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5
Abstract :

. This report covers the activities related to DCA Contract DCA100-76-C-0058 during
) | the period August, 1976 to May, 1977. | : , .«
The report is organized according to the three areas of the problem in which we ;

have concentrated our efforts. The areas and the individuals involved are:

1) The design and implementation of appropriate protoco!s to handle the
} circuit switched portion of the Integrated Network traffic (M. i
y Barbacci, K. Sakallah).

2) The design and implementation of appropriate protocols tc handie the
packet switched portion of the Integrated Network traffic. They

4 include the mechanisms used to handle transient and permanent
failures of lines and nodes (M. Barbacci, D. Levner, D. Siewiorek, W.
Wu). : 4
' 3) Variations in the basic SENET scheme used to implement the ]
i Integrated Network (M. Barbacci, W. Paulsen).
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1. Introduction

During the period covered by.this report (8/76-5/77) CMU continued the study of a
network of integrated switches. An integrated switch is a message processor that can
handle a range of message types. Principally, the message types are: Ordinary voice,
encrypted voice, digital (100 bps to 50 kbps), and some video ard other real time

traffic. Integrated switches. interconnected in a communications network constitute a

backbone system. Local access lines tie in to the processors in the backbone network

‘to provide user access to the network.

Prior to this effort, CMU emulated a single node of the network using C.mmp
[Wul72], @ multiprocessor system consisting of up to 16 miniprocessors (DEC PDP-11)
connected through a crosspoint switch to a central memory. This work had several
results: We identified the functional characteristicc of the system, we developed and
implemented a task decomposition that performs the different functions of an
integrated switch, we developed theoretical models of performance for the switch, and
finally, we developed a reliability study of the hardware components of the system.
Statistics gathered during the experiments [Bar76b] indicated the feaéibility of using
multiprocessor nodes using relatively slow mini-processors.

During the emulation of the single node we ignored several critical issues since we
were concerned mainly with measuring throughput. Among these issues were: 1)
Routing Protocols, 2) Real Time traffic, and 3) Error Detection and Correction. During
the period covered by this report we addressed these aspects of the integrated
network. .

The first part of this report describes the Network Simulator and the Command
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Language Interpreter used to initialize and perform experiments. This part also
describes the format of the trace files used to collect raw data from the experiments.

Some projections indicate that Class 1 traffic will constitute the major part (approx.
877) of the total traffic carried by an integrated network in 1985. It is, therefore,
essential to pay particular attention to the design of an effective Class | protocol that
is both simple and flexible. Part 11 of the report describes a set of experiments
conducted to study protocols for efficient Class I communications.

Part III of the report describes the experiments conducted to study protocols for
reliable communications. The experiments studied three problems that arise in real
communication networks: 1) node congestion, 2) line faults (transient ana permanent),
and 3) node faults (transient and permanent).

The network simulator is capatle to simulate other schemes besides SENET. Some
experiments were conducted to measure the performance of a "frameless" network
transmitting Packetized Voice and Data (or PVD, for short). A PVD network is somewhat
similar to the Packetized Voice Circuit (PVC) developed .at Lincoln Laboratories, MIT
[For76). The PVC scheme treats Class [ traffic in a similar manner to Class II and III
traffic. Real time traffic is transmitted in packets through a preassigned path. There is
no buffer reservation mechanism and Class I packets must compete for resources with
other packets, albeit with a higher priority. The experiments with the PVD scheme and

some comments on its similarities and differences with PVC are the subject of Part IV.
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1. The SENET Scheme

The integration of circuit and packet switching is based on the transmission of
information using a Time Division Multiplex (TDM) scheme first proposed in [Cov75]. In
this scheme, time slices of fi.xed size - a frame period - are transmitted synchronously
over high speed lines between two adjacent switches in the network. The frame ap.ts
as an envelope for smaller time slices of variable size, each acting as a slot for
transmitting a "packet" of information.

In this Slotted Envelope NETwork (SENET) scheme, frames are transmitted
synchronously between adjacent nodes and a circuit switching subnetwork can be
defined by the reservation of fixed slots inside a frame. Since the slots carry the same
amount of bits every frame period, beginning at exactly the same point in time, this is
equivalent to the reservation of -dédicated channels between the two adjacent nodes.
The rest of a frame can be allocated on a demand basis. If a suitable protocol is
definéd for the proper interpretation of the information transmitted on this part of a

frame, a packet switching network can be easily implemented.

1.1. Traffic Types
The primary driving force in the design of a communications system is the character

of the information it must handle. Based on existing communication networks, three

‘different classes of traffic can be identified:

Class 1 Traffic.- Characterized by long transactions requiring continuous
real time response (voice, video, facsimile). This type of traffic can be
transmitted in the synchronous portion of the frame. They are
representative of transactions transmitted in a circuit switching "network".

Class Il Traffic.- Characterized by short discrete transactions requiring
near real time response (interactive data). This type of traffic can be
transmitted by dynamic allocation of slots in the asynchronocus portion of
a frame. They are transmitted in a packet switching "network".

I-1
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Class III Traffic.- Characterized by iong transactions requiring neither
continuous nor immediate response (bulk data). This type of traffic can be
transmitted, as the previous class, on the asynchronous portion of a
frame.

The details of a frame are shown in Figure 1.1. Startiné at 12 o’clock a certain
number of bits are reserved for CCIS (Common Channel Interswitch Signaling), followed
by a Class I region containing the real time traffic. The end .of the Class I region is
indicated in Figure 1.1 at 5 o’clock. Class Il and Il regions containing the interactive
and bulk traffic occupy the rest of the frame. (Unless we make it explicit, we shall
maké no distinctions belween Class Il and Class III traffic. We will use the term Class
Il to indicate both interactive and bulk data).

The differences between the requirehents and characteristics of the above
classification of traffic imply different types of service:

Class | traffic is either accepted or rejected, with ;hort connection delays and

without error control. Class I traffic requires low delay and a constant throughput in

order to maintain the inteliigibility of the message. Class Il traffic is always accepted

but may incur a system delay, with short connection and cross-network delays. The :

traffic is characterized by bursts of information followed by “"waiting" periods,
requiring a high degree of reliability. Class Il traffic is always accepted (although the
network might temporarily suspend this type of service), with longer connection and
cross-network delays than the previods class. In Class III traffic, variations in the
delay of individual packets is not important and this can be used to reduce the impact
of the long periods of high traffic volume. As in Class II traffic, a high degree of

reliability is required.
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1.2. Implementation Assumptions

The above discussion summarises the top level characteristics of an Integrated
Switching Network. For the purposes of the project, however, we had to take a closer
look at lower level considerations that will play a role in the actual implementation of a
SENET system. The remainder of this section outlines the major characteristics of a

possible implementation [Bar76a, Bar76b]. .

1.2.1 Class I Mapping Tables

The real time requirements of Class I traffic dictates that it be processed in a
special fashion by the integrated switch. Since vocice carries a significant amount of
redundancy, a larger error rate can be tolerated in most applications (secure voice
transmission presents lower tolerance to errors). By eliminating or reducing the need
for error controi, the transmission of Class 1 traffic can be performed in a
straightforward manner. The establishment of a logical circuit between two
subscribers is reflected, on each switch along the path, in the updating of Ciass I
Mapping Tables internal to the integrated switches. These tables indicate, for each
slot in the Class | region of an input frame, both the output frame (output channel) and
slot position reserved for the logical circuit, as shown in Figure 1.2.

The reservation of entries in the mapping tables is performed during the
establishment of the communication and remains in effect until the communication is
terminated. The reservation of the slots along the communication path guarantees a
fixed bandwidth for this type of traffic. As traffic requirements vary during the day
the portion of a frame reserved for Class 1 traffic can be reduced or expanded

accordingly.
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1.2.2 Non-Homogeneous Links

The input and output links in the network need not necessarily be homogeneous.
For a given time window length, say 10 milliseconds, the length of a frame varies
according to the capacity of the link. Thus, for a T! carrier, a frame contains 15,440
bits. For slower carriers, the frame will be accordingly smaller.

Allowing the use of lines with different capacities permits the use of similar nodes in
different capacities in the network. They can appear as switching nodes, connecting
high speed trunk lines, as part of the access system connecting and concentrating
large numbers of low volume users, connecting HOST computers into a communications

network, etc (Figure 1.3).

1.2.3 Asynchronous Behavior

The scheme does not assume the existence of a master network clock. Each link
transfers frames at a constant rate (1 frame/lime slice) but the links are not
necessarily synchronizgd among themselves (Figure 1.4).

Requiring a centralized network clock has a serious impéct on the reliability of the
network. In an asynchronous network each link works independently from all other
links. There is no central critical component (a clock) whose failure will bring the
network down. Each link between two nodes constitutes an isclated entity whose rate
of failure has no impact (other than perhaps on the volume of traffic permissible) on
the network. This approach also allows the presence of transient errors in a link which
might possibly throw it out of step. Link protocols and error detection and reporting

are the responsibility of the two nodes interconnected by the line.
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1.2.4 Line Interface Devices

The line functions (detection of frame and packet headers, detection of special bit
patterns or flags, Cyclic Redundancy Checks, etc) are performed by special purpose
hardware devices. The actual (physical) input and output operations are perfecrmed by
these Line Interface Devices (LID) using their Direct Memory Access (DMA) capabilities
(Figure 1.5). | .

The presence of hardware devices to handle line error detection frees part of the
node processing capability. From the LID, the frame is loaded directly into memory and
the event is indicated to the integrated switch processor(s). Having special line
handling devices allows th= detection of errors on a packet per packet basis. If error
detection were performed over the entire frame, a single error anywhere in the frame
might make it invalid and therefore the frame might have to be retransmitted, an

unacceptable situation from the point of view of Class I transmission.

1.25 Packet Transmission Format

The use of the Advanced Data Communication Control Procedures (ADCCP) [ADC75],
or variant thereof, seems reasonably well-suited to this applicatic;n. Each packet to be
transmitted is augmented, as in ADCCP, by hardware-generated header and trailer
fields, Figure 1.6. The header field identifies the start of a packet (by a unique flag-
character) and passes control information to the Line Interface Device (LID) at the
destination. The trailer field contains the cyclic redundancy field followed by the flag-
character to indicate the end of the packet. By so delimiting the packet with unique

flag-characters, error detection becomes straightforward.
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1.2.6 Class I Transinission

Since Class I slots are small (say, 80 bits for an 8 Kbps vocoder channel [see
For75]), sending each as a separate packet would entail a great deal of overhead.
Indeed, the main reason for using separate packels for Class II traffic is error
detection, which is not a concern with Class | trar‘\smissions. The reasonable conclusion
is to send the entire Class I portion of ecach frame as a sinple packet. This has t-he
advantage of minimizing the number of overhead bits required (a single header /trailer
pair). However, it is important that this Class I packet should always be accepted by
the deslination LID, even if a transmission error is detected. What is needed is a type
field in each packet header which identifies the packet as either Class I or Class II
(Figure 1.7). The solution to the problem is then to have the destination LID
intentionally ignore any possible error indication for Class 1 packets. As a
consequence, control information used to establish or break Class 1 communications
must be send as Class II packets. Thus, a frame can not be dedicated exclusively to
Class [ traffic, some small portion must be reserved for Class II control packets for this

purpose.

1.2.7 Frame Generation and Timing

According to the original Coviello and Vena concept, new real-time data appears say,
every 10 milliseconds (in a T1 carrier this corfesponds to 15,440 bits/frame). Hence,
every 10 milliseconds a Class 1 packet must be transmitted. The start of a frame
would simply be indicated by receipt of each Class I packet header. No explicit start-
of-frame marker would be required. In other words, a frame consists of a single Class
I packet followed by zero or more Class Il packets. The intervals between Class 1

packets are fiiled, either partially or completely, by Ciass Il packets (Figure 1.8).

TR
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2. Network Simulator

; : In this chapter we describe the organization of the Network Simulation system used

to mode!l an integrated network.

The simulator ailows experimentation with arbitrary network topologies, traffic
patterns, node processing power, line characteristics, etc. The system is implemented

in SIMULA-67 and runs on the PDP-10 processors at CMU. Modelling the network in a

simulation language instead of emulating it using C.mmp was dictated by practical
considerations. C.mmp has a fixed upper bound in the number of processors available.
If we try to simulate multiprocessor nodes, the number of nodes that can be simulated

f : is of necessity rather small (in the order of 4 or 5). Moreover, some processors have

to be dedicated during the experiments to interface with the user, perform 1/0

operations, etc., thus reducing even further the number of processors available.

| Simulation was also better suited for some of the planned experiments. In

particular, we were interested in studying the behavior of the network under transient

SR s i

and permanent faults in the lines and nodes. Injecting faults in the real hardware was

clearly more difficult than in the simulated network.

2.1. A Global View of the Network Simulator

The network simulation experiments take place in three steps:

244

1) Definition of the network characteristics

2) Running the simulator and collecting trace data

! 3) Analysing the trace data.

The first two steps are performed interactively. The latter is performed off-line, at

a later time. This partition of the experiment allows us to perform any number of
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analysis procedures independently of the simuiation run, i.e. we have the freedom to
study the data at leisure without having to repeat the experiment.

Figure 2.1 shows the organization of the system. The rest of this chapter describe
in detail the Network Simulator proper. The Command Language Interpreter, the
Analysis programs, and the results of the experiments are described in later chapters.

A network (Figure 2.2) consists of a set of links (transmission lines), switching nodés,
and host processors. Hosts generate traffic (packets); nodes process the traffic and

route the frames and packets; lines carry the frames and packets from node to node.

2.2. Host Processors
'Several types of hosts can be attached to a node. Each type of host is geared
towards handling a different type of traffic. For the purpose of this section we are

interested in the following types of hosi: Input, Qutput, and Voice-Generator, as shown

in Figure 2.3.

Input hosts are asynchronous processes responsible for the generation of Class 1l
and Class III packets. They are driven by tables describing the r.ates of generation for
the different types of packets. The tables are initialized by the user through the
Command Language Interpreter and remain in effect throughout the length of an
experiment.

Output hosts are processes which are normally dormant. They are activated by a
node when a packet destined for the host arrives to the node. The output host then
removes the packet from the node and does the proper clean-up operations associated
with the end of the packet life.

Voice Generators are asynchronous processes responsible for the generation of

ey o e
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Class I traffic. They are driven by tables describing the rates (calls/minute) and the
characteristics of the calls (traffic rate and duration). These tables are initialized by
the user through the Command Language Interpreter and remain in effect throughout
the length of the experiment.

Hosts send and re;eive packets via two queues in the node. These are the Host-
Input and Host-Output queues. Each node has exactly one of each, regardless of the

number and t)./pe of hosts attached to the node.

