simplest 

case* when the switch is a single bus* the packets can only be 

transferred one at a time from an input port to an output port* 

hence* all the packets except the first encounter some delay. In a 

crossbar switch* input packets directed to different output ports can 

be passed simultaneously. If more than one packet is directed to the 

same output port* then one is selected by an arbitration scheme* and 

is passed, while the others must wait. 

Buffered delta networks have buffers in the links between the 

stages. The buffers are organized as first-in-first-out queues capa¬ 

ble of storing one or more packets. All of the links are assumed to 

have the same buffer length. The purpose of these buffers is to hold 

packets blocked at an input port to a switch. If a buffer is full* 

then the buffer itself will cause some blocking to occur in the 

switch which precedes it since no more packets can be passed to that 

particular output port. 

To simplify the task of analyzing network performance* the 

operation of a switch will be modeled as taking two steps. The first 

step will be the decoding of the destination address in the packet. 

The decoding mechanism of the switch decides which of the outputs the 
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Fignro 2*1.1 An 8x8 delta network built out of 2x2 switches 
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packet should he sent to. The decoding takes place in parallel for 

all the packets waiting at an input port. The second step consists of 

passing the packet to the output port. Since we will use switches 

realized as crossbars, it is assumed that packets directed to dif¬ 

ferent outputs can be passed in parallel, but if more than one packet 

is directed to the same output then all except one must wait. 

These steps will be characterized by two timing parameters: 

t_select and t_pass. The reason for splitting the delay of a switch 

in this particular manner is that during the decoding step (t_select) 

there is no blocking of other packets within the same switch, whereas 

during the passing step (t_pass) only one packet can be in the pro¬ 

cess of being passed to a particular output port meaning that all 

other packets going to that output are blocked for at least t_pass. 

If t_pass is large compared to t_select. then most of the blocking 

delay a packet experiences will be due to conflicts where multiple 

packets need to go to the same output. In the opposite extreme, where 

t_select is much larger than t_pass, the blocking delay will be due 

to conflicts at full buffers, since the time the output port is tied 

up passing a packet will be small. 

The value of t_select will depend on the complexity of the 

decoding operation, so if there are many output ports for a packet to 

chose from, then t_select may be high. The time t_pass will depend on 

how the packets are transmitted within the switch. For example, 

t_pass would be small if all the information in a packet was passed 

in parallel from the input buffer to the output link, but would be 
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larger if some sort of serial transfer was used instead* 

The sum of t_pass and t_select is the delay a through a switch 

a packet in packet switching mode would encounter* This sum will be 

normalized to 1*0 for the cases examined* 

2 .2. Message Passing 

Message passing can be implemented in delta networks in two 

ways: packet switching and circuit switching* Packet switching fol¬ 

lows the basic operation of the network outlined so far* Messages are 

broken up into packets which are fed one at a time into the network* 

All of the packets in a message have the same destination address 

and* since there is only one path between every input and output# 

they arrive at the network output in the same order they were sent* 

This does not mean that when a packet of a message arrives at an out¬ 

put that the next packet to arrive is also a part of the same mes¬ 

sage* The mixing of packets from different messages at the network 

outputs is a result of having each packet contend on its own for pas¬ 

sage through a switch and allowing more than one message to be 

directed toward the same output* 

Circuit switching of messages requires some modification to the 

basic operation of the switches* In this switching scheme there are 

three types of packets: begin# middle# and end* The begin packet is 

the first packet of a message to enter the network. When it passes 

through a switch it reserves the path from the switch input to the 

switch output for the middle and end packets which immediately follow 
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it. The middle and end packets do not need destination addresses 

since they simply follow the path set up by the begin packet. They 

only experience a delay of t_pass as they go through a switch unless 

the begin packet is blocked. Begin packets wanting to use an output 

link that has been reserved by another message must wait until the 

link is released before proceeding. The end packet is the last packet 

of the message to be sent and it releases the path set up by the 

begin packet allowing any messages waiting for that output to con¬ 

tinue. Hie three types of packets are sent into the network as fast 

as the network will accept them. So the first middle packet is sent 

as soon as the begin packet has set up the first switch and the end 

packet is sent as soon as the last middle packet has cleared the 

first switch. If the message is only one packet long then a hybrid 

start-end packet would be used which would both reserve and release 

the path as it goes through the switch and a two packet message would 

consist of a simply a start and end packets. More details will be 

presented in section 3.4. 

2.3. Performance Measures 

In order to evaluate a network, measures are needed which 

characterize its performance under various conditions. The perfor¬ 

mance measures to be used for this purpose are throughput (TP), ini¬ 

tial delay (ID), message delay (MD), and their normalized forms (NTP, 

NID, and NMD). 

Throughput is a measure of the amount of information being 

transferred through the network. -In the cases examined here it is 
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measured in terms of packets per unit time. More often, in order to 

facilitate comparison between different networks, the normalized 

throughput (NTP) will be used. This is the ratio of the actual 

throughput to the maximum possible throughput. Another measure for 

the throughput could be messages passed per unit of time. This meas¬ 

ure. however, can be derived from TP by simply dividing TP by the 

message length. This is true in both the circuit switched and the 

packet switched case. 

Initial delay is the time that it takes for the first packet of 

the message to traverse the network. It is measured from the time the 

first packet of a message arrives at a network input link until that 

first packet leaves the network at a network output link. This is an 

important measure if the module connected to the network output links 

can begin processing without receiving the whole message. Another 

measure of delay is the message delay, which is defined as the time 

the message spends in the network. It is measured from the time the 

first packet of the message enters the network until the last packet 

of the message leaves the network. This measure of delay is more use¬ 

ful if the whole message must be received before processing begins. 

In the circuit switching scheme message delay can be calculated from 

the initial delay. t_pass and the message length (ML). 

MD = ID + t_pass(ML - 1) 

In the packet switching case there is no simple relationship between 

the two delay measures. Normalized initial delay (NID) and normalized 

message delay (NMD) are simply ID and MD divided by the number of 
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stages in the network. 

2.4. Related Work 

Delta networks were first defined by Patel [2]. He, and Dias and 

Jamp [3] analyzed the performance of unbuffered delta networks. Dias 

and Jump analyzed buffered delta networks and also simulated both the 

buffered and the unbuffered case. Both have shown that when delta 

networks are operating in packet switching mode and the packets are 

uniformily directed to the network output ports, the interconnection 

pattern between the stages does not affect performance. 

Several networks have been proposed that are subclasses of delta 

networks each having a slightly different interconnection pattern.. 

The Onega network [5], the indirect binary n-cube network [6], the 

regular banyan network [7], and the baseline network [8] are well- 

known examples. The original analyses was done for unbuffered net¬ 

works. Eruskal and Snir [9] have extended the analysis of square 

banyan networks to the buffered case. 

Stone [4] originally proposed using the shuffle exchange for 

networks. Lawrie and Padua [10], and Wu and Feng [11] analyzed single 

stage networks using the shuffle exchange, and Dias and Jump [12] 

analyzed the multistage case where a shuffle was used between each of 

the stages. 

Several studies have been made on fault diagnosis and fault 

tolerance of multistage interconnection networks. Feng and Wu [13] 

presented a method of determining the location of a fault in a unique 
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path network. Agrawal [14] examined a fault detection method using a 

model with stuck-at faults. He. and Padmanabhan and Lawrie [15] also 

looked at multipath multistage networks as an answer to improwing the 

fault tolerance of this type of network. 

Examples of designs for delta networks proposed for real systems 

have been analyzed and simulated. A baseline network has been pro¬ 

posed for use in the National Aerodynamic Simulator to be built for 

NASA Ames Research Center. Barnes and Lundstrom [16] have reported 

their simulation of that network operating in a circuit switched 

(dial up) mode. At the University of Texas a banyan network is being 

developed for use in the TRAC system [17]. In the report both the 

analysis and simulation of the implementation for this interconnec¬ 

tion network is presented. 



CHAPTER 3 

Circuit Switching of Messages 

3.1. Introduction 

This chapter studies the performance of delta networks used in a 

circuit switching mode. Network parameters are varied and their 

effect on the network's performance is discussed. Parameters that 

are examined axe the time taken to pass a packet through a switch 

(t_pass)* the time taken to decode the address for the next switch 

(t_select)* the size of the buffers between the stages* the size of 

the network* and the length of the messages. 