2.3. Nodes

Nodes are made of asynchronous processors of, possiBly, different characteristics,
and a number of buffer queues used to store the packets. The characteristics of a
node are specified by the user through the Command Language Interpreter.

There are two input queues from which a node gets its packets. They are the Line-
Input and Host-Input queues. The former is used by the input lines to store newly
arrived packets. The latter is used by the hosts of the node to store newly generated
packets, as shown in Figure 2.4.

After a packet is removed from an input queue by one of the processors, it is
examined and processed according to its type, source, and destination. The operations
executed for the different pacl;et types are descrited in later chapters. For our
purposes let us say that mostApackets that arrive to a node are routed to either an
output host or another node in the network. This is done through a set of output
queues. A Host-Output queue is used to store packets destined. for the output host

.associated with the node. A set of Line-Output queues, one for each output line, is
used to store packets destined for an adjacent node. These packets are removed by

the lines and placed in the Line-Input queues of the destination nodes.

1-9
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Besides the input and output queues, node: have one additional queue called the
Holding queue. It is used to store copies of the packets that have been sent to an
adjacent node, while waiting for a positive ackriowledgement. If an acknowledgement
fails to arrive within a prespecified "time-out" window, the packet in the holding queue
is retransmitted. The algorithms and techniques used to handle transmission errors are
described in Part 3 of th_is report.

Routing tables are used to drive the rouling algorilhms. Briefly, a routing table
contains the identity of the best adjacent node which can be used as an intermediary
in order to reach a given final destination. More details are given in Part 3. |
' Class 1 mapping tables are used to drive the Class I processing algorithms. Briefly,
these tables contain the characteristics of each channel in use as well as the "route"
that the channel must follow (i.e. the om'Jtput line and the position of the channel within
the frame). More details are given in Part 2.

Each node has some fixed storage capacity for packet buffers. When the storage
capacity of a node is exceeded, the node is said {0 be congested and new traffic can
not be accepted. Congestion can arise due to increases in traffic or due to component
failures. The techniques used to detect, avoid, or correct congestion are described in

Part 3.

2.4. Lines

Lines are synchronous processes which. are res;;onsible for taking packets out of a
line output queue (in the sending node) and placing them into a line input queue (in the
receiving node).

At the beginning of each frame period a line transmits the Class | paciet (the Class |
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portion of the frame), followed by as many Class Il and lll packets as can fit in the
rest of the frame. If no Class Il or IIl packet can be completely transmitted before the
start of the next frame period, these packets are delayed until after the Class' I packet
of the next frame has been transmitted (Figure 2.5).

Lines provide the basic timing of the network ie. while nodes and hosts are
asynchronous processes, lines are driven by the frame frequency. Each line of t.he
network has characteristics determined by the user through the Command Language
Interpreter. Although the basic frame period is a network parameter (i.e. it is the same
for all lines), lines can have different speeds or transmission rates. Lines are not
necessarily synchronized with each other and a constant "line skew" can be ;pecified

by the user.

2.5. Packet Format

Under the working assumptions mentioned in Chapter 1, we are not particuiarly
concerned about the specific data transmission protocol used by the lines. We assume
that appropriate error detection mechanisms are available to prevent garbled packets
from arriving to a node. In this section we will explain the format of the simulated
packets as seen by a node, and the meaning of the information transmitted in the
header.

For simplicity, the network simulator only uses four types of packet. These are
labelled types 1, 2, 3, and 4. Type 2 packets are Class Il with high priority. These are
used to transmit control information between the nodes. Type 3 packets are the host
generated Class Il packets. Type 4 packets play the role of Class Il packets. They
are handled in the same fashion as type 3 packets but with a lower priority. Type 1

packets correspond to Class | packets in PVD experiments.

I-11
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25.1 User Information Packets

These are the packets gencrated by the different hosts of the network. Thus, this

group includes all packets of type 1, 3, and 4. We will now explain the different fields

that appear in these packets besides the user information or data. Bear in mind that

we are describing simulation packets and that in a real implementetion, packets will

have a more condensed header. We included extra information mainly for tracing

_ purposes.

Field

TYPE

LENGTH

SN

DN

LASTIMEOUT

NTIMEOUT

PACKETNUMBER

SENDINGNODE

TEMPDN

Comments

This field defines the packet type (i.e. 1, 3, or 4). The TYPE field is
used by the nodes to process the packets in priority order.

This field contains the simulated packet length, in bits. The LENGTH
field is used to compule the simulated transmission delays, copying
delays, and storage requirements.

The Source Node field identifies the node attached to the host
generating this packet.

The Destination Node field identifies the node attached to the
destination host.

This field contains the tirie that the packet was last transmitted. It
is used to detect errors by comparing the difference between
LASTIMEQUT and the current time with a time out constant. See
NTIMEOUT.

This field counts the number of times this packet has “timed-out™.
It is used by the error detection routines. If the number of
retransmissions exceeds some limit, the line and or adjacent node
become suspect. This counter is reset after a successful
transmission.

This field contains a unique identifier (an integer) associated with
each packet that is ever created in the experiment. It is used to
acknowledge packets and in the trace files.

This field contains the identity of the node that last transmitted the
packet. This field is wused to generate and route the
acknowledgement packets,

This field contains the identity of the node to which the packet must
be sent. This field is computed by the routing procedures.

I-12
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2.5.2 Control Packets

Control packets are always packets of type 2 and have higher precedence that all
other packets. Control packets carry control commands to be obeyed by the receiving
node. Some control packets also carry data to be used by the receiving node (e.g.
routing information).

In addition to the fields described for the user packets, control packets carry. a
CTLMESSAGE field. This field is an array of six (6) integer that identify a control
ccinmand and its parameters, if any. The meaning of these commands and parameters

will be explained in later chapters.
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3. Command Language In'terpreter

The Command Language Interpreter provides the facilities for the user to interact
with the system. It allows the user to define the network characteristics, the
experiment parameters, and the collection of trace data for further analysis.

The Command Language Interpreter is invoked automalically when the system is run.
It prompts the user for commands and performs then immediately. The available
commands can be classified in three major groups: 1) Network Characteristics, 2)

Experiment Characteristics, and 3) Miscellaneous.

3.1. Network Characteristics Commands
These are the commands that define the topology of the network and the

characteristics of the Hosts, Nodes, and Lines.

3.1.1 NEWNET
The NEWNET command takes the following form:
NEWNET <integer>
. The NEWNET command is used to define the size of the network by sbecifying the

number of nodes as an integer. This is usually the first command to be issued.

3.1.2 CONNECT
The CONNECT command takes the following form:
CONNECT <nodel>-<node2> [ / <speed> [ <skew12> [/ <skew?21> / <delay> ]
The CONNECT command defines a line between two nodes. The nodes are specified
by two integers between 1 and the size of the network (see NEWNET). Besides

specifying the nodes connected by the line, the user can specify the line
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characteristics. The first optional parameter is the speed of the line in Kilobits/second.
The default speed is 1544 Kbps (T1). The second and third optional parameters specify
the skew of the lines. These parameters are given by an integer number of
milliseconds and is used as an initial line start-up delay. The default skew is O ms. The
last optional parameter is an integer which defines the “cost" of using the line. It is a
relative delay time needed in travelling from one node to another. It is used by the

routing algorithms. The default delay is 4.

3.1.3 DISCONNECT
The DISCONNECT command takes the foliowing form:
DISCONNECT <node 1>-<node2>

The DISCONNECT command is used to eliminate a line from the network.

3.1.4 HOST
The HOST command takes the following form:
HOST <node> <switch>:<arg> <switch>:<arg> ...
The HOST command defines the characteristics of the traffic generated by the hosts
attached to a node (the first parameter). The allowed switches are:

H<n>:<r> Defines which fraction, r, of the data traffic generated at this node goes
to node n.

V<n>:i<r> Defines which fraction, r, of the voice traffic generated at this node goes

to node n. -

A:<n> Defines n as the average number of packets/millisecond generated at this
node.

D:<r> Defines the fraction, r, of DATA packets (1-r is the fraction of BULK
packets).

L:<e> Defines e as the number of Erlangs of voice traffic generated at this node.

T:<h> Defines h as the average holding time of calls generated at this node.

I-15
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3.1.5 KILLROST
The KILLHOST command takes the following form:
KILLHOST <nodei> <nodej> ......
The KILLHOST command removes the host associated with the nodes specified in the
command. The traffic patterns generated by the remaining hosts in‘the network might

have to be respecified.

3.1.6 PROCNUM
The PROCNUM command takes the following form:
PROCNUM <n>-<p> <n>-<p> .....
The PROCNUM command specifies a list of node/processor pairs. If defines the

number of processors/node. The default value is 4 processors.

2.1.7 WMOVEDELAY
The WMOVEDELAY takes the following form:
WMOVEDELAY <delay>
The WMOVEDELAY is used to specify the speed of the processors used in the
network. The paraheter to'this command is a real number specifying the time (in
milliseconds) that takes to move a 16 bit word to a memory location. The default value

is 0.005 ms (i.e. 5 microseconds) and corresponds to the speed of a PDP-11/20.

3.1.8 FRAMETIME
The FRAMETIME command takes the following form:
FRAMETIME <period>
The FRAMETIME command is used to specify the frame period, in milliseconds. The

default value is 10 ms.




N
ot

-

e e T e e T e e

e

DCA100-76-C-0058 May 29, 1977

3.1.9 MAXHOLD
The MAXHOLD command has the fcllowing form:
MAXHOLD <node> <size>
The MAXHOLD command is used to specify the buffer space allocated to the holding

queue of a node. It is specified as a number of bits. The default value is 128,000 bits.

3.1.10 MAXIN
The MAXIN command takes the following form:
MAXIN <node> <size>
The MAXIN command is used to specify the buffer space allocated to thé input

queues of a node. It is specified as a number of bits. The default value is 128,000 bits

(16 Kbytes).

3.2. Experiment Characteristics Commands

These are the commands that define the characteristics of the experiment.

3.2.1 MODE
The MODE command takes the following form:
MODE <modetype> <modetype> .....
The MODE command is used to specify the type of experiment to be performed. The
following types are defined:

DATA Only Class II and III traffic to be generated. No Class I traffic is generated
(regardless of the HOST command).

VOICE Only Class 1 traffic is to be generated. No Class Il or IIl traffic is
generated (regardless of the HOST command).

ERROR Faults will be injected in the simulation. This mode enables the reliability
and fault detection/correction procedures to be active.
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Note that more than one of the types can be specified. The default mode is VOICE
DATA (i.e. Classes I, II, and III traffic will be generated according ' the HOST

command. No faults will be simulated).

3.2.2 ALLOC
The ALLOC command takes the following form:
ALLOC <mode>
The ALLOC command specifies the strategy to be used in allocating the Class 1
portion of the frames. The mode is specified by a 3-letter keyword that describes the

traffic rates, slot sizes, and region size. The foliowing modes are defined:

FFF Fixed rate (i.e. all channels will use the same traffic rate. See the VRATE
command), Fixed slot length (i.e. the Class I region is allocated in fixed
s size units), Fixed boundary (i.e. the Class 1 region occupies a fixed

portion of the frame. Sec the VFRACTION command).

VFF Variable rate (i.e. there are different channel rates. See the VDIST
command), Fixed slot length, Fixed boundary.

VFV Variable rate, Fixéd slot length, Variable boundary (i.e. the Ciass I region
is allowed to shrink and expand. See the Vfraction command).

\ATAY Variable rate, Variable slot length {i.e. different channels will be ~liggated
different size slots in the Class I region), Variable boundary.
3.2.3 VFRACTION
The VFRACTION command takes the following format:
~ VFRACTION <fraction>
The VFRACTION command specifies an upper limit in the size of a Class I region. In
allocation modes **F (see ALLOC command) this is also the lower limit. The default

value is 0.87 (i.e. 877 of the frame).
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3.2.4 VRATE
The VRATE command takes the following form:
VRATE <rate>

The VRATE command specifies the basic channel rate in bits/second. In allocation

mecde FFF (see ALLOC command) this is the rate for all channels. The default value is

16,000 bits/second and mode FFF.

3.25 VDIST : ?

The VDIST command takes the following form:
‘\ VDIST <rate>/<fraction> <rate>/<fraction> ......
: The VDIST command is used to specify the distribution of channel rates. For each 1

rate (bits/second) the user must specify the fraction of channels with such rate. The

Vo Lo

default values are:

2400/0.1 4000/0.1 8000/0.15 16000/0.5 32000/0.1 50000/0.05

3.26 FAIL
The FAIL command takes the following form:
FAIL <component> <time>
The FAIL command makes a component fail at a prespecified time. the following
components can be‘specified:
N <n> Failure of node n.
L <n1>-<n2>Failure of line betwen nodes nl and n2.
» P <n>-<p> Failure of processor p in node n.

The fault times are specified in milliseconds from the start of the experiment.

} KV
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3.27 FIX .
The FIX command.takes the following form:
FIX <component> <time>
The FIX command is used to indicate the repair of a failed component. See the FAIL

command.

3.2.8 PKTLENGTH
The PKTLENGTH command takes the following form:
PKTLENGTH <size>
The PKTLENGTH command is used to specify the Class II and lII packet lengths. The

size is specified in number of bits. The default value is 2000 bits.

3.2.9 NOPKTIN
The NOPKTIN com a'\d takes the following form:
NOPKTIN <interval>
The NOPKTIN is used to specify a time limit before the absence of traffic from an
adjacent node becomes suspicious. The interval is specified in milliseconds. If the
interval elapses without any traffic being received from a neighbor, a special high
priority packet requésting immediate response is sent. The default value is 500

milliseconds.

3.2.10 TIMEOUT y
The TIMEOQUT command takes the follbwing form:
TIMEOUT <interval>
The TIMEOQUT command is used to specify the "time-out" window before an

unacknowledged packet is considered lost and must be retransmitted. The default

value is 125 milliseconds.

1-20
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3.2.11 RTXLIMIT
The RfXLIMIT takes the following form:
RTXLIMIT <limit>
The RTXLIMIT command is used to specify the maximum number of times an
unacknowledged packet can be retransmitted before a line or node becomes suspect.
When this numbelr of retran;missions is exceeded, a special high priority packet

requesting immediate acknowledgement is sent. The default value is 3 retransmissions.

3.2.12 HELLOLIMIT
The HELLOLIMIT command takes the following form:
HELLOLIMIT <limit>
The HELLOLIMIT command is used to specify the maximum number of times a high
priority "hello" packet can be retransmitted. If this limit is exceeded the line is
considered faulty and the appropriate procedures are invoked. The default value is 2

retransmissions.

3.2.13 ROUTEUPDATE
The ROUTEUPDATE command takes the following form:
ROUTEUPDATE <interval>
The ROUTEUPDATE command is used to specify the frequency of updates of the

routing tables. The interval is specified in milliseconds. The default value is 500 ms.

3.2.14 XEQ
The XEQ command takes the following form:
XEQ <interval>

The XEQ command is used to specify the length of the experiment. The interval is

1-21
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specified as the number of milliseconds the sirmulaled network must work. There is no
default value for the parameter. It must be specified. When this command is issusd,

the network simulator starts running. This must therefore be the last command.

3.3. Miscellaneous Commands

The following commands provide facilities not covered in the previous commands.

3.3.1 HELP
The HELP command takes the following form:
HELP <command.name>
The HELP command can be used to obtain assistance from the system. If no

command name is specified, the system will type the list of available commands.

3.3.2 QUIT

The QUIT command does not take any parameters. Its use terminates the session and

control returns to the PDP-10 monitor.

333 ! l
The ! command takes the following form:
! <text>
The ! command is used to inserl comments. The Command Language Interpreter will
ignore whatever follows the ! until the end of the line. This command is useful to
provide users of command files (see the READ command) with commentarics and other

information.
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3.3.4 READ
The READ command takes the following form:
READ <filename>
The READAcommand can be used to execute predefined sequences of commands
placed in a text or command file. The READ command in fact substitutes the user
terminal with the command file. When all the commands in the file have been executéd
the user terminal again becomes the command language interface. The READ command

can be used inside a command file, allowing the nesting of command files.

335 SAVE
The SAVE command takes the following form:
SAVE <filename>
The SAVE command can be used to save the current setting of the network and
simulation parameters in a command file. The command file can later be read to set the
parameters to the values they had at the time the SAVE com.mand was issued. See the

READ command.

3.36 SEED
The SEED command takes the following form:
SEED <integer>
The SEED comn}and can be used to specify an integer to be used 55 the random
number generator seed by the network simulator and the SIMULA-67 run time system.

The default value is 10.

1-23




DCA100-76-C-0058 May 29, 1977

3.3.7 TRACE
The TRACE command takes the following form:
TRACE <filename>
The TRACE command is used to specify the name of the file where the trace data is

to be written. The default file name is DSK:TRACE.TRC.

3.3.8 TITLE
The TITLE command takes the following form:
TITLE <text>
~ The TITLE command can be used to specify the first line of the trace file. It is useful

to identify the experiment, the user, etc.

3.3.9 SHOW

The SHOW commiand takes the following form:

SHOW <parameter> <parameter> .......

The SHOW command is used to display on the user’s terminal the setting of various
network parameters. The following parameters can be specified:
NODES Shows number of nodes in the network. i
PROCNUM  Shows the number of processors in each node.
HOST <n>  Shows specifications of the host(s) attached to node n.
CONNECT  Shows the network connections.

FRAMETIME Shows frame period in milliseconds.

TITLE Shows the heading to be printed in the trace file.
MODE Shows the current mode (voice, data, error).
MAXIN Shows the memory allocated for the input queues.

MAXHOLD  Shows the memory allccated for the holding queues.
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TOTLINES  Shows the nuinber of lines connected to each node.

FAIL Shows the schedule of failure/repair events of components.
LIMITS Shows all the variables for error control.
WMOVEDELAYShows time needed to move a 16-bit word.

ALLOC Shows the current voice-slot allocation scheme.

VRATE If ALLOC is FFF, shows the voice rate employed. If ALLOC is VFF or VFV,
shows the basic voice rate upon which the basic slot length is based.

VFRACTION Shows the percentage of voice traffic.

VDIST Shows the fraction of each voice rate for all allocation schemes except
FFF.

If no arguments are specified, the SHOW command will display everything.
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4. The Tracing Faciities

As packets are generated, processed, and terminated, a trace of these activitics is
kept in a trace file. The trace file not only contains information about the events in he
life of a packet but it also contains information about the state of the nodes and lines
of the network. The trace file contains a record of all significant event during a
simulation run and can be processed by user defined analysis programs. This chapter
describes the format of the trace file and the meaning of some of the events so
recorded. Other events, specific to particular modes of operation (i.e. experiment

type) will be described later.

4.1. Trace Entry Format

Regardless of the particular event Eeing recorded, all trace file entries share a
common format. A trace entry is a text line which contains the event time, the event
identification, and a vector of event parameters:

<time> <event> <parameters>

The time informalion is always recorded in milliseconds from the start of the
experiment. The event identification consists of one or two keywords that uniquely
identify the type of event. The parameters provide the information necessary to
identify the event and the number and type of parameters depends on the type of

event.

4.2. Initialization Trace

When the network is being initizclized a group of trace entries are generated. These
entries describe the initialization of the network components. Although these entries
do not provide information with regard to steady state events, they are nevertheless
useful to verify that no errors were commited at the start of the experiment.

1-26
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4.2.1 NEW NODE
The NEW NODE entries have the following form:
<time> NEW NODE <node>

The NEW NODE entry describes the initialization of a network node.

4.2.2 NEW PROC
The NEW PROC entries have the following form:
| <time> NEW PROC <node> <processor>

‘The NEW PROC entry describes the initialization of a node processor.

\ : 423 NEW IHOST
‘ The NEW IHOST entries have the following form:
<time> NEW IHOST <node>

The NEW IHOST entry describes the initialization of a node input host.

' 4.2.4 NEW VIHOST
| The NEW VIHOST entries have the following form:
<time> NEW VIHOST <node>
The NEW VIHOST entry describes the initialization of a node PVD voice generator

host.

i 4.25 NEW OHOST
[ - The NEW OHOST entries have the following form:
<time> NEW OHOST <node>

The NEW OHOST entry describes the initialization of a node output host.
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4.26 NEW VGEN
The NEW VGEN entries have the following form:
<time> NEW VGEN <node>
The NEW VGEN entry describes the initialization of a node call generator host. This

entry only appears in SENET simulations. See NEW VIHOST.

4.3. Packet Trace Entries

In this secticn we describe the general format of the trace event entries associated
with the normal (i.e. error free) transmission of data (type 3 and 4) packets from
source host to destination host. We also include the acknowledgement (type 2) packet

trace entries. Later chapters contain additional cases of trace entries.

4.3.1 CREATE PKT
The CREATE PKT entries have the following form:
<time> CREATE PKT <packet> <source> <destination> <type> <length>
The CREATE PKT entry describes the creation of a packet by a SENET host. The
parameters identify the packet (a unique integer), the source node, the destination
node, the type (3 or 4), and the length of the packet (in bits). When a packet is

created, it is placed in the host-input queue of the source node for processing.

4.3.2 FRAME TRANS
The FRAME TRANS entries have the following form:
<time> FRAME TRANS <node1> <node2>
The FRAME TRANS describes the transmission of a frame belween two adjacent

nodes. This entry only describes the arrival of the frame transfer period and the
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transmission of the Class | packet in a SENET experiment. The transmission of

individual packets (PVD or otherwise) is indicated by entries of type SND PKT.

4.3.3 SND PKT
The SND PKT entries have the following form:
<time> SND PKT <packet> <source> <destination> <from> <to>
The SND PKT describes the transmission of a packet on a line (inside a frame in
SENET, alone in PVD). The parameters describe the packet number (attached to the
packet at creation time, see CREATE PKT), the packet initial source node, fina!
destination node, sender node (the node sending it right now), and receiver (the node

at the other end of the line).

4.3.4 END PKT
The END PKT entries have the following form:
<time> END PKT <packet> <source> <destination> <type> <length>
The END PKT entry describes the arrival of a packet to its final destination (an

output host). The parameters are the same used in the CREATE PKT entry.

435 GEN CTLPKT (Acknowledgements)

Acknowledgements are control packets generated by a node when a newly
processed packet has been placed in the holding queue. Tﬁe generation of an
acknowledgement has the following form:

<time> GEN CTLPKT <packet> <source> <destination> <sender> <receiver>
1 <pkt.ackd> 0 0 0 O <length>
This entry identifies both the acknowledgement packet and the packet being

acknowledged. The entry describes the control packet identification, the source and

TR
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destination nodes, the sender and receiver nodes (identical to the previous two for this
type of entry), the control command (1 = acknowledgement), the identity of the packet

being acknowledged, and the length of the control packet.

4.3.6 REC CTLPKT (Acknowledgement arrival)
The arrival of an acknowledgement control packet to a node is described by an
entry of the following form:
<lime> REC CTLPKT <packet> <source> <destination> <sender> <receiver>
1 <pkt.ackd> 0 0 0 O <length>
The entry describes the packet number, the source and destination nodes, the
immediate sender and receiver nodes (equal to the previous two), the control packet

command (the entire vector), and the length.
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Appendix A: Figures
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1. Class I Traffic

This chapter describes the simulation of the synchronous, circuit-switched portion of
the SENET master frame. As some projections indicate, Class 1 traffic will constitute
the major part (approx. 877) of the total traffic carried by an integrated network in
1985. 1t is, therefore, essential td pay particular attention to the design of an
effective Class I protocol that is both simple and flexible.

In the following sections we describe the va‘rious types of Claés I traffic, then
indicate the major assumptions that we made in designing the Class I protocol. Next we

discuss the protocol proper, and give some examples demonstraling its workability.

1.1. Class I Traffic Types
The integrated network will be required to accommodate and service a number of
different Class I traffic types. The main categories are: voice, video, and facsimile. As
far as the Class I protocol is concerned, the major differences emong those types are:
1) different bandwidth requirements
2) one-way (e.g. facsimile) or two-way (voice) communication
3) different priorities
Furthermocre, the voice traffic, which will constitute the bulk of the network traffic,
will be generated by different vocoding techniques, leading to different bit rates. The
network might have to provide facilities to connect subscribers with different rates

and/or different vocoding schemes.

1.2. Implementation Issues

When we set out to implement the SENET scheme, we soon realized the need to

I-1
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more precisely define a number of lower level details that were, out of necessity, left
out in the original concept. In some cases compromises had to be made when a number
of options presenied themselves as possible solutiorv;.'to a given problem. The
following subsections attempl to put those considerations in perspective, laying down
the background for the subsequent discussion of the protocol implemented in the

simulator.

1.2.1 Class I Region Modification Protocol

As mentioned earlier, channel-contro! functions (adding and dropping Class 1 slots)
will be carried out by special Class Il control packets. This is necessary since the
Class I region in ﬁhe frame will not be checked for errors, whereas it is of the utmost
importance to guarantee thal the contfo! information, that is used {c decode lhe
allocations in the Class | region, is error-free.

For proper operation, switches at both ends of a given link should have matching
information about the Class I allocations in the frame. A fully interlocked protocot is,
therefore, required 1o insure that changes in the Class I region are recognized
simultaneously by both switches at the proper times.

Information about the active calls is kept in both switches in Class I Mapping Tables
that are consulted on each frame arrival to determine where each incoming call sheuld
go {on which line, and on which position in the frame). Gaps that cccur inside the
Class I region are ignored by the receiving switch.

When the sending switch decides to alter the Class [ re & allocations by adding a
new call or dropping an old one, it updates its Mapping Tables, sends a request for
change to the receiving switch and waits for a positive acknowledgement before it

considers that the receiving switch is aware of the change.

e
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The receiving switch, in turn, ignores the unannounced change until it finally
manages to process the control message that describes the nature of this change. Due
to line errors, the time lapse between the occurrence of the change and its recognition
by the receiving switch might be several frames (if the control packet was received in
error, no acknowledgement is generated, and the sending swilch times out and
retransmits it). When the receiving switch updates its Mapping Tables appropriately, it
sends an acknowledgement back to the sending switch. Receipt of | this
acknowledgement completes the transaction.

The above approach was favored to the other approaches that were suggested in
[Bar76b). The "time-absolute" approach requires a centralized master clock that
provides a global time reference. II was mentioned earlier that reliability
considerations advise against such a clock. The "time-relative™ approach, on the other
har.wd, can lead to "out-of phase" situations that might cause unpredictable delays in
establishing the required change to the Class I region.

The reasoning that led to the development and adoption of the above protlocol is

quite simple. Realizing that the process of establishing a logical circuit between two

subscribers is performed by a series of transactions between successive swilches, it
was concluded that the process can not be considered compiete until all the
transactions are successfully done. The suggested protocol insures this by requiring a
new transaction to begin only after the previous one ended. The establishment of the
logical circuit proceeds, therefore, one link at a time. Only when the whole path is clear
end-to-end can it be used to carry the communication.

The only penalty in this technique is that a "dead space" is created from the time

the sending switch incurs the change, until it finally receives an acknowledgement of
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the change from the receiving switch. The slat invelved in the change is unavailable
during this period for either data transmission or other Ciass I allocations. Since this
period will in general be on the order of a few frames, and since such a situation will
only occur on ceall allocation and termination, the overhead that results will tend to be

neglizible.

1.2.2 Uni- vs. Bi-directional Control

The various channel control Afunctions can be carried out in one of two ways:
bidirectionally or unidirectionally.

In bidirectional cqntrol, those functions are performed, for two-way communications,
simultanecously in both directions en a full-duplex link. This means that the forward
path (from the call source to the call destination) and the backward path (from the
destination to the source) are the same geographical route. Besides assuming full-
duplex links (which might be a reasonable assumption to make), this method requires
that all the switches on a given call path know whether the call is one- or two-way.
Furthermore, some routing flexibilily is lost because the forward and backward paths
are constrained to follow the same route.

In unidirectional control, the channel functions proceed in one direction: from the
call source to the call destination along the forward path, then (for two-way calls) from
the destination to the source on the backward path, thus completing a closed loop. In
many cases both paths might coincide, but it is conceivable that they might not. A
heavy one-way load in one part of the network, or the existence of simplex links could
lead to such a situation. Unidirectional control unifies the treatement of one- and two-
way traffic since only the source and destination of a call need to know its type. In

particular, the destination switch decides on whether to initiale reservation on the
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backward path towards the source depending on the call type. This method aliows
also for greater routing flexibility than that provided by bidirectional control.

It should be obvious now that unidirectional control is both slower and and incurs
more control overhead than bidirectional control. Nevertheless, we felt that those
shortcomings are more than compensated for by the afore-mentioned advantazes.
Later we will show that the control overhead issue is irrclevant because it is less than
27 in any case. Similarly, if connection delays on the order of a few seconds are
acceptable, then unidirectional control provides satisfactory performance. It is the

method adopted in the simulator.

1.2.3 Routing Stralegy

The routing of Class I traffic is carried out through the use of fixed Routing Tables
that reflect the topology of the network. Each switch has a Routing Table whose
entries indicate all the possible routes to all other switches, arrangced in order of
preference(i.e. primary roule, then secondary route, and sc on). When a switch tries
to route a Class I call, it consults its Routing Table for encugh capacity to carry the
call on the primary route to the destination. If this fails, it tries the alternate routes
successively.