In order to provide a uniform environment for comparisons 

between networks operating under different parameters* the following 

assumptions are made: 

i) The network is in a maximum load environment where as soon as 

the current message in the input buffer has been passed to the 

next stage another takes its place. 

ii) Buffers at the network output ports are emptied instantaneously. 

iii) All messages are independently and equiprobably directed to each 

network output port. 

iv) All messages are of a fixed length. 

Assumption i) implies that there is always a packet . available at all 

the network inputs. For the circuit switched mode it means that as 
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soon as an end packet leaves the network input buffer, a start packet 

for the next message is available. As a result of operating under 

this maximum load the throughput observed is the maximum bandwidth of 

the network and the delay is the maximum delay. To assume a heavier 

load would mean that packets would stack up at the network inputs 

since the network could not operate fast enough to pass them. This 

would imply that if the network were to really operate under this 

condition, access to the network would have to be restricted. To 

assume a lighter load would mean that the network is not being fully 

utilized and its total capabilities would not be known. On the out¬ 

put side of the network it is assumed that packets are taken away as 

fast as they appear (ii). In an implementation this simply means that 

the module connected to the network output operates faster than the 

network. 

In this study both analysis and simulation are used to examine 

the performance of delta networks. A precise analysis of these types 

of networks is extremely difficult due to the large number of distin¬ 

guishable states necessary for accurate models. The second section 

of this chapter presents an approximate analysis of a circuit 

switched network with one buffer between the stages and a t_pass of 

1.0. To do an analysis of any other combination of parameters 

increases the number of states necessary to an unreasonable level 

even in the approximate case. The point of doing an analysis of even 

a small subset of possible network parameters is to provide some 

validation of the results obtained by simulation. 
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Simulation is a much more flexible way of obtaining performance 

measures in that there are few restrictions on what network parame¬ 

ters can be simulated. A general purpose continuous-time discrete- 

event simulator (CSIM)[18], was used to obtain results for delta net¬ 

works by varying the network parameters mentioned before. However, 

there are also limitations on what one can simulate. The analysis 

approach is limited to certain switch operation modes, but it can 

provide results for large networks. Simulations can use almost any 

switch operation mode* but are limited by computer resources which 

restrict the size of the networks that can be simulated. 

3.2. Analysis 

The analysis presented here is based heavily on the model that 

Dias [1] used to examine the single packet case. The model is modi¬ 

fied here to handle messages and circuit switching. 

A discrete time, aperiodic Markov chain with, a finite state 

space is used to model a delta network since all state changes occur 

only at times tj,, for k =* 0, 1, As noted before* an exact Mar¬ 

kov chain model would have a prodigious number of states which would 

make it impossible to use. What is used instead is an approximate 

model that has far fewer states than an exact model. Based on assump¬ 

tion ii) of the previous section, and because a unique path network 

is being modelled, Dias [1] showed that the following simplifications 

can be made: 
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a) All switches in the same stage have the same state probabili¬ 

ties. 

b) The arrival of packets at the inputs to a switch are indepen¬ 

dent. 

c) Passage of a packet from a switch inpnt to a switch output is 

independent of a packet being passed to a different output. 

d) The input (output) ports of a switch are indistinguishable. 

When working with messages in a circuit switching mode, one also 

needs to differentiate between start, middle, and end packets. Two 

further simplifications then are necessary to reduce the number of 

states added by the different types of packets: 

e) Start and middle packets are indistinguishable on a switch out¬ 

put. 

f) Middle and end packets are indistinguishable on a switch input. 

Normally when t_pass - 1.0 and there is only one buffer between the 

stages, that buffer must be clear before a packet can be passed to 

it, meaning that there would be a gap of one stage between consecu¬ 

tive packets on the same path. For circuit switching, however, the 

packets of the same message are chained together so that there is no 

gap between them. From (a) it can be seen that the states of the 

model, then, are the states of the switching device nsed. In this 

case a 2x2 crossbar switch is used and the possible states are shown 

in fig. 3.2.1. When two symbols denoting packet type appear at an 

input or an output of a switch it means that a packet at that port 
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may be either of those two types. Fox example, in state 20 two mes¬ 

sages are in progress. Both of the input ports have either a middle 

or end packet waiting to be passed, and both of the output ports have 

either a start or middle packet waiting at an input to a switch in 

the next stage or at the network output. However, these states are 

not enough to accurately reflect what happens when a start packet has 

completed the necessary circuit by passing through the last stage of 

the network, more states must be added. When a start packet of a 

message has made it to a network output port, the message has then 

been partially received by the device connected to the output. 

States which have packets that are a part of these partially received 

messages have different transition probabilities than states that 

have packets of messages that are not partially received - thus the 

added states. The additional states are shown in fig. 3.2.2. 

The following definitions follow from the above assumptions and 

the states of figs. 3.2.1 and 3.2.2. If not otherwise stated, k = 0, 

1, ... , 0 <, j <n (n« number of stages), and 1 .< i ,< 29 (number of 

states). First, let a time interval be denoted as 

T, = the time interval (t. t.,,], • 
k k, k+1 

and let the state probabilities be represented as 

p^ s pr{ switch in stage j is in state i at time tv). 
i. j x 

The probability of a packet being present at an input of a switch can 

be calculated from the state probabilities by taking the probabili¬ 

ties of the states in which there is one packet at an input port 
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Figure 3.2.1 Possible states of a 2x2 switch 
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Figure 3.2.2 Additional states of a 2x2 switch 
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dividing them by 2 (2 input ports per switch) and summing them up. 

Added to this is the sum of the probabilities of the states which 

have a packet at each input port. The following two probabilities can 

be calculated in that way - pi^ for packets which are part of a par- 

tially received message and full_p* for all packets: 

pij = Pr{ a packet which is not part of a partially received message 

is present at an input port of a switch in stage j at time t^J 

21 

5 «.♦ ' 
m=4, 

r lpk + v ^k 

•,5,6,7,8,9,^4,25,26,27,29 2 m,j m4l0 m'j 
(3.2.1) 

full_pi* =Pr{ a packet is present at an input port of a switch in 

stage j at time t^} 

-pij 
m=22 

v 1 k + k 

, 23,24 fiS ,26,27,29 2P“'j P28'j 
(3.2.2) 

In the same way the probability of a packet being present at an out¬ 

put port of a switch can be calculated: 

po 
k 

j 
Pr{ a packet is present at an output port of a switch in stage j 

at time t^} 

1 k 

m=2 ,5,6,7,12,13,^4,15,16,22,24,25 2P“'j 

m=3,8,9.17,18,19,20,21,23,26,27,28,29 £j (3.2.3) 

Now the probability of packets moving through a switch can be calcu¬ 

lated. ' First, the probability of a packet moving from the output of 
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a switch mast be defined: 

ÎK - Pr{ a packet* which is not part of a partially received message* 
J 

at a switch ontpnt port in stage j (0 < j < n) is passed by a 

switch in stage j+1 in T^.) 

To calculate the probability of a packet passing through a switch one 

sums the state probabilities where a start packet can move to an open 

output port (divided by two if there is one such case, added in if 

there are two such cases). But this is not the only case where a 

packet can pass through a switch. If a message which is not partially 

received has one of its packets move* then they all move as they are 

chained together. One must then add to the above sum the probabili¬ 

ties of the states in which there is a message which is not partially 

received multiplied by the probability that the packet on the output 

port of the switch is passed by a switch in the next stage (the value 

is shown later) Thus one gets the following: 

p_pass* = Pr{ a packet which is not a part of a partially received 
«I 

message is present at an input port of a switch in stage j at 

time t^ and is passed to an output port of the same switch in 

HF=4 ,7.10,^.15,16,25 

5 
m=6 *9,13,15,18 *21,27 

1 k k 
2Pm.j + pll,j + 

l~k k . k 
2PjPm,j PjP20,j (3.2.4) 
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To get the probability of any packet being passed one must add the 

probability of a packet which is part of a partially received message 

to p_pass^. The probability that a packet which is part of a par¬ 

tially received message is passed is 1.0» so the probabilities of the 

states having partially received messages is added to p_pass^, making 

the probability that any packet is passed through a switch: 

full_pasSj * Pr{ a packet is present at an input port of a switch in 

stage j at time t^ and is passed to an output port of the same 

switch in tj,} 

~ p pass + 
i m=22,23,24 5-,26,27,29 

1 k 
2pm, j + P 28,j (3.2.5) 

One also needs to know the probability of a start packet arriving at 

an input port to a switch. Since that infoxmation must be gotten from 

the previous stage one can define it in terms of start packets moving 

into empty output port buffers (output ports of the switches in one 

stage are connected through the single buffer to the input ports of 

the switches in the next stage). This can be calculated in a way 

similar to p_pass^ : 

p fill* 
J 

Pr{ no packet is present at an output port of a switch in 

stage j at time t^ and it is filled by a start packet in tj.) 

m=4 

r 1 k + k 

,7,10,0,15,16,25 2P“*j Pll'j (3.2.6) 

All of the above definitions come directly from the information 

contained in the state and the state probabilities (except for p). 
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From these basic definitions* probabilities can be calculated for the 

movement of packets from stage to stage. The first few have to do 

with packets leaving the output ports of switches: 

p^ (same as above) 

~k , ~k 
9

J m 1 ' rj 

full_p^ = Pr{ a packet at a switch output port in stage j is passed 

by a switch in stage j+1 in 

p_endj = Pr{ an end packet at a switch output port in stage j is 

passed by a switch in stage j+1 in r^} 

From its definition it can be seen that p^ is the conditional proba¬ 

bility that given a packet* which is not part of a partially received 

message, is present at an output port* it is passed by a switch in 

the next stage. 