The call path is determined one step at a time as the routing decision is passed from
one switch to the next. Each switch tries to route the call to its final destination,
regardless of where it is coming from. If after a path has been established from switch
i to switch j, tﬁe latter switch fails to route the call, control reverts back to switch i
and rerouting is attempted. If this fails too, blocking i.s indicated and the cali is
rejected. This limited routing capability was felt to be sufficient to provide adequate
service. In later work, further routing considerations will be studied and compared,

including adaptive routing as with packet-switched traffic.

11-5
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1.2.4 Allocation/Compaction Methods

1.2.4.1 Compaction Problem

The Class | region modification protocol discussed above rests on the assumption
that a change in the Class I allocations introduced by theAsendin;; node can be
itemporarily ignored by the receiving node. The implication of this assumption is that
the sending node will not be aliowed to drastically alter the Class I region in the frame
in one operation. Rather, changes in this region should be performed gradually, one
change at a time.

One immediate question arises: how can the Class I region compaction be performed
when slots are diropped. If the constraint of one change a«t a time is not imposed, the
obvious way to do compaction is to modify the starting ;)nsitibn of all slots beyond the
one being dropped. The Class I boundary is thus moved towards the beginning of the
frame by an amount equal to the length of the dropped siof. Dropping and compaction
are done simultaneously in this case.

This will not work for the proposed protocoi. It creates a state of confusion for a
period of time during which the switches at both ends of 1.he link have inconsistent
information. The solution to this problem is to do compaction by double transmission
of the last slot in the Class I region. This is illustrated in Figure 1.1 for equal-length
slots. The receiving switch will remain unaware of this double transmi;sion until it
receives and decodes the special "REPACK" conirol packet that describes the change
that occurred. It, then, switches {o the new slot position, updates its Mapping Tables,
and responds with a positive acknowledgement. Upon receipt of this acknowledgement,
the sending switch drops the old slot position and moves the Ciass I boundary towards

the beginning of the frame appropriately.
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This method works perfectly well for equal-length siots since any slot can exactly fit
in the space created by dropping any other slot. With variable-length slots, however,
the situation is more compiicated. The existence of gaps in the Class I region can not

be precluded completely because of partial fits. In addition, one compaction operation

‘might not be sufficient to minimize the number and size of gaps. More will be <said

about this later.
1.2.4.2 Slot Quantization

Confronted with a Class I traffic consisting of a mixtire of rates, we were naturally
led to the following question: should we consider arbitrary siot lenglhs, or is it more
advantageous to specify a "basic channel length" as the minimum transmis.sion unit.

The management of arbitrary length slots tends to be cumbersome, especially if the
previously described Class 1 region modification protocol is adopted. In addition, such
a scheme would require bit addressability since the starting position of a slot can
occur anywhere inside the Class I region.

We, therefore, considered the divi .un of the Class I region into a number of equal-
length transmission units, which will be called channels. A given call might require one
or more contiguous channels depending on its rate. If the call requires a slot length
that is not a mulliple of the basic channel length, the source of the call appends a
number of bits to the slot so that it fits in an integral number of channels. These extra
bits add to the total over-head and should be recognized and removed by the
destination switch. By properly choosing the basic channel length, the overhead
introduced can be minimized.
1.2.4.3 Allocation Schemes Implemented

The simulator provides for three allocation options, that can be invoked by giving an
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appropriate argument to the Command Language Interpreter command ALLOC. Other
options and variations on the existing ones will be added later. A description of the
current options is given below.

Allocation Scheme I (FFF)

This scheme handles Class I calls of a Fixed bit rate, and assigns them to Fixed-
length channels(channel length corresponding to bit rate). The boundary of the Class 1
region is also Fixed. This scheme was the first {o be incorporated in the simulator, and
was used mainly for program debugging in the initial stages of the project. Because of
the fixed bit rate restriction, this scheme is of no practical value.

Allocation Scheme 2 (VFF)

This scheme differs from the previous one in that it allows for an arbitrary Cless |
traffic composition (Variable bit rates). To allocate a given call the aliocation algorithm
searches for a number of contiguous channels that provide enough capacity to carry
the call. Because of the fixed boundary, no compaction is performed. Upon dropping a
given communication, the corresponding channels are flagged as available for other
calls.

|Allocation Scheme 3 (VFV)

This scheme allows the Class I region boundary to become flexible (Variable
boundary). This brings in the compaction problem. In section 1.2.4.1 we illustrated how
compaction can be done if all Class I calls require equal-length slots. We consider now
arbitrary-length slots.

When compaction by double transmission is erployed in this case, gaps will
unavoidably appear in the Class I region. Allocation of new calls by appending them to

the ongoing ones (as would be done if there are no gaps) will eventually push the

-8




M————mpm¢mm

DCA100-76-C-0058 ‘ May 30, 1977

boundary to its limit, and cause further traffic to be rejected, even though the major
portion of the Class I region is wasted in useless gaps. There are basically two ways
around this problem: repeated compaction or a "hybrid allocation" algorithm.

In repeated compaction, dropping e slot starts a sequence of compactions that take
the last siots in the Class 1 region in succession and fit them in the space freed by the
dropped slot. Thic helps reduce the number and size of the gaps and, conseqﬁent-ly,
ne.w calls can be always appended to the Class I region.

By "hybrid allocation” we mean that in trying to route a call, the allocation algorithm
first tries to fit the call inside the Class I region (in one of the gaps) before it
considers appending it to the region. It thus combines the features of a fixed- .
boundary scheme and a "pure" flexible-boundary scheme.

The simulator implements the "hybrid" scheme at present. The other oplion will be

added to it later.

1.2.5 Service Restrictions

A number of service features have been left out of thé simulator in this phase of
the project. These include preemption policies, security considerations (encrypted
voice, e.g.), and the possibility of connecling nonc0mpati5!e subscribers(with different
rates and/or vocoding methads).

In addition, the protocols are built on the assumption that the initiation of channel
reservation and channel release is done by the caller, while channel allocation is

started at the destination switch when the called party goes off-hook.

1.3. Class [ Protacols
This section describes the various channel-control messages that were defined and

implemented in the simuletor.
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1.3.1 Class I Call Phases

A Class | communication can be conveniently viewed as compoced of three distinct
phases: reservation, allocation and termination. A brief descriplion of each of these
phases follows.
1.3.1.1 Reservation Phase

During this phase a path for the call is established between the calling and the
called parties. The path is determined as was d.csc.rib;:d in section 1.2.28 . Reservation
is initiated by the caller. 1If it is completed successfully, the scurce switch sends a
ringing signal to the called party and a ringing tone to the calling party. If the called
party line is engaged or the network is congested, so that further reservations cannot
be carried through, all previous reservations are cancelled, and a busy tone is
returned to the caller.

The Class 1 region is not disturbed during this phase. A successful reservation
causes a RESERVATION NOTICE to be kept in the switch until allocation time. The

NOTICE contains the following information:

Call numbet

Input line (line it is coming from)

Output line (line it is leaving on)

1

Qutput channel(s)

A value of -1 for output channel indicates that the call _shou!d be appended to the
Class I region.

It is important to realize (for flexible Class I boundary allocation schemes) that untii
allocation is done the reserved channels are available for non-Class 1 traftic . This is
also true for fixed boundary schemes if the gaps inside the Class I region are

employed to carry non-Class | traffic.




¢ ¥

DCA100-76-C-0058 May 30, 1977

1.3.1.2 Allocation Phase

This phase begins when the called party goes off-hook. The information kept in the
RESERVATION NOTICES in the switches on the call path, is used during this phase to
update the Mapping Tables and add the reserved channels to the Class 1 region. The
NOTICES are deleted, then, and the Mapping Tables keep track of any later relocation
of those channels (e.g. during compaction)
1.3.1.3 Termination Phase

When the caller decides to quit, he sends a message to his local switch requesting
call termination (i.e. he hangs up).This starts the termination sequence. For fixed-
boundary schemes this amounts to recovering the channels that were carrying the call
to the pool of available channels. For variable- boundary schemes, compaction of the

Class I region might be necessary.

1.4. Channel Control Messages

We define here the control packets that implement the Ciass 1 protoco! describad in
previous sections. As remarked earlier, the information field that comprises the body
of a control packet is represented in the simulator by an array called ctimessage. Each
control packet in the simulator has such an array as one of its attributes. The array
has six elements, the first of which serves to identify a particular control action. The
remaining five elements provide olher information needed to carry out the specific
action.

The ctimessage fields for the eight Class I control packets are given below. The
packets have been grouped according to function in correspondence with the above
Classification of call phases.

CONTROL PACKET ctlmessage (i)
n (2] (31 (4) (5) 6]

[-11
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A)Reservation

RESERVLE 2 slot rate path call fud slot
UNRESERVE 3 pk t action N/A call N/A
CANCEL 4 sint K/R N/ call N/R
RING 8 slot rate origin call N/R
B)Rllocation
ALLOCRTE 5 slot rate slotpos call N/
C)Termination
RELERSE 6 slot slotpos N/R call N/R
REPRCK 7 slot neupoe cldpos call N/R
CONFIRI 1 pkt /0 N/R call N/R
Legend
pkt ¢ request packet (RESERVE, CHNCEL, RLLOCATE, RELEASE, REPACK) numher
path: call path +2 Foruard path, 2-uay ca!l

+1 Foruard path, l-uay call

-1 Backuard path, 2-uay call

rate: bit rate, hits/sec
slot ¢ unique slot number
action: +1 Reroute
-1 Cancel
slotpos: slot position in input frame
origin: node number of the call source
call ¢ vniqua call nuxber
newpos: new slot position in firame after repacking
oldpos: old slot position In frame before repacking
N/A: not applicable

Figures 1.3 to 1.9 display the control flow for each of the above packet types. The

terminology used in those figures is defined in Figure 1.2.

1.5. Demonstration Facilities

A demonstration aid was devel.oped to help illustrate and verify the various Class |
protocols implemented in the simulator. The demonstration program takes the trace
produced by the sirzmlator as its input. It, then, shrinks it retaining only those events

needed to follow the Class I call selup and breakdown. In addition, it gives snapshots
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of the Class | region in the frame showing the allocation of the Class I channels to the
ongoing calls, and displaying the dynamic boundary between Class | and Ciasses Il and

1L

151 Trace Messages

Most of the trace entries that the demonstration program retains have been
described previously (see ). A brief description of the remaining entries
follows.
1.5.1.1 CREATE CTL

The CREATE CTL entries have the following form:

<time> CREATE CTL <packet> <source> <destination> <msg‘1> <msg2> <msg3>
<msg4> <msgh> <msg6> <length>

This entry describes the event of a control-packet creation by a SENET host. For
Class 1 simulations, the creation of such packets is the means by which the host
requests the network’s aitention. The parameters identify the packet, its source and
destination, the ctimessage vector, and the packet |er;glh. Mszl specifies the
particular action that the host is requesting. For Class I traffic, these actions are: call
initiation (RESERVE packet, msgl=2), call allocation (ALLOCATE packet, msgl=5), and
call termination (RELEASE packet, msgl=6).
1.5.1.2 GEN CTLPKT

The GEN CTLPKT entries have the following form:

<time> GLIN CTLPKT <packet> <source> <destination> <sender> <receiver>
<msgl> <msg2> <msg3> <msgd> <msgh> <msgb6> <length>
This eniry describes the generalion of a control packet by a SENET node in

response to the receipt of another control packet. The other packet might be coming
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from a host or from anoiher node. The parameters idenlify the packet, its source and

destination, its immediate sender and receiver, the climessage vector, and the packet

length. Msg1 identifies the particular control action the current node is requesling from
the receiver of the packet.
1.5.1.3 NEW RESREV .

The NEW RESERV entries have the {ollowing form:

<time> NEW RESERV <call> <slot> <from> <to>
<outputline> <output slot pasition>

This entry describes the successfui completion of 2 reservation for a call between
two nodes. The parameters identify the call and the sloi(two unique numbers), the link
on which the reservation has been made(by specifying the nodes at both of its ends).
The last two parameters identify the output line number(iines connected to a cerlain
node have local identification numbers that go from 1 to the tolal number of lines
connected to the node) and the slot position on that line. A siot position of -1 indicates
that the slot is to be appended to the Class I region at allocation time.
1.5.1.4 NEW ALLOC

The NEW ALLOC entries have the following format:

<time> NEW ALLOC <call> <slot> <from> <to>
<slot length> <inline> <inpos> <outline> <outpos>

This entry appears afler the completion of an‘aHocation. The parameters identify
the call, and the slot, the link(<from> to <to>), the slot length (in bits). The last four
parameters specify the input line number (its local idonlification number), the channel
position of the slot on that line, the output line number, and the channel position of the
slot on that line. Thus the last four parameters specify the mapping of the siot from

the input to the output lines.

11-14
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1.5.1.5 TALK

The TALK entries have the following form:

<time> TALK <call> <source> <desiination>

This enlry appears when allocation has been completed on the backward path cf a
call, and is starting on the forward path. It is issued after the source node has
disconnected the ringing tone from the caller’s line and indicated that the
communication may star‘t. The parameters identify the call, its source, and destination.
1.5.1.6 BLCK

The BLCK entries have the following form:

<time> BLCK <call> <source> <destination> <blocked at node>
This entry describes the event of blo‘cking of a call. The parameters identify the call,

its source and destination, and the node at which the blocking occurs.

1.5.2 Examples

Appendix A contains two examples of the Class [ protocol. The first
example, a two node network, illustrates all of the contro! functions except for routing.
The second example illustrates routing and unidirectional control. In particular, it shows

instances when the forward and backward paths of a call do not coincide.
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2. Class 1 Performance Analysis

This chapter describes the statistical analysis that foliows a simulation run to
determine a number of performance measures for the Class 1 traffic. The data analysis
program is described first. The latter part of the chapter describes the experimeints

that were conducted and the resuits obtained.

2.1. Data Analysis

As mentioned earlier, statistics are compiled subcequent to the simulation run. A
record of the run is kept in the form of a trace file that can be examined (repeatedly if
necessary) by data analysis programs. This section describes the above process for

Class | traffic.

2.1.1 Class | Data Analysis Program
The Class 1 data analysis program reads succoessive records from a simulation trace
file, processes them, and produces an output file containing the desired statistics.
The infor_mation contained in the trace, is compressed and summarized in the form of
a list of all calls made during the simulation. Each enlry in the list contains the
following items:
1)  Call number
2) Source
3) Destination
4) Bit rate
5)  Time of initiation
6) Whether blocked or successfully completed
7) If blocked, at which node
8) Number of hops

I1-16
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9) Associated overhead
10) Connection time (length of reservation pericd)
11) Holding time.