-k - 
pj - 

~k 

pi 
,for 0 ^ j < n-1 

j+1 

Similarly for full_p.: 
3 

(3.2.7) 

. full_pass. , 
full_pj ~ : .for 0 < j < n-1 

full_pi 
j+1 

(3.2.8) 

JK cannot have a value at j = n-1 since that would mean that a packet 
J 

of a message would have reached the network output without making it 
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a partially received message, which is contrary to the definition of 

a partially received message. full_p^ has a vaine of 1.0 at j * n-1 

because of assumption (ii) in section 3.1. 

The vaine of p_end^ depends on the stage and the message length, 

in that if the end packet is part of a partially received message 

then p_end k 
j 

is 1 and if not then simply p k 
j* 

M. < n — j p_endj = p^ 

M. > n - j p_end* = 1.0 (3.2.9) 

Just as p defines how packets on the output ports of switches 

move so p defines how packets arrive at the input ports. 

Pr{ a begin packet from an input at stage j-1 is placed in a 

buffer at an input port of stage j in 

p* is the conditional probability that a packet arrives at an input 

port of a switch in stage j, 0 < j <, n-1, given that the buffer at 

that input port is empty, or in terms of p_fillj_^ and po^_^: 

k 
è* Z r-4 .for o < j < n-1, (3.2.10) 

J 1 - 

with the first stage having the boundary condition p^ = 1.0 due to 

assumption i) of section 3.1. 
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In order to be able to move from states without partially 

received messages to states that have partially received messages* 

probabilities must be defined for the point at which this takes 

place. Although it has been assumed that middle and end packets are 

indistinguishable at an input to a switch* the difference between the 

two are important as an end packet closes the circuit and the middle 

packet does not. So a probability must be calculated showing when an 

end packet will pass through. Thus the following definitions are 

needed when a middle or end packet is at an input port: 

p_nprm. = Pr{ the next packet to pass through a switch in stage j 
«I 

will not change the message status from incomplete to partially 

received and is not an end packet}* 

p_praij » Pr( the next middle packet to pass through a switch in stage 

j will change the message status from incomplete to partially 

received }* 

p_em 
j 

- PrC the next packet on a input port in stage j which is not 

part of a partially received message is an end packet }. 

If the state has a message that is already partially received (22- 

29)* then one needs to have the probabilities of the packet on the 

input being a middle or an end packet. 
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p_ciTj * PrC the next packet of a message which is partially received 

on an input port in stage j is a middle packet (keeps the cir¬ 

cuit open)} 

p_cls. = Pr{ the next packet of a message which is partially received 
J 

on an input port in stage j is an end packet (closes the cir¬ 

cuit)} 

These probabilities are calculated from the message length and the 

stage they relate to and do not change as time goes on. Their values 

depend on the possibility of a partially completed message in that 

stage, that is if: 

ML £ n - j, for 0 < j < n-1, (3.2.11) 

then there is no partially received message. For this case the pro¬ 

babilities are calculated in the following way: 

~ ML - 2 p_nprnij jj^Tï 

p_enij Z 1.0 - p_nprnij (3.2.12) 

p_prm. = p_cir. = p_cls^ =0.0 

If, however, there is a possibility of a partially received mes¬ 

sage (ML > n - j, for 0 £ j < n-1), then a different set of calcula¬ 

tions are used: 
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p_nprm 
j 

n - 2 - ■) 
n - 1 - j 

P_Prfflj 

p-clIj 

I 1.0 - p^aprnij 

» ML •** li *** 1 4* j 
ML - n + j 

I 1.0 - E-cirj 

0.0 

(3.2.13) 

The last stage is a special case since once the begin packet has 

passed through it the message is then partially received. With this 

in mind the packet probabilities become: 

p-pirj 

p-ci*i 

p_npruij 

for j * 

ML - 2 
ML - 1 

1.0 - P_cirj 

= p_prBj = p_eaij 

n - 1. 

0.0 
(3.2.14) 

As an example of how state transition tables can be calculated 

from these probabilities, fig. 3.2.3 shows the possible transitions 

and their probabilities from states 21 and 29 (they are the same 

state except that the message in state 29 is partially received). The 

message in progress in state 21 is not partially received, but 

becomes so with probability p.praij with the state changing to 25. If 

p_prm^ is zero, then the message will never become partially complete 

in this stage and the state changes depend on the passage of the 

packets on the ontpnt ports. For instance, if the end packet leaves 

(ft^endj) then the state changes to either state 7 - if the message 

packet on the output port is passed and the message packet on the 

input port is an end packet (p.p_em,), or to state 15 - if the mes- 
1 J 

sage packet on the output port does not get passed (4.) or. if it is 
J 
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Figure 3.2.3 Examples of state transition probabilities 



32 

passed and the message packet on the input port is a middle packet 

(pjp_nprmj). The transitions of state 29 are much simpler. Since the 

message in progress is partially received* it cannot he blocked and 

is waiting for an end packet to close the connection. The end packet 

on the output port of state 29 will leave during since the message 

it belongs to would be partially received. 

The construction of other transition probabilities is now also 

possible and the three necessary transition tables can be made (the 

first and last stages of a network are special cases). A listing of 

all the nonrzero entries in the tables are given in the appendix. The 

state transition table for the first stage is denoted by T^ and from 

it the next state probabilities can be calculated as follows: 

pfj - f ,l. i*0 ^ m,0 0 

for 1 < i < 29, and k = 0, 1, ... . 

(3.2.15) 

Tj(m. i) denotes the probability that a. switch in stage 0 will go from 

state m to state i in The other table entries are defined simi¬ 

larly. The transition table (T^) for the stages between the first 

and the last (0 < j < n-1) can be used to calculate the next state 

probabilities for these stages as follows: 

k+1 
>1.1 

29 . 
Y P* * T'U.i) 

n£l m'j j 

for 1 < i < 29, and k « 0, 1, ... 

(3.2.16) 

and 0 < j < n-1. 

T 4 is the state transition table for the last stage of the network n-1 

and makes the next state probabilities for the last stage 
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(3.2.17) 

for 1 < i < 29, and k = 0, 1, ... . 

To do the analysis, the network is started with no packets in 

any of the buffers. Given that state 1 has no packets in any of its 

buffers we have the initial state probabilities as 

From this point Eqs. 3.2.17 through 3.2.19 are used to calculate the 

next state probabilities until a steady state is reached. The steady 

state is detected by having the number of packets passing through all 

the stages become constant. If NTP is used as a measure of the number 

of packets passing through a stage, then from the definitions given 

above it can be calculated in the following way: 

a switch in stage j during the time interval ir^. Once NTP is constant 

over all the stages and over a number of iterations then the steady 

state is reached and the value of NTP is taken to be the network's 

normalized throughput. 

The purpose of this analysis is to increase the confidence in 

the simulation model that is being used. Figs. 3.2.4 through 3.2.7 

show the analysis and simulation results for several different size 

networks. The throughputs obtained in both methods are close enough 

that the methodology used for the rest of the simulations is con- 

p? = 1.0 for 0 < j < n 
J 

(3.2.18) 
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Figure 3.2.4 Simulation-and analysis results for n * 4, 
t_pass - 1.0, buffer length = 1 

NTP 

Message Length 

sim. 
anl. 

Figure 3.2.5 Simulation and analysis results for n ■ 5, 
t_pass = 1.0, buffer length = 1 
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Figure 3.2.6 Simulation "and analysis results for n 8 6, 
t_pass 8 1.0, buffer length 8 1 

NTP 

Figure 3.2.7 Simulation and analysis results for n « 8, 
t_pass 8 1.0, buffer length 8 1 
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sidered to be correct. 

3.3. Simulation Results 

This section presents performance resnlts obtained by simulation 

for delta networks operating under different parameters. The simula¬ 

tor is set up so that it takes as input a set of network parameters 

and then simulates them appropriately. The advantage of this. is. that 

a different simulator was not needed for every type of switch opera¬ 

tion policy that was simulated. The parameters that were varied in 

this study are: 

i) length of the messages 

ii) length of the buffers between stages 

iii) size of the network (2nx2n) 

iv) t_select and t_pass 

The assumptions of section 3.1 . are used in order that a uniform 

environment is maintained for comparing these circuit switching 

results to the packet switching results presented later. 

Performance measures gathered are throughput, initial delay, 

and message delay. The throughput is normalized to its maximum pos¬ 

sible value, and the delays are normalized to their minimum possible 

values, so that when results from different size networks are used 

they can be compared in a simple fashion. Maximum throughput is taken 

to be 2n which is having a packet pass out of an output port every 

time interval, and the minimum delay is n(t_select + t_pass) which is 
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the time it would take a packet to pass through the network without 

being blocked. 

Results are obtained from the simulator by letting it run for a 

suitable settling time (depending on the network size), and then col¬ 

lecting statistics for the performance measures. After a large 

number of messages have passed through the network (again depending 

on the network size), the simulation run is ended and the throughput 

is averaged over the number of packets passed since the end of the 

settling time, and likewise the delays are averaged over the number 

of messages passed since the end of the settling time. 

Message and Buffer Length 

The first set of graphs (fig. 3.3.1) shows the effect of message 

length on the normalized throughput of the network for t_pass =1.0 

and various network sizes. As the length of the message increases the 

number of collisions increase due to the paths being reserved for 

longer periods of time, and the throughput falls for all except the 

case where there is only one buffer. Normally when there is only one 

buffer between stages a packet must not have only possession of its 

own buffer, but the buffer of its destination also, creating an empty 

buffer between each packet traveling the same path. By chaining pack¬ 

ets of the same message together, this empty buffer between the pack¬ 

ets is eliminated for the packets of the same message. The empty 

buffer remains between start and end packets of different messages, 

and so as the message length gets longer the number of empty buffers 

gets smaller, increasing the throughput for this case. 



38 

The effects of increasing the buffer length on the throughput 

can also be seen from fig. 3.3.1. As the buffer length gets longer 

the throughput increases for small messages* but the gain in 

throughput is not proportional to the increase in buffer length. This 

is even more evident as the message length gets longer. At the end 

of the curve the throughput for the different buffer lengths is very 

small and there seems to be little advantage to using a longer buffer 

length. 

In the circuit switching case the initial delay and the message 

delay are related linearly by the message length (section 2.3). All 

factors which affect one will then affect the other in the same 

manner. Figs. 3.3.2 and 3.3.3 show how both increase almost linearly 

with the message length, the only difference being that the message 

delay has a slightly steeper slope. The aberrations in the linear 

climb of these measures occur at points where the message length is a 

multiple of the buffer length. The delay dips a small amount here 

when the message length becomes one more than the buffer size and 

does not occur at all such points because not all the points were 

simulated. This dip is caused by the way the simulator generates mes¬ 

sages. Most of the collisions occur in the first couple of stages. 

If a message is blocked at the second stage and it has a message 

length equal to the buffer length then the buffer at the second stage 

is filled and the input buffer is empty. At this point another mes¬ 

sage is generated* and if it is directed to the same buffer as the 

previous message then it will be blocked as the buffer is full. If* 



39 

NTP 

Message Length 

Figue 3.3.1(a) Simulation'results for n = 4, t_pass 

circuit switched 

buffer 

length 

10 
5 
3 
2 
1 

1.0. 

Message Length 

buffer 

length 

10 
5 
3 
2 
1 

Figure 3.3.1(h) Simulation results for n = 5, t_pass = 1.0. 

circuit switched 



40 

1 

NTP 

0 

Figaro 3. 

1 

NTP 

0 

Figaro 3 

buffer 

length 

10 
5 
3 

2 
1 

3.1(o) Simulation resalts for n ■ 6, t_pass • 1.0, 
cireait switched 

baffer 
length 

10 
5 
3 
2 
1 

3.1(d) Simulation resalts for n = 8, t_pa ss = 1.0, 
circuit switched 

Message Length 

Message Length 



41 

Message Length 

buffer 

length 

10 
5 
3 
1 
2 

Figure 3.3.2(a) Simulationresults for n = 4, t_pass = 1.0, 

circuit switched 

buffer 
length 
10 
5 
3 
1 
2 
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Figure 3*3.2(e) Simulation'results for n = 6, t_pass = 1.0* 
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Figure 3.3.2(d) Simulation results for n *■ 8, t_pass = 1.0* 
circuit switched 
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however* the message length is one more than the buffer length* then 

the new message is not generated until the current message is 

unblocked at the second stage, because it will still have one packet 

in the input buffer. 

The delay also increases linearly with buffer length* but since 

the throughput does not increase as fast, the delay increases at a 

faster rate than the throughput. This is probably due to the number 

of collisions increasing a large amount with a small increase in the 

traffic through the network. Packets then spend more time on the 

average waiting in the buffers (of which there are more) than before. 

Network Size 

Figs. 3.3.4 and 3.3.5 show how the size of the network changes 

the performance. The normalized throughput, shown in fig. 3.3.4* 

drops as the network size increases and the normalized initial delay* 

shown in fig. 3.3.5* show only a small difference between the network 

sizes. These results haye been observed before for the single packet 

case [1] and is a function of the number of collisions. The number of 

collisions increases in this case because the nuber of paths through 

each switch grows with the network size* creating more opportunities 

for conflict. 

Timing Parameters 

To examine the effect of varying t_pass and t_select on network 

performance* the network and buffer sizes were fixed and the message 

length was varied. The values of t_pass we examine here are 1.0 and 
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0.5. t_pass » 0.0 is not used since this would mean that the start 

and end packets would arrive at the output of the network at the same 

time even they were sent into the network one at a time - an unreal¬ 

istic event. At the values of t_pass chosen it means that the time 

taken to decode the output destination (t^select) is equal to or much 

less than the time needed to pass the packet (t_pass). A small 

t_pass should improve the perfoxmance of the network in the circuit 

switched case since this means a larger t_select and the middle and 

end packets do not have to delay t_select because the start packet 

has already set up a path for them. The graphs of fig. 3.3.5 show 

this* The throughput for t_pass = 1.0 drops as the message length 

increases* but for t_pass = 0.5 the throughput starts out higher and 

stays almost constant over all the message lengths simulated. At the 

longest message length the throughput of t_pass = 0.5 is almost twice 

that of t_pass = 1.0 suggesting that an improvement in t_pass results 

in an almost equivalent improvement in the throughput. The same holds 

for the delay measures as the delays for t_pass = 1.0 are nearly 

twice those for t_pass = 0.5 at the longest message length. 

3.4. Implementation Considerations 

To simplify the details of discussing the implementation of a 

circuit switching network* it will be assumed that a simple packet 

switching network capable of handling messages of length one* such as 

described by Phtel [2] or Diasll]* exists. This section will build 

on this basic network presenting additions to it that would provide 

the necessary operations to allow circuit switching. 
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The main consideration in adding to the basic network is what 

kind of control is needed for handling circuits. All control in 

delta networks is local, contained within the switches, so that all 

the necessary changes will be to the switch operation. The additional 

operations needed are: 

i) setting np paths 

ii) detecting paths already set np 

iii) distinguishing between different types of packets (start, mid¬ 

dle, end) 

iv) releasing paths. 

These can be implemented with several one bit flags. 

First, a flag at every input port (IF) is used to indicate a 

path already set up between it and an output port of the same switch. 

IF would be used mainly by the hardware of the switch to determine if 

it needs to decode the address of the next packet at the input port. 

Another flag at each output port (OF) tells when the port is in use. 