As the program scans through the trace file records, it discards irrelevant events,
and uses other events to update the call list. A new entry is added to the list eech
time a new call is initialed. (This is delected whenever a CREATE CTL message that
refers to a RESERVE control packet is found). When al!l records have been read, the list
is searched for unfinished calls(those still in the reservation phase), and the
corresponding entries are deleted. The call list can then be analyzed and a nurmber of

stalistics computed.

2.1.2 Estitnation and Eliminalicn of Initial Bias

A simulation run starts with a network in an idle state in which all Class I channels
are free. Eerly calls, therefore, experience an unusually low blocking probability and
cause the computed statistics to be biased. As the length of the run increases, the law
of large numbers renders those early calls insignificant. It is desirable nevertheless to
determine the length of this inilial transient interval and to discard it as this tends to
eliminate the need for a very long run.

To achieve this , the Data Analysis Program samples the number of busy channels in
the class | region on all the lines at regular intervals. At the same sampling times, it
examines the list of calls made and computes all the statistics of interest.After the
trace file has been read, N samples of all the statistics are available.

The samples for the number of busy channels are used then, to calculate N sample
means and their associated standard deviations, each based on the first i samples,

where i assumes the values | to N. Those are tabulated as a function of time (which is
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the same as tabulating them as a function of the number of samples since sampling is
done at regular intervals). Furthermore, the program plots the mean number of busy
channels as a function of time. By examining this curve, one can determine the onset of
steady state. Better yet, if the standard deviation is plotted against titne on log-log
scales, the end of the transient period can be detected when the curve slarts sloping
down al a rate of -1/2 (coriesponding to an inverse square root relation ; see
[Gor692]).Lither way,a point in time can be found which can be regarded as the end of
the initial bias period. All statistics of interest have to exclude this period.

The N samples of each statistic are used in an analogous manner to those of the
number of busy channels. N means are calculaled. This time, however, each of these
means is based on the last i samples, where i is 1 to N. In effect, each of these means
discards an initial bias interval proportional to (N-i) .

With all this data available, a simple correlation between the curves for the number
of busy channels, and the tables for the other slatistics determines which set of

statistics to quote. This procedure is illustrated in appendix B.

2.1.3 Statistics Gathered
We define here the various performance measures that are produced by the data
analysis program.
2.1.3.1 Blocking Probabilities
Blocking (or Loss) probability PL is defined as follows:
PL = Number of blocked calls/Total number of attempted calls
A different PL is calculated for each of the Class I bit rates, and a composite PL is

computed for all Class I traffic.
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2.1.3.2 Allocation Scheme Efficiency
Efficiency Eff gives an indication of the amount of overhead associated with a
certain.allocation strategy. It is defined below:
Eff = Total information bits transmitied/(Tot info bits+Tot overhead bits)
The qverhead associated with a Class I call can be broken down into the fcllowing
four categories:
1) Control-packet overhead

2) Dead-space overhead (due to the step by step frame modification
protocol)

3) Double-transmission overhead

4) Quantization overhead (the extra bits padded to a slot to make it fit
an integral number of channels)

Everything eise, including silence gaps that might occur during a Class 1
communication, is considered pure information.
2.1.3.3 Class I Region Ulilization

Utilization U is defined es follows:
.U = Average number of busy channels/Total number of channels
2.1.3.4 Average Capacily available for Non-Class [ Traffic

This is the capacily C (in bits/frame) that remains after the Class I requirements
have been satisfied. More precisely,

C = Total bits in the frame minus

(avg Class I region length+avg Class [ control packet requirements)

This measure assumes that Class | traffic has precedence over other traffic classes,
and gets allocated first. The remaining capacity C is what is left for packet switched

data and bulk traffic, and their associated control.
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!
i 2.1.4 Ouiput Report
;_ The output of the data analysis program consists of the following paris:
2.1.4.1 Experiment Parameters
; This part is basically a copy of the first page in the trace file. It includes a
| description of the network, and aii the paramelers thal were used in the simulation
; ' run, inc!uding‘ the simulation period (in milliseconds). The format of this part is the
1 same as that produced by the Command Language Inlerpreier SHOW command
| described earlier. This part serves to identify the particular run for later reference
and comparison with other runs.
A 2.1.4.2 List of Simulated Calls
; This section provides an extensive listing of all the calls that occurred during the
: simulation. Each entry in Lhis list has the following fields:
<call> ' unique call number
<origin> node number at which call was originated
’ <destination> node number of call destination
- <rate> bit rate of call in KBFS
<connection time> duration (in milliseconds) of the reservation phase
E <holding time> duration of the call in minutes
<number of hops> average number of links traversed (ihis is one half the sum of
3 the lengths of the forward and backward paths)
i <blocked at node> if the call is blocked, the node at which blocking occurred is
indicated here
2.1.4.3 Node Activities
In this part, calls are classified by their source nodes and tabulated as follows:
| <node > <total calls attempted> <completedcalls> <blocked calls>
. !'
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2.1.4.4 Statistics

This section contains the statistics defined previously. They are tabulated for
various initial-bias interval lengths. It also cotains a table of the meen number of busy
channels in a frame, and its standard devialion for different sample sizes. Finally, it

contains a plot of the mean number of busy channels as a function of time.

2.1.5 Sample Qutput Report
Appendix B illustrates a typical output report from the Data Analysis
Program. It describes, too, the procedure used to determine the length of the initial

bias interval. i

2.2. Class I Experiments
This seclion describes the set of experiments thal we conducted to evaluate the

perfermance of the network for Class I traffic.

2.2.1 Data Base

The experiments are based on the following voice traffic mix [Sylvania76].

Irans., Kate Percent € [Remarks)

2408 bits/sec 167 Vocoder

4000 167 Linear Predictive Coding

80060 157 Adaptive Predictive Coding

16660 507% Continuous Voice Delta Modulation
32000 18% Continuous Voice Delta Modulation
50000 5% Secure Voice PCH

In the experiments the only Class I traffic that is simulated is voice traffic. All fulure

references to Class | traffic are to interpreted accordingly.
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2.2.2 Common Parameters

The following experiment parameters are shared by all the experiments described
later.
2.2.2.1 Network Topology

The network used for those experimenis consists of two nodes connected by a T1
carrier. Each node has cne processor capable of moving a 16-bit word in 5
microseconds.
2.2.2.2 Frame Period

A 10-millisecond frama period is assumed throughout.
2.2.2.3 Traffic Parameters

The host of node 1| generates 60 Erlangs of voice traffic, destined to node 2. The
averape call duration is B minutes. The average responce time of the called party lo
answer a cali is taken as 10 seconds. The host of node 2 gencrates no traffic.
2.2.2.4 Simulation Mode

The simulator is run in the VOICE mode. In this mode, only Class 1 traffic is
generated and processed. :
2.2.2.5 Basic Channel Length |

The Class 1 channels are based on a 4 KBPS bit rate. This corresponds to 40-bil
channels in a 10-millisecond master frame.
2.2.2.6 Control Packet Length

All control packels are assumed to be 100 bits long.
2.2.2.7 Simulation Length >

The simulation length in all the experimenls is 45 minutes. Several pilol runs were

necessary to determine an appropriate length. The run has to be long encugh so that .

steady state is reached.
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2.2.3 Experiment Variables
The voice fraction in the master frame was varied frem 05 to 0.9 in steps of 0.1 .
This required five runs for each of two allocation methods: the fixed (VFF) and flexible

(VFV) boundary schemes.

2.2.4 Results and Conclusions

2.2.4.1 Efficiency of ihe Allocation Schemes

Figures 2.1 and 2.2 show the variation of the allocation scheme efficiency Eff as a
function of the voice fraction in the frame. Three conclusions can be drawn from those
two figures:

1)  The overhead due to control packets and slot quantization is less
than 27

2) The efficiency does not vary significantly with the allocation method : b
employed )

3) The efficiency does not vary significantly with the size of the Class I
region in the frame

The above resuils, then, justify the use of quantization as opposed to arbitrary
length slots. They also indicate that the control packet over head introduced by the
frame modification protocol (which is based on unidirectional step-by-step control) is
negligible.
2.2.4.2 Blocking Probabilities

Figures 2.3 to 2.5 show the variation of the various blocking probabilities as a
function of the voice fraction in the frame. It is evident that more data points are
needed in order to be able to measure a statistically significant blocking probabilities .
Nevertheless, the following conclusions can be inferred:

1) As the voice rate increases, the probability of its being blocked

increases. In particular, during the 45-minute runs no 2.4, 4 or 8
KBPS were blocked. This implies that "high-quality" voice is more
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prone to being blocked and a preemplion policy has {o be developed
to insure an adequate grade of service for it.

2) The resuits do not aliow any inference to be made as to the effect of
the allocation method on the blocking probabilities.

3) In genera!l, the measured overall blocking probabilities are smaller
than the approximate one obtainod. from the Erlang loss fermula by
assuming that all call connection requests require an “averge"
channel -lengih as determined from the given traffic mix. for the
specific mix al hand, this "normalized" channel has a length of 155.4
bits per 10 millisecond frame on a T1 carrier.

2.2.4.3 Class I Region Utilization

Figure 2.6 shows thz variation of the utiiization U as a function of the voice fraction
in the frame.lt displays for both allocaticn schemes the right {rend of decreasing as
the available capacity increases. A possible reason for th:_z higher ulilization observed
for the flexible boundary scheme is double transmission during compaction. The
utilization predicted by the Erlang formula (for the normalized voice channels) is
plotted for comparison.
2.2.4.4 Average Capacity for Non-Class 1 traffic

Figure 2.7 shows how the capacityl available for data and bu'k {raffic varies with the
voice fraction in the frame. The straight line relationship for the fixed boundary
scheme indicates that the class I control-packet overhead is extremely small.

For the flexible boundary scheme, the location of the boundary depends on two
factors: the offered load, and the limit voice fraction. For small voice fractions, the
class I region will be almost fully utilized (refer to Figure 2.6), and the location of the
boundary will be determined by the voice fraction. This explains the inilial linear
portion of the curve. As the voice fraction increases the utilization of the class I region
drops and the location of the boundary becomes governed by the class 1 load. Since

we are assuming a fixed load, the curve bends and tends to a constant value. The

particular value to which the boundary adjusts depends on the magnitude of the load.
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This figure clearly shows the benefits of a flexible boundary scheme over a fixed

boundary scheme.
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Appendix A: Ciass | Protocol Exemples

This appendix contains two detailed examples of the Class | protocol. Each exarple
consists of a trace of the relevant events and snapshols cf the frame maps showing
the channel allocations. Additionz! comments are added t¢ make it easier to follow the

control sequence.

A.1. Example 1
This example illustrates the basic Class | protocel except for routing. It is based on
a network of two nodes, in which node | is sending voice traffic to node 2. The link
between the nodes is 1000 KBPS. The voice fraction is fixed at 0.1, producing a Class 1
region that can grow up to 1000 bits/10-millisecond frame. The basic channel rate is
20 KBPS. The maximum number of channels, therefore, is 5 (200 bits/channel). The
voice load is equally divided between two rates: 20 KBPS (requiring one channel per
cali) and 30 KBPS (requiring two channels per call). The boundary is flexible, and no
data traffic is generated.
The following comments should be correlated with the frace that fol.lows.
TIME EVENT
199823.453 Host 1 initiates call 1 (30 KBPS) by sending RESERVE packet # 1 to node 1
199823.484 The processor in node 1 attends to RESERVE packet # 1 after it is
removed from the inputl queue. It decodes the conlrol action and files a
RESERVATION NOTICE for call 1 after it makes a reservation on line 1-2.
It, then, sends RESERVE packet # 2 on this line to node 2.
199830.131 Node 2 receives RESERVE packet # 2, makes a reservation back on line 2-
1. It acknowledges the receipt of packet # 2 by sending back CONFIRM

packet # 3. It finally sends RESERVE packet # 4 an line 2-1 to node 1.

199840.131 Node 1 receives CONFIRM packet # 3, and responds by removing packet #
1 from its holding queue.

199840.230 Node 1 receives RLSERVE packet « 4. It acknowledges by sending back
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CONFIRM packel # 5. Recognizing that the reservation phase has been
successfully completed, it sends RING packet # 6 to node 2.

199850.131 Node 2 receives CONFIRM packet # 5 and removes packet # 4from its
holding queue.

199850.230 Node 2 receives RING packel # 6, confirms it (packet # 7), and sends a
ringing tone to the called party.

202970.998 The calied party goes off-hook, and sends ALLOCATE packet # 8 to node
2.

202971.029 Node 2 connects the called party to channels 1 and 2 on line 2-1. I,
then, sends ALLOCATE packet # 9 on this line to node 1.

202980.531 Node 1 receives ALLOCATE packet # 9 and responds by connecting the
calling party to channels 1 and 2 on line 1-2. It, then, sends ALLOCATE
packet # 10 on line 1-2. Finally, it sends CONFIRM packet # 11 to node 2.

202990531 Node 2 receives ALLOCATE packet # 10, and recognizing that the
allocation phase is over, it merely acknowledges its receipt by sending
CONFIRM packet # 12 back to noce 1.

202990.631 Node 2 receives CONFIRM packet # 11 and responds by removing packet
# 9 from its holding queue.

203000.531 Node 1 receives CONFIRM packel # 12, and responds by removing packet
- # 10 from its holding queue.

245690.465 The caller hangs up, and sends RELEASE packet # 13 to node 1.

245690.496 Node 1 receives RELEASE packet # 13, starts sending "silence" on
channels 1 and 2, end sends RELEASE packet # 14 to node 2.

245700.531 Node 2 receives RELEASE packet # 14, starts sending “silence" on
channels 1 and 2 on line 2-1.It then sends RELEASE packet # 15 and
CONFIRM packet # 16 to node 1.

245710.531 Node 1 receives RELEASE packet # 15, and responds by sending CONFIRM
packet # 17 to node 2.

245710.631 Node 1 receives CONFIRM packet # 16 acknowledging RELEASE packet #
14. It knows now that node 2 is aware of the fact that call 1 is over and
is therefore ignoring channels 1 and 2 on line 1-2. Node 1 frees those
channels now and moves the boundary of the Class I region towards the
beginning of the frame (it happens that Class I region becomes empty
now).

245720.131 Node 2 receives CONFIRM packet # 17 and responds by dropping channels
1 and 2 on line 2-1 and moving the boundary accordingly.
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613145.532 Call 2 is initiated. The sequence of events for its reservation and
allocation parallels the one just described for call 1.

710789.578 Call 3 is initiated. It is allocated on channels 3 on both the forward and
the backward paths.

806262.313 Call 4 is initiated. It is allocated on channels 4 and 5 .
872723.727 Cali 5 is initiated.

872723.758 Call 5 is blocked when node 1 finds that all the Class I capacity is
currently allocated.

907486.320 The termination phase of call 3 is started.

907501.234 Node 1 receives CONFIRM packet # 58 acknowledging RELEASE packet #
56, and frees channel 8 on line 1-2 (this is indicated by a "t" in the frame
map). This introduces a gap, which it fails to fill by double transmitling
call 4 because call 4 requires two channels. No compaction is done,
therefore.