If the flag is already set, no other connections can be made to that 

port until its OF is cleared. Using these flags, plus one bit 

attached to each packet (CB) telling when it is time to release the 

path, it is possible to perform the operations necessary for circuit 

switching. When a packet arrives at an input port (usually a start 

packet) and the IF there is clear, a connection is established with 

the output port selected by the address field in the packet* If the 

OF is set on the output port the packet must wait for the port to 
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become free. When the output port is free, then both the IF and the 

OF are set and the circuit is thus set up for the switch. After the 

circuit is established through this switch, middle packets, with 

their CB clear, are passed through the switch, subject to the availa¬ 

bility of buffers at the output port. The CB of the end packet sig¬ 

nals the switch to clear the the IF and the OF at the ports the mes¬ 

sage was using, releasing the path for other messages. 

This method can also handle messages of length one. The path 

between a input and an output is set up whenever a packet appears at 

an input port that does not already have a path set up, and a path is 

released whenever a packet that has its (B set is passed. A single 

packet message would have its GB set and would always arrive at an 

input port that did not already have a path set up. It would then set 

up and release the path at the same time as it passed through the 

switch. 

A major advantage of this scheme is that the only packets that 

need to provide an address to the switch are the start packets and 

the single packet messages. Middle and end packets simply follow the 

paths already set up giving them more data bits than the begin pack¬ 

ets. 

The only other hardware expansion that a circuit switching net¬ 

work needs over a packet switching network is a buffer at the input 

of the first stage capable of holding a whole message The packet 

switched network needs only a single packet buffer. 
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From this it can he seen that the additional hardware necessary 

to implement circuit switching from a simple single packet switching 

network is not very extensive. The next chapter will compare this 

implementation with that of a packet switching network capable of 

passing multiple packet messages. 



CHAPTER 4 

Packet Switching of Messages 

4.1. Introduction 

This chapter studies the performance of delta networks used in a 

packet switching mode. The network parameters and the assumptions 

stated in section 3.1 are the same and the simulation results are 

given in the same manner as in the previous chapter, with the graphs 

arranged according to the network parameter varied. First, the effect 

of message and buffer length dn the network's performance is examined 

for several network sizes. Some of the results are then redrawn so 

that the effect of the network size can be seen. The last part of 

the simulation results deals with how the throughput and delays are 

affected by t_pass. The next section of the chapter then compares 

these results with similar results for the circuit switching case and 

explores the reasons for the differences. The last section deals 

with the implementation of a packet switching network and how its 

hardware complexity compares with that of a circuit switching net¬ 

work. 

4.2. Simulation Results 

This series of simulations was carried out using the same simu¬ 

lator as was used for the circuit switching simulations. The only 

change was in the network parameters given it as input. Here they are 
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set op so that the switches operate as if all packets are messages of 

length one. The difference this creates in the packet generation is 

that at the network input ports all packets belonging to the same 

message are given the same destination address. There are still the 

distinctions between start, middle, and end packets, but their impor¬ 

tance in packet switching lies in maintaining delay statistics rather 

than in switch operation. 

Message and Buffer Length 

Fig. 4.2.1 shows the normalized throughput results at t_pass = 

1.0 for various network sizes. As in circuit switching, the 

throughput drops as the message length increases, gradually leveling 

off as the message gets long. This drop is due to the packets in the 

long messages contending for paths for longer periods of time which 

creates an increase in the number of collisions. Although each packet 

contends for itself, it is still directed toward the same output, 

and, in a unique path network, all of the packets in the same message 

traverse the same links. If two or more network input ports direct a 

long message to the same network output port then there is going to 

be a heavy load on at least part of the paths to that particular out¬ 

put, causing collisions at the outputs of some of the switches. It 

also means that the network input ports would be tied up for a longer 

period of time, preventing it from starting another message while the 

other is still in progress. Both these factors contribute to the drop 

in performance 
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Increasing the buffer length allows network input ports to 

become free more quickly, since packets can be stored in the network 

buffers. This increases the throughput when the message length is 

short, but has little effect when the message length is long. The big 

increase going from a buffer length of one to a buffer length of two 

results from the one stage gap between packets as mentioned in sec¬ 

tion 3.2. This gap is eliminated by increasing the buffer length to 

two. This also doubles the throughput, since with one buffer only 

every other stage can have a packet at an input port along a particu¬ 

lar path, whereas with two buffers every stage can be utilized. 

The delays increase with, message length, as shown in fig 4.2.2 

and fig. 4.2.3, for basically the same reasons that the throughput 

drops. Ihe initial delay increases very slowly with message length 

because longer messages cause more collisions, up to a point, and the 

graph shows a leveling off at higher message lengths just as the 

throughput did. The message delay, however, shows very little level¬ 

ing off and increases almost linearly with the message length. Its 

increase is due to two factors: message length and collisions. Obvi¬ 

ously, a longer message means a longer message delay simply because 

there are more packets in the message to pass through the network. 

However, each packet in the message also experiences delays of its 

own due to collisions. Thus, with both these types of delay affecting 

each packet, a rapid increase in the message delay results as the 

message length gets longer. 
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Figue 4.2.1(b) Simulation results for n = 5, t_pass = 1.0» 
packet switched 



57 

NTP 

Message Length 
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Figwxe 4.2.1(d) Simulation results for n = 8, t_pass = 1.0. 
packet switched 
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Figure 4.2.2(a) Simulation results for n - 4* t_pass » 1.0, 
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Figure 4.2.2(b) Simulation results for n = 5, t_pass « 1.0, 

packet switched 
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Figure 4.2.2(c) Simulation results for n = 6, t_pass « 1.0. 

packet switched 
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Figue 4.2.2(d) Simulation results for n = 8, t_pass ■= 1.0. 

packet switched 
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Figure 4.2.3(e) Simulation results for n = 4, t_pass - 1.0, 

packet switched 
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Figure 4.2.3(b) Simulation results for n = 5, t_pass - 1.0, 

packet switched 
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Figure 4.2.3(c) Simulatioff results for n ■ 6, t_pass = 1.0, 
packet switched 
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Figure 4.2.3(d) Simulation results for n = 8, t_ pa s s » 1.0, 

packet switched 
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The delays seem to increase somewhat linearly with buffer 

length. The only exception is the discontinuity between one buffer 

and two since the message delay in the one buffer case has almost 

twice the slope of the two buffer case. This is due to the one stage 

gaps being eliminated as explained earlier. However, for the rest of 

the buffer lengths the increase in the delay is due to the increased 

congestion in the network caused on by the added buffer capacity. 

Although there are more packets in the network, they move through it 

more slowly, spending more time stored in the larger buffers. 

Network Size 

As in the circuit switching case, an increase in the network 

size results in a decrease in the performance. Fig 4.2.4 shows how 

the normalized throughput drops as the network size increases. Again, 

as in the circuit switched case, the larger network has more possible 

paths through each switch, which increases the possibility of a col¬ 

lision, making the performance drop. The initial delay, shown in fig 

4.2.5. also increases a small amount with the network size for basi¬ 

cally the same reason. 

Timing Parameters 

The same network size and the same buffer size are used here as 

in the same study in the preceding chapter. t_pass = 0.0 is again not 

a realistic choice, but here it at least possible. The sum of 

t_select and t_pass is 1.0 for all values of t.pass, but even though 

each packet experiences each of these delays the throughput still 

increases and the delays decrease as t_pass decreases • (as is shown in 
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Figure 4.2.5 Simulation results for at t_pass = 1.0, buffer 
length = 3, packet switched 
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Figaro 4.2.6(a) Simulation results for n « 6, buffer 
length » 3, packet switched 
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Figure 4.2.6(b) Simulation results for n =• 6, buffer 
length *= 3. packet switched 
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Figure 4.2.6(e) Simulation results for n = 6, buffer 
length - 3, packet switched 
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fig. 4.2.6). In packet switching collisions move from the outputs of 

switches (t_pass » 1.0) to the buffers between the stages (t_pass = 

0.0), and. as also noted by Dias [1] for the single packet message, 

this improves the performance of the network. However, the perfor¬ 

mance still drops as the message length increases because unlike cir¬ 

cuit switching there is no advantage to having longer message lengths 

- only the disadvantage of increased collisions. 

4.3. Performance Cornuarison 

In obtaining results to compare the two methods of message pass¬ 

ing in a delta network, a constant maximum load was maintained for 

both cases. Fig. 4.3.1 shows the throughput and delays for a n=6 net¬ 

work using circuit switching and packet switching. The one buffer 

case is not shown since there is a large difference in the perfor¬ 

mance due to the chaining in the circuit switched case, and thus does 

not represent a very fair comparison. For t_pass * 1.0 it can be seen 

in fig. 4.3.1 that there is not much difference in the throughput of 

the two switching methods with circuit switching having a slight 

advantage at the longer message lengths. However, in fig. 4.3.1(b), 

the packet switching case shows a much better initial delay than the 

circuit switching case. The next graph, fig. 4.3.1(c), shows circuit 

switching performing better than packet switching in terms of message 

delay. Packet switching gives a shorter initial delay because the 

start packet cannot be blocked by any long messages, but since every 

packet after the start packet also experiences some delay due to col- 
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lisions, the message delay is relatively poor. Circuit switching has 

a long initial delay compared to packet switching, due to the block¬ 

ing of the start packets by long messages, but once the start packet 

gets through to the last stage the only delay experienced by the 

other packets of the message is t_pass at each stage. 

The next graph, fig. 4.3.2, shows what happens to the various 

performance measures as t_pass changes. Here, circuit switching is 

clearly a better choice. At t_pass = 0.5 the throughput for packet 

switching drops as the message increases, but for circuit switching 

the throughput stays roughly the same for all message lengths. 

The delays follow much the same pattern as the throughput and 

are shown in figs. 4.3.2(b) and 4.3.2(c). Packet switching does 

better with the initial delay at t_pass = 1.0, but loses some of its 

advantage as t_pass goes to 0.5. Message delay is smaller for cir¬ 

cuit switching at t_pass = 1.0 and improves as t_pass decreases until 

there is a large gap between the methods at t_pass = 0.5. 

In this section the results show that circuit switching performs 

as well as or better than packet switching in throughput and message 

delay, but that packet switching has a smaller initial delay. This 

means that unless initial delay is critical to the operation of a 

network, circuit switching would be the best choice in terms of per¬ 

formance 
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Figure 4.3.1(e) Simulation results for n = 6, t_pass = 1.0 
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Figure 4.3.2(b) Simulation results for n ■ 6, buffer 
length ■ 3 
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4.4. Tmpl^mentation Comparison 

To implement message passing in a basic single packet switching 

network, such as is described in Phtel [2] or in Dias[l], it is not 

necessary to make any hardware changes. However, it is necessary to 

add a message number to each packet. Even in a unique path network it 

cannot be guaranteed that the packets of a message will arrive at an 

output port consecutively as there may be packets of other messages 

between them. The message identification number that must be attached 

to each packet adds network data overhead. 

In section 3.4 the implementation considerations for circuit 

switching are presented. In this case, most of the changes that need 

to be made to the basic single packet switching network are to the 

hardware. For message passing to be provided in a packet switched 

mode the changes must be made not in hardware, but in the contents of 

the packets. Circuit switching involves a more complicated switch to 

detect and set up circuits Packet switching requires an address and a 

message amber to be added to every packet, reducing the amount of 

real data the packet can carry. Circuit switching requires that only 

the start packet have an address and that all packets have an extra 

bit to control the switch operation. Thus a circuit switched packet 

can carry more real data than a packet switched packet of equal size. 

The basic tradeoff in implementing these two methods is hardware com¬ 

plexity versus packet data capacity. It appears as though the 

increase in the hardware complexity of the circuit switching would be 

well invested if the network was to use long messages since that is 
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where circuit switching would perform better than packet switching in 

terms of real data capacity, but if the messages were to be very 

short (1 to 3 packets) packet switching would be best on the basis of 

ease of implementation. 



CHAPTER 5 

Conclusions 

5 .1. Sinnm^ ry 

Delta networks have keen proposed as a fast, efficient way to 

communicate rapidly between components of a modular system. This 

thesis has studied two methods of implementing message passing - cir¬ 

cuit switching and packet switching - in this type of network. 

The performance of the two methods was examined for networks 

consisting of 2x2 switching elements. Network size, message length, 

buffer length, and switch timing parameters (t_select and t_pass) 

were varied and their effect on the throughput, the initial delay, 

and the message delay were examined. When the two methods were com¬ 

pared it was found that for t_ pa s s » 1.0 the throughput was similar 

for both, but that packet switching was best for initial delay and 

circuit switching was best for message delay. 

Both methods showed about the same relative changes in perfor¬ 

mance in response to changes in the message length, buffer length, 

and network size at t_pass = 1.0. The throughput dropped and both the 

delays grew for all buffer lengths as the message length increased 

due to the increased number of collisions. When the buffer length 

increased, the throughput increased, but not as fast as the delays 

did. leading to the conclusion that large buffers do not really 

improve the overall performance of the network. As the network size 
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grew* the normalized throughput got smaller and the normalized delay 

increased* meaning that smaller networks have better performance than 

larger ones. 

The two methods had different responses to changes in the switch 

timing parameters. Both showed an increase in the throughput as 

t_pass decreased* but circuit switching showed a greater increase* 

especially at long message lengths* whereas packet switching showed a 

drop in throughput as the message length increased. In circuit 

switching mode the initial delay showed a large drop as t_pass 

decreased* hut was still higher than the packet switching mode which 

showed very little change au t_pass decreased. The message delay 

behaved in a similar manner except that circuit switching performed 

much better than packet switching at t_pass = 0.5. 

The implementations of the two methods were also compared. A 

packet switching network is the easiest to build, hut requires an 

address and a message number for each packet. Circuit switching 

requires more hardware to implement, hut only the start packet needs 

to contain an address and no message number is required, which 

results in a higher real data throughput than in packet switching. On 

the basis of implementation, circuit switching would be much better 

than packet switching (especially if long messages were being used), 

since, even though it costs more to implement, it would have a higher 

real data throughput for the same message length. 

A network using message passing in a circuit switched mode per¬ 

forms as well as or better than a network in a packet switching mode 
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except in terms of initial delay. Unless initial delay is critical to 

a network, circuit switching is the better choice. 

5.2. Future Research 

The networks studied in this thesis all had unique paths from 

network input ports to network output ports. A multipath network 

should be studied both from the standpoint of improving the perfor¬ 

mance and of increasing the reliability of the network. With a mul¬ 

tipath network, packets can be sent along different paths or messages 

can be rerouted to avoid congested parts of the network. This stra¬ 

tegy will also work in the case of faulty switches or links as pack¬ 

ets can be routed along paths not affected by the failed parts. 

Implementation details also need to be examined. General con¬ 

siderations were discussed, but the details were ignored. One aspect 

to consider is the number of effective data bits that each method 

transfers per packet and the effect this has on the throughput. The 

implementation costs can then be considered in terms of data 

throughput and performance. 

The analysis presented here was for one case in the circuit 

switched mode of operation. Another avenue of research would be to 

see if it is possible to come up with usable analytic models for 

other cases in both the circuit switched and the packet switched 

modes. The model considered in chapter 3 expands to too many states 

once a different switch operation policy is considered, so a dif¬ 

ferent model should be created. 
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The results reported in this thesis deal only with fixed message 

lengths. Another avenue of approach would be to examine the effects 

on network performance of variable message lengths as compared to 

fixed message lengths. 
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Transition Table TQ 

T.(1.13) 
71(1,20) 

TÎL (2,10) 
T«(2,12) 

TJJ(2 ,13) 

TJ?(2,15) 
TJJ(2 ,18) 

TQ(2,21) 

TQ(3,10) 

Tn(3,ll) 
TÏ(3,12) 
lS(3,14) 
TQ(3,16) 

TQ(3,17) 

TQ(3,19) 

1/2 
1/2 
l/4p_endn 

l/4ï_endn 

l/4p_end_ 
l/2p_endjî 
l/4qLend" 
l/2q_e*dQ 

l/2p_end' 

l/2p_end; S 
0~ l/2p_endjjï_end^ 

p_endnï_end0 

l/2p_endgq.end^ 

l/25_endg 

l/2q_endg 

Tn(4,13) = 1/2 
Tl(4,20) - 1/2 
TÏ(5,10) - l/2p_endft 

TJÎ(5,12) - l/2q_endï 
TIT (5,15) - l/2p_end„ 
Tg(5,21) - l/2q_endg 

TY(6,9) - 
Tl (6,13) 
TJ?(6 ,20) 
T”(6.24) 
Tg(6,27) 

T.(7,13) 
T”(7,15) 
TÏ(7,18) 
Tj(7,21) 

TQ(8,10) 

T_(8,11) 

TJ!(8 ,12) 
^(8,14) 
Tg(8,16) 