1012868.664The fermination phase of call 2 begins.

1012881.234Channels 1 and 2 are freed. Call 4 is double transmiited, and REPACK
packel # 65 is sent to node 2.

1012901.234Node 1 receives CONFIRM packet # 67 acknowledging REPACK packet #
65.1t knows now thet node 2 is receiving call 4 on the new channel
positions (1 and 2).Therefore, it compacts the Class I region by dropping
the old channel positions (4 and 5) and adjusting the boundary
accordingly.
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199823.453 CRERTE CTL ;o) e 1 36900 2 1 g .88
| 199823.484 REC CTLPKT s Jd R N NN RS- 1 3Ce4a8 2 1 ]
| 199823.484 New Reserv 1 i S -1
199823.484 CGEN CTLPKT ar 2 12 2 1 3cces 2 1 4] 180
189830.131 REC CTLPKT 2 iR 2 2 = 1 36608 2 1 e
199838.131 New Reserv 1 2 2ONE ok -1
i 1898398.131 GEN CTLPKT 30 20 2 r Y 2 0 8 1 8 1ce
E 199838.131 GEN CTLPKT 4 2} 2% 2 2 30088 -1 1 1 168
| 199848.131 REC CTLPKT S S TR T 2 8 Y 1 0
i 199840.238 REC CTLPKT & Z 1 21 2 2 308086 ~1 1 1
E i 199848.238 GEN CTLPKT S 2 02 i 4 4 ¢} 1 ;] 1e8
} 199848.238 GEN CTLPK1 8 £ 2 } 2.8 2 30880 i 1 0 108
| 199858.131 REC CTLPKT S k-2 X 2 1 4 8 8 1 g
199850.238 REC CTLPKT 8 -2 )} 2 8§ 2 30088 1 1 g
199850.238 GEN CTLPKT 20k 2 6 0 4] 1 8 180
1 199868.131 REC CTLPKT % w2k 22 ) 6 g 8 1 8
| 282978.998 CREATE CTL 8 2. S 2 30808 0 1 0 188
282971.828 REC CTLPKT 8 2 L 2 5 2 38808 3] 1 8
¥ 202971.829 New Rlloc 1 2 20 406 8 g 1 1
i
‘\ ! FRAME MNP FOR LINE 2= 1
} CHANNEL a2
{ caLL P ERE
P T R A e L A
202971.829 GEN CTLPKT g 2 -12 15 2 360¢c8 1 1 8 183
i 282988.531 REC CTLPKT S ek 2 N5 2 38808 1 1 0
282988.531 New Alloc 1 1 2 2 48 8 6 1 1
' FRAME MAP FOR LINE 1 - 2
CHANNEL Lk 2}
CALL I 13
3 1 ) 282986,.531 GEN €TLPKY . 16 L 2 § 2 5 1 38068 1 i 8 168
202988.531 GEN CTLPKT B 20 28 9 e 8 X ] 168
2629868.531 TALK R
262990.531 REC CTLPKT 16 ¥ 2 % 2 5 1 368080 1 1 ¢]
b I 262990.531 GEN CTLPKT 120 2 § 2 1 % 10 6 a 1 e i1ee
| 202990.631 PREC CTLPKT i 3 (R S - O R S ¢ 9 e 8 1 e
203880.531 REC CTLPKT f& 208 2 & 1 18 8 3} 1 0
245690.465 CREATE CTL 13 1 2 % 1 (] 8 1 ¢ 188
245690.495 REC CTLPKT i3 1 2 1 & B 1 e 4} 1 8
245698.495 GEN CTLPKT 14, 1+ 2 § 2 & L 1 8 1 @ 1068
245788.531 REC CTLPKT 4 4k 2 & 2 b 3 1 ] 1 e
245780.531 GEN CTLPKT Isc 28 2. 1 6 2 1 8 1 e 106
245780.531 GEN CTLPKY 11 S N S A 14 (¢] 8. 1 4] 160
245718.531 REC CTLPKT 15 2 1 2 ¥ 6 2 1 e 1 [t}
2457108.531 GEN CTLPKT oA 2y 2 3 15 6 b} 1 8 160
245710.631 REC CTLPKT i ¢ ¥ & 1 1 14 6 '} 1 8
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FRANE NMAP FOR LINE i 2
NO ONGOING CALLS AT PRESENT
265728.131 REC CTLPKT

FRANE NRP FOR LINE 2 -1

NO ONGOIRG CRLLS AT PRESENT
613145.523 CREATE CTL
613145.555 REC CTLPKT
613145.555 New Researv
613145.555 GEHN CTLPKT
613159.133 REC CTLPKT
613158.133 HNew Rezerv
613150.133 GEN CTLPKT
613156.133 GEN CTLPKT
6131608.133 REC CTLPKT
613169.234 REC CTLPKT
613168.234 GEN CTLPKT
613160.234 GEN CTLPKT
613178.133 REC CTLPKT
613178.234 REC CTLPKT
6131768.234 GEN CTLPKT
613186.133 REC CTLPKT
627692.938 CREARTE CTL
627092.961 REC CTLPKT
627692.961 New Rlloc

FRANE MRP FOR LINE 2 -
CHANNEL

cAaLL V2§ 2|

627892.861 GEN CTLPKT
627166.531 REC CTLPKT
627168.531 New Rlloc

FRAME MAP FOR LINE 1 - 2

CHANNEL

CALL L2t 29

6271088.531 GEN CTLPKY
627108.531 GEN CTLPKT
627108.531 TALK

627110.531 REC CTLPKT
627118.531 GEN CTLPKT
627110.633 REC CTLPKT
627128.531 REC CTLPKT
710789.578 CREATE CTL
718783.6069 REC CTLPKT
710789.689 Neu Resarv
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, 710789.609 GEN CTLPKT 31 1 2 1 2 2 5 28828 2 3 6 108
7108798.531 REC CTLPKT 31 1 2 1 2 2 5 26089 2 3 [
718798.531 Neu Resarv 3 (% SR N | -1
718798.531 GEN CTLPKT 32 2 1 2 ‘1 § 3 8 8 3 e 168
718798.531 GEN CTLPKT 33 2 1 2 1 2 & 20000 -, 3 5 16
718860.531 REC CTLPKT 32 2 i 2 1 1 .31 0 8 3 0
718886.633 REC CTLPKT 33 2 1 2 1 2 6 20008 -1 3 5
7108088.633 GEN CTLPKT 34 § 2 1 2 1 33 8 8 3 8 188
710890.633 GEN CTLPKT 35 1 2 1 2 8 6 20660 1 3 g 168
710818.531 REC CTLPKT 34 § 2 1 2 1 33 ) ) 3 9
: 716818.633 REC CTLPKT 35 1 2 1 2 8 6 20008 1 3 8 3
710810.633 GEN CTLPKT 36 2 1 2 1 1 - 35 2 [ 3 8 168
; 710820.531 REC ETEPKT 86 2 £ 2 1 1 35 g ) 3 ] 11
: 768411.594 CRERTECTL 37 2 1 & 6 20800 e 3 6 180
7648611.625 REC CTLPKT. = 37 2 & 2 2 5 6 20080 6 3 8
768411.625 HNew Riloc 3 6.2 1 208 @ g 1 3
FRAME MAP FOR LINE 2 - 1
\ CHANNEL | 11 21 3I 1
; cALL U2t 21 3y
: 748411.625 GEN CTLPKT 38 2 1 2 1 5 6 26000 3 3 8 188
, 748428.736 REC CTLPKT 38 2 1 2 i § 6 26088 3 3 )
s 7648428.734 Meu RAlloc 3 5 § 2 2008 8 8 1 3
FRAME HAP FOR LINE 1 - 2
CHANNEL | 11 21 31 1
By SEL O R iy e |
CALL 121 21 31 |
O A -5 e S vy |
7486428.736 GEN CTLPKT 39 1 2 2 5 5 20080 3 3 e 100 |
76484208.736 GEN CTLPKT 48 1 2 1 2 1 38 ] 0 3 e 180 i
748428.734  TALK 2 12 |
‘ - 76486438.734 REC CTLPKT 39 § 2 1 2 5 5 28000 3 3 8 |
7648638.7384 GEN CTEPKT 41 2 & 2 1 § 38 @ [} 3 6 188
748430.836 REC CTLPKT 48 1 2 1 2 1 38 8 ) 3 [ .
748644@.734 REC CTLPKT 41 2 § 2 1 1 38 8 e 3 ¢
o) | 886262.313 CREATE CTL 42 1 2 2 7 30000 2 4 g 100
806262.344 REC CTLPKT 42 1 2 1 1 2 7 30660 2 6 9
3 806262.344 Nou Reserv 4 L ST
| 806262.344 GEN CTLPKT° 43 § 2 1 2 2 7 30000 2 4 o 188
E 806278.734 REC CTLPKT 43 1 2 1 2 2 7 30000 2 4 [ |
§06278.734 Neu Reserv 4 8 2.3 3 . | ]
806270.734 GEN CTLPKT 44 2 1 2 1 1 43 0 [} 4 e 188 |
806270,734 GEN CTLPKT 45 2 { 2 1 2 8 38000 -1 4 7 108 k|
806288.734 REC CTLPKT 44 2 1 2 1 1 43 0 8 4 0 |
8062808.836 REC CTLPKT 45 2 1 2 1 2 8 30000 -1 4 7
8066280.836 GEN CTLPKT 46 1 2 1 2 1 45 o [ 4 o 100 . |
_ 806280.836 GEN CTLPKT 47 1 2 1 2 8 8 36000 1 4 g 160 |
S, 806298.736 REC CTLPKT 46 § 2 & 2 1 45 ) ) & e |
- ’
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8006290, 836
8§06290. 836
806388.734
808187.750
808107.781
808187,7281

REC CILPKT
GEN CTLPKT
REC CTLPKT
CRERTE CTL
REC CTLPKET
New Rlloc

FRAME MAP FOR LIKE

CHANNEL [0 e e

caLt

888167.781
868111.133
888111.133

GEN CTLPKT
REC CTLPKT
New Rlltoce

FRAME MAP FOR LINE

CHARNNEL

caLL

808111,133
868111,133
808111.133
868121.133
8068121.133
808121.234
808131.133
872723.727
872723.758
872723,758
807486G,320
9687486,352
887486.352
967481.133
987491.133
907491.133
9875081.133
967581,133
987581.234

GEN CTLPKT
GEN CTLPKT
TALK

REC CTLPKT
GEN CTLPKT
REC CTLPKi
REC CTLPKT
CREATE CTL
REE CTLPKT
BLCK

CRERTE CTL
REC CTLPKT
GEN CTLPKET
REC CTLPKT
GEN CTLPKT
GEN CTLPKT
REC CTLPKT
GEN CTLPKT
REC CTLPKY

FRAME MAP FOR LINE

CHANNEL

CALL

807511.133

REC CTLPKT
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FRANE (18P FOR LIKE 2= 1
; » CHANNMNEL ¢ LK 28 31 &% 5

CALL 1210 21 =1 41 41

18612868.664 CRERTE CTL 60
1012868.695 REC CTLPKTY 60
1612868.695 CGEN CTLPKT 61
1612871.133 REC CTLPKT 61
1812871.133 GEN CTLPKY 62
1012871,133 GEN CTLPKY 63
1912881.133 REC CTLPKTY 2
1812881,133 GEN CTLPKT 64
1012881.234 REC CTLPKTY 63

160

108

16e
188

L S W W WD

1e8

N = N NN = b b e
D) e e = NN NN
N = DD A N b= b e D
—ND b e b RD N

- D= DD O W
Lo~ -~ i -~ B -~ I o~
DO O ON
NN
OO DODOD

61

FRAME MRP FOR LINE Y~ 2

\ i CHANNEL P 2 2t 3F &1 8]

CALL %l #1 %1 41 41

1012881.234 New Alloc 4 o2 409 9 6 1 1

FRAME MAP FOR LINE 1 - 2

CHANNEL I 11 21 31 41 5i

CALL 141 41 %1 &1 4|

i . i iee

& 1012881.234 GEN CTLPKY
1812891.133 REC CTLPKY

160

o o,
& O
b—
NN
——
NN
—~
~
—
>
&
@

FRAME MAP FOR LINE 2 - 1

CHANNEL EY 2ZE 3l &1 50

g cALL Iosl &l %l 41 41

1812891.133 Neu Alloc 4 8 2 1 48 0 g 1 »l

FRAME MAP FOR LINE 2 - |

CHANNEL i 11 20 31 &1 5

CALL I &1 &1 ¢! &1 4|
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1012821.133 GEN CTLPKT
1012891.234 REC CTLPKY
10128%1.234 GEN CTLPKT
1012901.133 REC CYLPKT
1812961.133 GEN CILPKT
16128681.234 REC CILFKT

FRANE MAP FOR LINE l - 2

CHANNEL )ik 2t

CALL | 41 41

1812916.531 REC CTLPKT

FRAME MAP FOR LINE 2 - |

CHANNEL E Ak 21
CALL 141 41
1871122.531 CRERTE CTL

1871122.563 REEC ETLPKT
1871122.563 GEN CTLPKT
1871138.531 REC CTLPKT
1871136.531 GEN CTLPKT
1871136.531 GEN CTLPKT
1871148.531 REC CTUPKT
18711468.531 GEN CTLPKY
1871146.825 REC CTLPKY

FRAME MAP FOR LINE 1 - 2
NO ONGOING CALLS RT PRESENT
18671158.125 REC CTLPKT

FRAME MAP FOR LINE 2 - 1
NO ONGOING CALLS AT PRESENT
1496803.281 CRERTE CTL
1496883.313 REC CTLPKT
14908683.313 New Reserv
1490863.313 GEN CTLPKT
1490818.125 REC CTLPKT
1490810.125 New Reserv
1450818.125 GEN CTLPKT
1480810.125 GEN CTLPKT
1490820.125 REC CTLPKT
1490820.219 REC CTLPKT
149082€.219 GEN CTLPKT
1490828.218 GEN CTLPKT
149C836.125 REC CTLPKT
14908306.219 REC CTLPKT
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1498838.219
1490848, 125
1518336.359
1518336.391
1518336.391

GEN
REC

CTLPKT
CTLPKT

CRERTE CTL

REC
New

FRANE NAP FOR LINE

CHANNEL i gt

CALL

18l

1518336.391

GEN

CTLPKT
Alloc

2= .1

CTLPKT

1518348.328 REC CTLPKT

1518348.328

New

FRAME MAP FOR LINE

CHAN

CALL

NEL I 1l

| 61

1518246.328
1518348.328
1618348.328
1518358.328
151€350.328
1518350.422
1518366.328
1522656.€616
1522650.847
1522650, 6847
1522660.328
1522660.328
1522666.328
1522670.328
1522678.328
1522678.422

GEN
GEN

TRLK

REC
GEN
REC
REC

Alloc

£ -2

CTLPKT
CTLPKT

CTLPKT
CTLPKT
CTLPKT
CTLPKT

CREATE CTL

REC
GEN
REC
GEN
GEN
REC
GEN
REC

FRAME MAP FOR LINE
NO ONGOING CALLS AT PRESENT
1522688.125 REC CTLPKTY

FRANME MAP FOR LINE

CTLPKT
CTLPKT
CTLPKT
CTLPKT
CTLPKT
CTLPKT
CTLPKT
CTLPKT

= 2

Pw g

NO ONGOING CALLS AT PRESENT
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A.2. Example 2

Figure A.2 shows the network for this example, together with the routing tabie for
each of the nodes. There is only one voice rate (20 KBPS) that requires 200-bit slots.
Again the voice fr;x(tiun' in the frame is 0.1 . This time, though, lines of different
speeds are used to simulate the effect of unequal loading on lines that have the same

speed. The maximum number of channels on each of the lines is as follows:

Lines 1-2 and 2-1: 5 channels
Lines 1-3 and 3-1: 1 channel
Lines 2-3 and 3-2: 2 channels
Lines 2-4 and 4-2: 0 channals
Lines 3-4 and 4-3: 5 channels

All calls are from node 1 o node 4.
TIME EVENT

85168.784 Call 1 is initiated.

o

85168.815 Node 1 makes a reservation for call 1 on its primary route to node 4 (lino
1=2)

851170.131 Node 2 makes a reservation for call 1 on its secondary route to node 4
(line 2-3) because the capacity on the primary route (line 2-4) was not
sufficient to carry the call.