T0(8,17) 

T0(8.19) 

l/2pftp_em0 

l/2pQp_enu 
l/2qu + l/2pnp_npnan 

1/2^ + l/2p0p_nprm0 

l/2pftp_prmn 

' l/2pQp_prm0 

' l/2p_end_ 
• l/2p_endg 
! l/2q_endQ 
! l/2q_endg 

1 l/2p_endg 

= l/2p_endg 
‘ l/2p_end0q_endg 
= p_end0qLend0 
> l/2p_endQ<LendQ 

• l/2q_end» 

• l/25_end0 

State transition probabilities at stage 0 



Transition Table T^ (continued) 

T0<9,5) 
TQ(9,7) 

T” (9,8) 
TJ!(9,13) 

T~(9.15) 
TÏ(9,18) 
To(9,21) 
To(9,24) 
To (9,25) 
T" (9,26) 
lj(9,29) 

= l/2p0p_end0p_eii^ 
“ PQqLend0p_em0 

■ "5îoË-e"?o * W2p0!-’^oI’-,‘prmo = l/2qIp_endo + l/2poP_endoP_:nprino 

■ l/2«o5_end0 + l/2q0p_end0p_nprmQ 
= l/2qQq_endQ + l/2qgiTend0p_nprin0 
= 1

l^po£-en‘Jop-prmo 
= l/2p0p_end0p_pm0 

= l/2p0q_end0p_prm0 

* l/2p0î_end0p_pnn0 

T (10,13)-1.0 
rj (11,20)-1.0 
T"(12.10) - p_endn 
TQ(12,12) - q_endj 

Tft(13,5) 
To(13,13) 
T"(13,24) 
TJ? (14,15) 
TQ(14,21) 

pûp-e“a ! «0 + pop-npr”o 
‘ £op-prmo 
‘ P_endft 
1 q-endJJ 

Tn(15,9) 
lj;(15,20) 
To(15,27) 
To(16,13) 
TQ(16,18) 

To(17,10) 
7^(17,12) 
TQ(17,16) 

TQ(17,17) 

= pap-e“û 
£o + pop-nprmo 
£op-prœo 
P_ettd0 
q_endj 

p_end0 
p_endQql.end0 

p_endQq_end0 

M -2 q_endQ 

TQ(18,5) 
To (18,8) 
1^(18,13) 
To(18,18) 
TT(18,24) 
TQ(18,26) 

Tft(19,11) 
TQ(19,14) 

TQ(19,19) 

£o£-en^op-emo 
p^q_endQp_em^ 

1 qQq_end0 + q0p_end0p_nprm0 
! PnP-«ndnp-prinn 
■ Po«-endop-pr,Bo 

! P_endQ 
! 2p_endgq_endQ 

■ q_endj 

State transition probabilities at stage 0 
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Transition Table TQ (continued) 

T0U0,3> - ^ 

TQ(20,9) - 2pJï0p_ein0 + 2pjp_em0p_nprm0 + 2p()q
,
()p_em()p_nprni0 

TQ(20»20) » qjj + 2pQq0p_npri^ + ppP_nprmQ 

TQ(20,27) « 2p0q0p_prmJ + 2p^p_pm0p_nprm() + 2p0q0p_pm0p_nprm() 

T0(20,28) = pjp.pnaj 

Tft(21,7) 
TJJ(21,8) 
11(21.15) 
T„(21,21) 
Tl(21,25) 
lJJ(21,29) 

! £o£-eny-emo 
pûVaV-!mû ~ „ = qQp.endQ + p0p_end0p_nprm0 

* q0q_endQ + q0p_end0p_nprm0 

■ P0P_end
0P_Prm() 

■ P09_®nd0p_pnnQ 

T (22,5) - l/2p_clsn 

T„(22,9) - l/2p_cls” 
Tj:(22,24) - l/2p_cir 
TQ(22,27) - l/2p_cir|J 

T (23.5) = l/2p_clsft 

T„(23.7) = l/2p_cls” 
TJ?(23 ,24) - l/2p_cirfl 

TQ( 23,25) - l/2p_cirj 

T.(24,5) * p_clsft 

TÏ(24,24) - p_cir_ 
TÏ(25,9) = p_cls„ 
TQ(25,27) » P_cir0 

T0(26,5) ** p_cls_ 
TQ(26,24) = Racir0 

Q(27,9) » p_npm0p_cls0 + q0p_prm0p_cls 
0(27,23) = p0p_pm0p_ cï sQ 

(27,27) = p_nprmnp_cirn + q0p_pna0p_cir 
Q(27 ,28) - p0p_pm0p_ciï 

T (28,3) - P.clsJ 
Tj(28,23) = p_cirpp_cls0 

T0(28,28) » p.cirjj 

T_(29,7) = p_cls0 

TQ(29,25) - p_cirQ 

State transition probabilities at stage O 



Transition Table Tj 

Tj(1,1) " 
Tj(l,4) ■ 

Tj(1.10) 

TjU.ll) 

Tj(2,1) » 

Tj(2,2) > 

Tj(2,4) » 

T,(2,5) « 
Tj(2,7) « 

Tj(2,10) 

Tj(2,11) 

Tj(2,12) 

Tj (2,14) 

Tj(2,16) 

Tj(3 ,1) > 

Tj(3»2) • 

Tj(3,3) • 

AA A 

* 1/2$ 

- 1/2$ 

*j5-endj 

4jî_«ndj 
2êi4iP_ead. 

$j4jqLend. 

s l/2fkjP_endj 

* l/2$jP_endj 

■ l/4$jq_endj 

“ l/2$^qLend. 
J «I 

' l/4$j^_endj 

a2~ A
2 

^P.endj 
24i5_®ttd.5_end. 

<yJ "" <jJ J 
4jî.®ndj 

T.(3.4) - 24 $ p_end^ 
T* (3,5) - 2$j4^p_endJ.qLend. 
Tj (3,7) = 2$j4jîLendjqLendj 

Tjd.8) « 2$j4j3_endj 

Tj(3,10) 

Tj (3,11) 

Tj (3,12) 

Tj(3,14) 

Tj (3,16) 

Tj (3,17) 

12 J2 
l/2pj p_endj 

l/2$jp_endj 

2 
1/2$ j p_endj q_endj 

$jp_endjq_endj 

l/2$jP_endj?_endj 

l/2$jî_endj 

State transition probabilities at stages 1 to n^2 



Transition Table Tj (continued) 

Tj (3*19) = l/2^q_endj 

T. (4,6) = 4. 
T,(4,13> - 1/24. 
Tj(4,15) = l/2pj 

T (5,4) = 4,P_end. 
Tj (5,5) = 4]q_endj 

T.(5.10) = l/24.p_end. 
T^ (5,11) - l/24'p_end^ 
TJ.(5,12) - l/2^q_end^ 
T*(5,14) - l/2fcjq_endj 

Tj(d,2) = 4jPjP_®mj 

Tj(6,5) » 1/24 p p_emj 

Tj(6,6) = 4j?j + 4jPjP_.npm»j 

Tj(6,7) - l/24jpjp_emj 

Tj(6,13) ■ l/2f^jqj + 4jPjP_apt»j) 

Tj(6,15) » l/2Cpj?j + 4jPjP_npnBjj 

Tj(6,22) » 4jPjP_P*»j 

T (6,24) - l/24.p.p_prm. 
T? (5,25) = l/24JpJp_pnnJ 

T (7,6) = 4,P_«nd. 
Tj (7,9) = 4jl_endj 

T (7,13) - 1/20.p_end. 
rj(7,15) = l/24iP_end'? 
T^(7,18) = 1/24-qLend'; 
Tj (7,21) = l/24jl_endj 

T.(8,4) = 41P_#»dj 
•H (8,5) = 4Îp_«*d'qLend. 
Tj(8,7) = 4j P_ endj 5_endj 

Tj (8,8) = 4jî.®ndj 

Tj (8,10) - l/24jP_endj 

T.(8,11) - l/24.R.end^ 
Tj(8,12) » l/24p_endjq_endj 

Tj(8,14) - 4jP_endj4_endj 

Tj (8,16) = l/24jp_endjq_endj 

State transition probabilities at stages 1 to n-2 



Transition Table T. (continued) 
* «' J 

Tj (8,17) = l/2èjî_endj 

Tj(8,19) - l/2^j5_«ndj 

Tj(9,2) = qj p j p_ e nd j p_ em j 

Tj(9,3) = 4jPjq_®ttdjp_emj 

Tj(9,5) = l/2êjPjR_endjp_en»j 

T, (9,6) = fLq.p^end. + 4.p.p_end.p_nprm. 

Tj (9,7) = 1/2$jpjp_;endjp_enij 

Tj(9,8) = èjpjq_endjp_emj 

Tj (9,9 ) = ^j«[jq_endj + 4jPj<L_endjP_nprmj 

Tj (9,13) = l/2^jqjP_endj + 1/2^jpjp_ endjp_nprm j 

Tj (9,15) = 1/2fkj5jP_endj + 1/2$jpjP_endjP_nprnij 

Tj(9,18) = l/2$jqjq^endj + l/2&jpj<L.endjp_npr»j 

T.(9,21) * l/2$.q,q_end. ♦ l/2$.p,q[_end.pjnpria. 

Tj (9,22) - &jfjpuendjp_prmj J J 

Tj(9,23) = <jj p j q_ end j p_prm j 

Tj(9,24) = l/2$jPjp_endjP_prnij 

Tj(9,25) »• l/2$jPjP_endjP_prnij 

Tj(9,26) = $jpjqLendjP_pnBj 

Tj(9,29) * êj Pj <L_ endj p_prm j 

T (10.13) - 1 
T”(11,20) - 1 
Tj(12,10) - p_end. 
Tj (12,12) = q_endj 

Tj(13,5) = pj p_ emj 

Tj (13,24) = Pj p_prnij 

Tj (13,13) = qj + Pjp_nprnij 

T.(14,15) = p end. 
Tj(14,21) » ï_endj 

Tj(15,9) - PjP_emj 

Tj (15,27) » ?jP-pn»j 

Tj (15,20) = qj + Pjpjnpmij 

State transition probabilities at stages 1 to n-2 
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Transition Table Tj(continued) 

T (16,13) = p end. 
Tj(16,18) = q_endj 

p_end^ 

p_endj3_endj 

î$<.end.q_end, 
2 3 

rji 

T (17,10) » 

Tj (17,12) * 

Tj (17,16) « 

Tj(17,17) » 

T^ (18,5) = 

Tj(18,8) • 

Tj (18,24) 

Tj(18,26) 

Tj (18,13) 

Tj(18,18) 

Tj(19,11) 

Tj(19,14) 

Tj(19,19) 

Tj(20,3) « 

Tj(20,28) = 

Tj(20,9) - 

Tj(20,20) « 

Tj(20,27) « 

T'(21,7) = 

T^ (21,8) - 

T (U,15) * 

Tj (21,21) « 

Tj(21,25) = 

Tj (21,29) « 

Tj(22,2) » 

Tj(22,5) - 

Tj(22,22) * 

1 q_endj 

PjP_endjP_em^ 

PjflLendjP_eaij 

E PjP_«adjP_pmij 
s 5j5_endj p_prnij 

= q,p_end, + p.p_end ,p_nprm. 
J JJ J J 

s q.q_end. + p,q_end.p_nprm. J J J J J 
■ 5 end. 

” J 
= 2p_end ,q_end,- 

•jJ J 
* q_end. 

Jl 
JL 
PjP_e®jP.e®j 

= P^P_pï® j P_pmij 
2P^ïjP-.«“j + 2P^ p_ em j p_nprmj + 2pjqjp_nptmjp_emj 

= qj + 2pjqfjp_npraij + pjp_npr*j 
s 2PjïjP-Pn“jP_pn«j + 2P^P_pn»jP_nprmj + 2pjqjp_nprm^] 

P j P_endj p_ eaij 

Pj9Lendjp_enij 

= qjP_endj + Pj P_endj p_npmij 

= Pjq_endjp_nprmj + q^ q_endj 

* PjP_endjP_prmj 

■ Pjq_endjP_prmj 

l/2pjP_clSj 

îjP-eiXj 

State transition probabilities at stages 1 to n-2 



Transition Table Tj (continued) 

Tj (22,7) - l/2pjp_clsj 

Tj(22,24) = l/2$jp_cirj 

Tj (22,25) = l/2êjp-cirj 

T, (23,2) = 4jP_®nd,p_cls, 

T. (23,3) = cju q_end.p_cl s. 
Tj (23,5) = 1/2J, p_end. p_cl s. 

T^(23,22) - 4jP_«nd Plcirj J 

Tj ( 23,7) = l/2$jp_endjp_clSj 

Tj ( 23,8) * $j^_endjP_clSj 

Tj (23 ,23) - 4 q_endjP_cir 

Tj (23,24) - 172$ p_end p_cir 

Tj(23,25) - 1/2$jp_endjp_cirj 

Tj(23,26) - l/2$jtLendjP_cirj 
Tj (23,29) - l/2$j4_endjp_cirj 

T (24,5) - p_cls 

T.(24,24) - P_cir 
J J 

T (25,9) = p_cls 

Tj(25,27) « P>ciij 

Tj(26,5) *» P_end,p_clSj 

T (26,8) “ q_endjP_clSj 

Tj(26,24) = p_eni.p_cii 

Tj(26,26) - ô_endjP_cirj 

Tj(27,28) • PjP_pin»jp_ciXj 

T,(27,9) « p_nprm.p_cls, + q,p_prm.p_cls. 

Tj (27,23) = pjP_pmjE_clSj 

Tj(27,27) ■ p_nprnijP_cirj + qjP_prnijp_cirj 

T (28,3) = p_cls.p_cls. 
Tj(28,23) * 2p_cls p_cïr 
Tj(28,28) » p_cirjP_ciïj 

Tj(29,7) * p_endjp_clSj 

Tj(29,8) - q_endjP_clSj 

Tj(29,25) - p_end p_ciij 

Tj (29,29) - qLendjP.cirj 

State transition probabilities at stages 1 to n-2 
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Transition Table T , 
n-1 

Vi«'l> * «ti 
Vi(1-4> - 2ViVi 
Vi*1'10» - 1/2&i 
Vi(1-U) - 1/2Vi 

T 
n-1 

T 
n-1 

<2<2> ■ Ci 
<2.4) - 

(2.10) = l/2$2_x 

(2.11) = 1/2$^ 

W3'1* Tn_i(3,4) 

T 1 (3,10) 

Tn_i(3,n) 

*2 
qnrl 
2W»-1 

V1(4.22) - 

Vi<4,24> - 1/2Vi 
T»-l(4-25) * W»rl 

1^(5,22) 

Tn-1(5,24) 

Tn_1(5,25) 

Hn-1 
1/2$ 

1/2$ 
n-1 

n-1 

n-1 
rn-l 

Vl 

(7,22) 

(7.24) 

(7.25) 

qn-l 
1/2$ 
1/2$ 

n-1 

n-1 

Tn_x(8,22) 

Tn_l(8.24) 

Tn-1(8,25) 

Hn-1 
1/2$ 
1/2$ 

tt-1 

nrl 

State transition probabilities for stage nrl 
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Transition Table T 
i 

T ,(10,24) = 1 
T* ,(11,28) - 1 
T* , (12,24) = 1 
T ,(14,28) - 1 
T ,(16.24) - 1 
T ,(17,24) = 1 
T ,(19,28) = 1 

To-i<22,2> " VIP-CIVI 
In.1(22.5) - 

Ta-1<22’7) - 
Vi(22'î2) ■ 
Vl<22’24) - 1/2p»-lp-cltn-l 
Vl<22-25> * W2VlP-«»Vl 

Vl(23>2> - Vl'-'‘Vl 
Vl<».» - 

Vi<23-22) ■ 4„-lp-'ir,,-l 
Vl<23-7) ‘ W2f^lP-^Vl 
Tn_i(23.2«) = l/2fB.1p.«irjl.1 

TJ>_1(23.25) - l/2pn_1p_cirn l 

Tn-1<24,5) * p-cl*«-l 
T ,(24.24) - p_cir , n-l n-l 

T - (25,23) « p cls - 
n-l ~ n-l 

T -(25,28) « p_cir - n-1 n-1 

T «a (26,5) * P_cls - 

Vi(M-24) ■ p-ciVi 

T ,(28,3) - p cl»2 , n-l nr-1 
T - (28,23) a 2p cls -p cir - n-l -n-l n—1 
T -(28,28) = p_cir~- n—1 n-l 

Tn x(29,23) « R.clsn ± 

Vi<29-28) ‘ p-'*Vi 

^(continued) 

State transition probabilities for stage n-l 
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