85180.281 Node 3 makes a reservation for call 1 on its primary route {o node 4 (line
3-4). This completes the forward reservation for call 1.

85190.131 Node 4 makes a reservation for call 1 on its primary route to node 1 (line
4-3).

85200.230 Node 3 makes a reservation for call 1 on its primary route to node 1 (line
3-1). This completes the reservation phase for call 1. Note that because
of "congestion" on line 2-4, the forward and backward paths for call i did
not coincide (forward: 1-2-3-4 ; backward: 4-3-1).

127878.757 Reservation for call 2 begins at node 1. Its forward path is the same as
that for call 1.

11-36~
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127900.431 Node 4 manhes a reservation for call 2 on its primary route to node 1 (line
4-3).

127910.431 Node 3 makes a reservation for call 2 on its secondary route to node 1
(line 3-2) since its primary route (line 3-1) is congested (call 1 is still
going on). In this case the forward and backward paths coincided.
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85168

85168.
85164,
85168.
85173.
85170,
85170.
85178.
85180.
85189,
851&0.
851488,
85180,
8519¢.
8519¢.
851940,
85198.
8519G.
85208.
85208.
852¢€8.
85200,
85288,
86216.
85210.
85210.
8521¢,
852286.
85228.
85228.
852248,
852386.
85231.
85231.
85241.
898165,

89815
89815

4
SOH

815
815
815
131
131
131
131
131
281
281
281
231
131
131
131
£31
281
131
238
238
236
258
131
S3E
531
531
131
131
1314
§351
131
031
€31

. 120
«1208

€31,

739,

CRERTE CTL
REC CTLPKT
Neu Reserv
GEN CTLPKT
REC CTLPKT
New Reserv
GEN CTLPET
GEN CTLPET
REC CTLPKT
REC CTLPKY
New Resery
GEN CTLPKT
GEN CTLPKT
REC CTLPKT
Neu Reserv
GEN CTLPKT
CEN CTLPKT
REC CTLPKT
REC CTLPKT
REC CTLPKT
New Reserv
GEN CTLPKT
GEN CTLPKT
REC CTLPKT
REC CTLPKT
GEN CTLPKY
GEN CTLPETY
REC CTLPKT
GEN CTLPKT
GEN CTLPKT
REC CTLPKT
REC CTLPKT
REC EILPET
GEN CTLPKT
REC CTLPKT
CREATE CTL
REC CTLPKT
Neu RAlloce

FRAME MAP FOR LINE 4 - 3

CHANNEL |

CALL

11

11

89815.128 GEN CTLPKTY

83828
83820

«331
.331

REC CTLPKT
New Rlloc

FRAME MAP FOR LINE® 3 - |

CHANNEL |

cAaLL

11

11
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! ’
i 89820.331 GEN CTLPKT T VS M TR 2 268890 i 1 8 lge
89820.331 GEN CTLPKT 18 3 & 3 4 1 17 8 8 1 8 180
89830.431 RECICTUPKT 19 4 4 3 & 1 17 8 8 1 8
89831.531 REC CTLPKT 18 & 1 3 1 § 2 20008 1 ! 8
89831.531 MNew fAlloc 1 fhigi 2 i2am iy e 1 1
FRAME MAP FOR LINE 1 - 2
B CHANNEL | 11
| CALL (S
i 89831.53] GEN CTLPKT 28 1 & 1 2 6§ 1 20088 1 1 8 108
i | 89831.530 GEN/CTLPKT' 21 I 3 L 3 1. g8 8 8 1 8 169
u 89831.531 TALK 151 g
I 89848.331 KEC CTLPKT 28 1 & 1 2 § 1 26608 1 1 8
89848.331 New £11loc 1 1 3 200 | £ 2 !
k ; FRAME MAP FOR LINE 2 - 3
CHANNEL 1| 11 4
CALL 11
L Eiae
1 3 A
89848.331 GEN CTLPKT 22 1 &4 2 3 & 1 20000 1 1 8 189
89348.331 CENCTPRT 23 21 2 & ¢ 28 g [} 1 8 186
| | 89840.531 REC CTLPKT 21 § 3 1 3 1 18 [} g 1 [
| ' 898508130 REC/CTUPET 230 2 1 2 4 [ 728 ¢ ) 1 8
L . “ .« 189850.781  RECCTLRET  22'% 4 2 3 5 1 26680 1 1 @
89858.781 New Alloc i 1053, (41 2aps.2 3 gl
! ' a
: FRAME MAP FOR LINE 3 - & ]
- " i
t CHANNEL | 11
| v ————
E 3 : CALL a1 ]
| oo :
’ l
“ i 89850.781 GEN CTLPKT 24 1 & 3 4 § 1 28008 1 1 8 1eo
| 89850.781 GEN CTLPKT 25 3 2 3 2 § 22 0 [ 1 8 100
88860280 REC.CTUPKE 25 3 2 4 2 § 22 [} @ 1 8
898608.331 REC CTLPKT 24 | 4 3 &4 & 1 20060 1 1 8
b 89868.331 GEN CTLPKT 26 4 3 4 3 1 24 6 8 1 8 168
g 89870.33% REC CTLPKT 26 & 3 & 3 &t 24 8 ] 1 8
i 127878.726 CRERTE CTL 27 1 4 2 3 20808 - 2 2 6 160
L 127878.757 REC CTLPKT 2r 14 1§ 7 3 20000 2 2 8
127878.757 Mew Reserv 2 ¥k & -1
127878.757 GEN CTLPKT 28 1 & | 2 2 3 20000 2 2 8 1a0
127880.331 REC CTLPKT 28 1 & 1 2 2 3 20000 2 2 @
i 127880.331 New Reserv 2 g & I 2 -
_ 127680.331 CENCTLPKT 20 2 {1 2 1 1§ 28 0 0 2 8 100 :
N 127880.331 GEN CTLPKT 30 1 & 2 3 2 3 20000 2 2 0 16e h
g

11-39
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|
127886,131 REC CTLPKT «d 2% 2 3.1 8 Y 2 4]
127888.781 REC CTLPKT 30 L 4 2 '3 2 3 298689 2 2 8
127895.781 Newu Reserv 2 23 4 3 -1
127830.781 GEN CTLPKY S 28 R ] 38 6 ¢ 2 4 jae
127898.781 GEN CTLPKT g2 1.4 3.4 2 3 zo8es 2 2 e 1341]
127908.281 REC CTLPET A e S O | 3@ 6 @ 2 6
1279606.331 REC CILPKT 32 ¢ & 3 & 2 3 28080 2 2 6
1273€8.331 MNew Reserv 2 4 4 3 2 -1
127888.331 GEN CTLPKT a3 4.3 4 3 1 32 g 8 2 6 1e
. 127960.331 GEN CTLPKT 38 &4 1 4 3 2 4 26009 -1 p: 3
l' 127918:.331 REC CTLPKT S SR R R | 37 4 g 2 g
127918.431 REC CTLPKT 36 - &3 2 4 20068 -1 2 3
E 127918.431 New Reserv 2 &, 3202 -1 .
: 127818.431 GEN CTLPKT 35" 3 4 '3 & % 34 (4 > P g ie9 5
127918.431 GEN CTLPET 3 4 & 3 2 2 § 208568 -1 2 3 1ies
127928.281 REC CTLPKT 3604 1+ 3 2 2 4 28000 -1 2 3
127928.281 MNew Reserv 2 & 21 ] -
127976.281 GEN CTLPKT 3 2 3 2 3 I 26 [ 8 2 8 iae
! 127926.281 GEN CTLPET R i e ] S 4 28008 -1 2 3 168
12792¢.331 REC CTLPKT 35 2 & 3 & [ 34 4 8 2 8
127938.131 REEC CTLPKT 38 4 1 2 5 2 4 76208 -1 2 3
\ ! 1279368.131 GEN CTLPKT 38 1 2 F 2 i 38 ¢ e 2 & 198
4 i 127930.131 GEN CTLPKT [ I T S 4 20088 t 2 e 1es
E 127938.781 REC CTLPKT a2 3 203 i 36 8 ¢ 2 ¢
! 127946.331 REC CTLPKT 3% ¥ 2 ¥ 2 38 [} ] 2 2
127948.431 REC CILPKT 48 1 4 ¢ 2 & 4 20000 1 2 ¢
127948.431 GEN CTLPKT g2 2 &5 e 6 2 € 160
1 127948.431 GEN CTLPKT 42''1 & 2 & 8 4 z2geee 1 2 ¢ 18¢
i 127958.131 REC CTLPKT & 2 2L 1 4o 8 e 2 e
§27958.831 REC CTLPKI 420 F GE 48 & 20028 1 2 (]
127951.831 GEN CTLPKY 43 4 2" 4 2 | 42 ] g 2 & 108
1273861.831 REC CTLPKT 43 4 2 & 2 1% 42 8 & 2 e
128546.2088 CRERTE CIL 44 4 1 5 & 2806886 8 2 8 iee
\ 1285406.233 REC CTLPKT 44 4 1 & & 5 4 20803 e 2 U
128548.233 New Rlloc 2 4 4 3 2080 ¢ BIN2 Z
>
FRAME MAP FOR LINE 4 - 3
CHANNEL I L} 21
.
caLL ekl 2t
; . ' 128540.233 GEN CTLPKT 45 & | 4 3 5 4 260680 2 2 8 1a8
| 128550.531 REC CTLPKT 45 4 1 4 3 5 4 zoae0 2 2 3
1285508.531 New RAlloc ¢ ¢ A-d & 2808 3 2 i
FRAME MAP FOR LINE 3 - 2
CHANNEL I 1
caLt - 12!
By 128558.531 GEN CTLPKT 6 4 1 3 2 65 4 20608 1 ¢ ¢ lee
" 11-40
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128558.531
128560.331
128568.781
128568.781

GEN CTLPKT
REC CTLPKT
REC CTLPKT
New Riloc

FRAME MAP FOR LINE 2 ~ |

CHANNEL (193 i

CALL k2t

128568.721
128566.781
128578.331
128578.331

CEN CTLPKT
GEN CTLPKT
REC CTLPKT
New Rlloc

FRAME HAP FOR LINE 1 - 2

CHANNEL [ 4 ey
CRLL ELE 21
128578,331

128578.331
128578.331
128578.7¢81
128588.531
128588.531

GEN CTUPKY
GEN CTLPKT
TALK

REC CTLPKT
REC CTLPKY
Neu Alloc

FRAME MAP FOR LINE 2 - 3

CHANNEL |12t

CcALL e 2

128588.531
128580.531
128580.631
128590.331
128591.281
128591.281

GEN CTLPKT
GEN CTLPKT
REC CTLPKT
REC CTLPKT
REC CTLPKT
New Alloc

FRAME MAP FOR LINE 3 - 4

CHANNEL L L4

caLL ¥ B 21

47
48

48
49
48

58
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SN s W G

— R e s e
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el
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1285%91.281 GEM
128591.281 GEN
128688.531 REC
126606.531 GEN
128666.781 REC
128618.531 REC

131542.137 CRER

131542.188 REC
131542.168 GEN
131550, REC
131550.531 GEN
131558.531 GEN
131566.338 REC

FRANME MAP FOR LINE

CHANNEL

cAaLt

1315606.338 New

FRAME MAP FOR LINE

CHANNEL IRt 2

1 21 21

chLL

131560.320  GEN
131561.281 REC
131561.281  GEN
131561.281 GEN
131576.531 REC
131570.531  GEN
131576.531 REC
131576.531 GEN
13157€.531  GEN
131570.781 REC

FRAME MAP FOR LINE

CHANNEL

CALL

131570.781 New

FRAME MAP FOR LINE

I Xk 2%

CHANNEL

CTLPKY
CTLRKT
CTLPKT
CTLPKT
CTLPKT
CTLPKT
TE €Tt
CYLPKT
CTLPKT
CILPE
CTLP
CTLPKT
CTLPKT

Alloe

1= 2

CILPKT
CTLPKT
CTLPET
CTLPKY
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Allee
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CALL 121 21
131576780 CEMENERT €22 3 Z 8§ 7 % % 2 Z % i
131588.330 REC CTLPKT 64 2 1 2 1 I 6 6 8 2 8
i
FRANE MAP FOR LINE 1 - 2
CHANNEL | 11
cALL |2l
131560.531 RECCTILAKY 65 &4 § 4 36 2 1 @® 1 @
131588.531 GENCTLPKT 68 4 1 3 18 2 1 8 1 8 189
131580.531 GENCTLPKT 69 3 4 3 &4 1 6 8 8 1 0 168
131580.631 REC CTLPKT 66 4 3 4 3 1 62 8 8 1 8
FRAME AP FOR LINE 3 - 4
CHANNEL 1 11 21
CALL %1l 21
131588.631 New flloc -SRI ST S B R RO
FRAME NAP FOR LINE 3 - 4
CHANNEL 1 11 21 : : .
cALL 121 21
131580.631 GENCTLPKT 70 3 4 3 4 7 3 1 2 2 @ 168
$oIS81.780 MECEMMT & 2 3 2 A7 8 1 % 2 %
£31681.281 GEMCILPKT 71 3 2 3 2 1 & .8 @ -2 & i
131599.531 REC CTLPKT 69 3 4 3 4 & 6 © 8 1 @
FRAME MAP FOR LINE 4 - 3
; CHANNEL 1 11 21
CALL I &l 21
: 131598.531 New Al loc 2 & 593 we ¥ W2 -1
i
FRAME MAP FOR LINE 4 - 3
11-43
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CHANNEL bobE 2

CALL

131590.531 GEN CTLPKY
131598.631 REC CTLPKT
131596.631 GEN CTLPKT
131598.781 REC CTLPKT

FRAME MAP FOR LINE 2 - 3

CHANNEL I 1l

CALL I 21

1315981.531 REC CTLPKT
131591.531 GEN CTLPKT
13168€.531 REC CTLPKTY

FRAME MAP FOR LINE 3 -
NO ONGOING CRLLS RT PRESENT
131688.563 REC CTLPKT
1316068.563 GEN CTLPKY
1316668.631 REC CTLPKT

FRAME MAP FOR LINE 3 - 4

CHANNEL I 1l

caLL I 2l

131618.336 REC CTLPKT

FRAME MAP FOR LINE &4 - 3

CHANNEL 111l

CALL 1 21

513646,863 CREATE CTL
513646.835 REC CTLPKT
513646.895 MNew Reserv
513646.895 GEN CTLPKT
513650.332 REC CTLPKT
513650.332 HNeu Reserv
513650.332 GEN CTLPKT
513650.332 GEN CTLPKT
613660.332 REC CTLPKT

7% 3 & 3 & )

—0 V> CE D

NN NN = = N

G e W NN -

S
2
1
2
2
2
1
2
1
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20008 2

5 20600
-1

S 20869
5 20060
-1

77 0
5 200080
77 ]
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]
513660.781 REC CTLPKI 23 4 2 3 2 5 286080 2 3 8
5136608.781 New Resery 3 5% . % & 3 -1
513660.781 GEN CTLPKTY 86 3 2 3 2 1% 78 ‘] ] 3 8 188
513668.781 GEN CTLPKT 81 1 & 3 4 2 5 280600 2 3 8 188
513678.332 REC CTLPKT 8t § & 3 & 2 5 2e888 2 3 8
3 513678.332 Neu Reserv 3 6 &4 3 2 -1
- b $13670,332 GEN CTLPKT &2 4 3 & 3 1 81 S 3 8 1ee
V. 513678.332 GEN CTLPKT 83 & 1L & & 2 6 280¢e0 -1 3 5 188
i 5136708.781 REC CTLPKT g8 3 2.3 2 % 79 [¢] 8 3 (]
513686.332 REC CTLPKT 82 4 3 & 3 1} 81 8 8 3 [}
513688.434 REC CTLPKT (e L B e R R 6 2cc08 -1 3 5
513688.434 Neu Reserv 3 63 K L =t 1
51368€.434 GEN CTLPKT 8 3 & 3 & 1 83 e 8 3 ] 106
513688.434 GEN CTLPKT 88 4 1 3 1. 2 6 20668 -1 3 S 168
51369€.332 REC CTLPKT 8 3 4 3 4 | 83 8 8 3 ']
5136968.531 REC CTLPKT 85 4 1 3 1 2 6 20068 ~1 3 5
513688.531 GEN CTLPKT 86 1 3 1 3 1 85 2] ] 3 8 160
513698.531 GEN CTLPKT 8% ¢+ 4 L 2 8 6 20868 1 3 [*] 188
5137688.332 REC CTLPKT 87 1 4 1 2 8 6 20808 1 3 [}
513708.332 GEN CTLPKT 88 2 1 2 1 1 87 8 8 3 8 188
i 513788.332 GEN CTLPKT 83 1 4 2 & 8 6 20668 1 3 [’} 180
‘ ¢ ; 513708.531 REC CTLPKT o IR s R S 85 8 ] 3 8
L | $137106.332 REC CTLPKT 88 2 1 21 1 87 8 (¢} 3 (]
$13711.0631 REC CTLPKT 83 1 4 2 4 8 6 208068 1 3 8
513711.831 GEN CTLPKT 98 & 2 4 2 1 89 8 8 3 8 188
§13721.831 REC CTLPKT 98 & 2 & 2. 1 89 8 8 3 8
534525.258 CREATE CTL 9t 4 ¢ S 6 20088 g 3 0 188
W : ' 534525.289 REC CYLPKT 91 4 1 4 4 5 6 20008 ] 3 8
6 4 3 208 0 8 2 2 i

y 534525.283 New Rltoc 3

FRAME MAP FOR LINE 4 - 3

) CHANNEL 1 11 21

TML . 21

534525.289 GEN CTLPKT
6345368.531 REC CTLPKY
5345308.531 New Rlloc

6 20000 2 3 8 108
6 20008 2 3 8
200 3 21 1

IPENES
&>
[ o
w >~
— W W
v n

| FRAME MAP FOR LINE 3 - 1

CHANNEL I 11
CALL I 31
534538.531 GEN CTLPKY 93 4 £ 3 1 5 6 20080 1 3 8 108
l 5345308.531 GEN CTLPKT 94 3 4 3 4 1 92 8 8 3 8 1@8
§345408.336 REC CTLPKT 96 3 4 3 4 | 92 6 8 3 8
i 534541.531 REC CTLPKT 93 4 £ 3 1 % 6 20008 1 3 8
534541.531 New Alloc 3 S 1 2 200 @0 8 1 2

4
-

g : 11-45
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£ )
E FRAIE MAP FOR LINE 1 - 2
- CHANNEL | 11 21
R . CALL 1 21 31
i 534541.531 GEN CTLPKT 95 1 4 1 2 5 5 20880 2 3 8 168
. 534561.531 GEN CTLPKT 96 1 3 1 3 1 93 ] 8 3 g 1ao
i 534541.531 TALK %14
; 53455¢.531 REC CTLPKT 96 1 3 & 3 1 93 8 ) 3 8
534550.531 REC CTLPKT 95 1 4 ! 2 5 5 26000 2 3 )
534550.531 New Niloc 3 5 2 3 208 1 2 2 2
7] FRAME MAP FOR LINE 2 - 3
CHANNEL | 11 21
;\ i CALL 121 31
1 534550.531 GEN CTLPKT 97 1 4 2 3 5 5 20268 2 3 8¢ 169
534550.531 GEN CTLPKT 98 2 f 2 { 1 95 ] ) 3 8 100
i 534560.33C REC CTLPKT 83 2 1 2 1 1 95 [ 8 3 8
] 534561.281 REC CTLPKT 97 1 & 2 3 & 5 20060 2 3 8
B . 534561.251 New Alloc 3 5 3 4 288 2 2ia3 2
E
; FRAME MA® FOR LINE 3 - 4
CHANNEL | 11 2|
) - CALL 1 21 31
F
: 534561.281 GEN CTLPKT 99 1 & 3 4 & 5 20000 7 3 8 1ep
534561.281 GEN CTLPKT 188 3 2 3 2 1 97 0 (R 8 108
534576.531 REC CTLPKT 99 1 & 3 & & 5 26000 2 3 8
534576.531 GEN CTLPKT 181 4 3 4 3 1 99 8 8 3 8 1ce
g 534576.781 REC CTLPKT 188 3 2 3 2 1 97 0 e 3 8
534580.531 REC CTLPKT 181 4 3 4 3 | 99 8 8 3 0
: 664195.852 CREATE CTL 162 1 4 6 5 0 0 3 0 108
:’ | 664195.883 REC CTLPKT 162 1 4 1 1 6 5 [} 8 3 9
. 664195.883 GEN.CTLPKT 183 1 4 1 2 6 5 2 8 3 8 188
‘ 664200.531 REC CTLPKT 163 1 & 1 2 6 5 2 8 3 )
664200.531 GEN CTLPKT 184 1 & 2 3 6 5 2 ] 3 e 100
664200.531 GEN CTLPKT 165 2 1 2 1 1 183 8 ) 3 e 160 ]
664210.336 REC CTLPKT 185 2 1 2 1 1 163 8 0 3 [} i
FRAME MAP FOR LINE 1 - 2
CHANNEL | 11
_ —— 1
, | CALL |21 ]
S |
B - »
. 11-46
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664211.281
664211.281
664211.281
664220.531
664228.531
664228.531
664228.781

REC CTLPKT
GEN CTLPKT
GEN CTLPKT
REC CTLPKT
GEN CTLPKT
GEN CTLPKY
REC CTLPKT

FRAME MAP FOR LINE 2 - 3

CHANNEL | 11

caLt 121

-

664230.531
664238.531
664230.531
664230.633

REC CTLPKT
GEN CTLPKT
GEN CTLPKT
REC CTLPKT

FRAME MAP FOR LINE 3 - 4

CHANNEL 111
CALL V21
664246.336

REC CTLPKT

FRAME MAP FOR LINE & - 2

-

CHANNEL 11

CALL I 21

664241.531
664241.531
664258.531

REC CTLPKT
GEN CTLPKT
REC CTLPKT

FRAME MAP FOR LINE 3 - 1
NO ONGOING CALLS AT PRESENT

184
186
187
186
168
189
187

108
118
111
189

111

W B D e W o
N W= &N &
WSS WWLN
NwWww 22N & W

o w e
W S -
o W w e
WS —-w

3 4 3 &

—_—) D =D

0 D

1

w
D oOoONNONN
DS ODO®DO®

168
1686

D O =N
o000
W www

188 ] 0 3

6 1 [} 3
110 8 8 3
118 8 8 3

WWwWwwwww

o0
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Appendix B: Sample Output Report

This appendix shows a typical output of the Data Analysis Program. The various
sections of this output have been described previously, and it is not difficult to follow
through. An attempt will be made here, though, to explain how the initial bias period is
estimated. ‘

By examining the curve for the mean number of busy channels versus time , it can

be easily established that the steady state is on after about 11 minutes from the

beginning of the simulation. To consolidate this cstimate, the standard deviation entries

tabulated alongside the means can be plotted on log-log scales against lime. This has

been done in Figure H.i. It confivms our estimale for the length of the bias inferval.

Having determined this, the entries in the first table corresponding to a bias interval of

11 minutes are chosen. In this case the entries chosen are:
- U= 8536 %
- C = 8134 bits/frame
- PL = 9.33 7 for 16KBPS
- PL = 27.12 7 for 32 KBPS
- PL = 28.191 7 for 50 KBPS

- PL = 9.999 7 overall

NEHNET 2
CONNECTIONS 1- 2/1546.8 / 8.8 / 6.6 / 4.8
PROCNUN 1-1 2- 1

FRAMETIME 10
HOST 1 H 2:1.88 V 2:1.08

HOST 1 A: 8.08 D:0.80 L: 66.08 T: 5.60
HOST 2 H 1:1.88 V 1:1.88
HOST 2 A: 8.08 D:08.00 L: 0.00 T:100.00

TRACE DSK:AVL.T2
ROUTEUPDATE 500
NOPKTINTERVAL 500 =
TIMEOUTDELAY 125
LINEQUALITY 18

—

RTINS o

s
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t .
£ )
& HELLOLIHIT 2
E | : RETXLIMIT 3
43K HMOVEDELRY 8.088598
s - MAXHCLDQ 1 128000
e MAXHOL DA 2 128008 .
¥ MAX INFRAMEQ 1 1280008
, MAX INFRAMEQ 2 1280068
; VS 1/L: 8R: 8S: 8
B ‘ Vs 2/L: 8 R: 8 S: 0
<k VS 3/L: 8 R: 8 S: 4
i V3 4/L: 8 R: 8 S: 8
Pktlen 2008
SEED 18
MODE  VOICE
E VFRACTION 8.508
g VRATE 4008
- VDISTRIB 2488/ 6.188 4808/ 6.106 8666/ 6,158 160688/ €.566 32088/ G.168 58688/ 8.858
ALLOC VFV
SIMULATION PERIOD 27008890, 838

11-49

i
|
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I.

11,

SIHULATION RESULTS
XSO Ol Rk

LIST OF SIMULATED CALLS

ICALL IORIGIDEST! RATE ICONCTTINE {HOLDTIME IHOPSIBLOCKEDI

| ! | [ (KBPS) LAHILLISEC) (I IAT NODE|
| £Vt v 2186t 19,776 ¢ 670 15000 |
| 21 1b 213281 14,073 ¢ 891 11.0 | |
| 3fF tt 2¢32.61 13.772 t 18.80 11.8 i |
| &% 1 21 46+ 13,889 | 14.93 11.8 | |
! S & ¥ Fo2 § 8.9 12,3920 9074 1.8 1 |
| 6F E 2. 204 1 19.985 1 17.99 L8 l
| 7V £t 215681 16,937 ¢ 9.67 11.98 | |
\ 86 % ¥ ¥ 2¥16.80 1  17.816 1 8840010 1 |
| 87 k £t 2 [ i6.8 | "2L.137 I 18.69 11.8 | |
i 88t &I 2V 32.@ | 8.0831 | | | 11
Eo8s bt 2§ i6.8 9.627 | | | L
| ge it LI 2| 16.9 | 6.035 | | | 11
LR S SR o R R () R I Uy 8 O L e e L |
1 %21 11 2132.6e1 21.32861 8.96 1.8 | ..
I 452 1 11 21 4.2 23.831 1 0.16 11.8 | |
} 453 ) 11 27116.860) 17,9381 5.41 (1.8 1 |
I 454 1 11 2 32.8 | 8.863 | | | 11
I 455 1 11 21 4.8 1 19.156 | 8.57 11.8 | |
I 456 1 11 21 16.8 | 8.031 | | | DR
| 457 1 11 21 2.4 1 15,813 | 7.88+11.8 | |

NODE ACTIVITIES

| NODE | TOTAL CALLS | CHPLTD CALLS | BLKD CALLS |

! 11 457 | 413 I 46 |
! 2 | ¢ | 8 ! 8 |
11-50
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1II. STATISTICS

B U C Blocking Probabilities (7)
160688 320808 50008 OGverall
KBPS  KBPS  KBPS

44,80 82.38 7717 11.888 40,989 5C.080 12,408

{ 43.08 88.68 7717 11,951 48.222 53.000 12.264
B 42,0890 98.67 7739 11.777 38.481 52.794 12,184
41.68 88.683 73857 11.488 37.835 52.65€ 11.964

E: 48.00 98.57 7981 11.364 37.118 52.152 1].842
i 39.00 89.81 7984 11.201 36.781 51.355 !1.741
[ 38.08 90.38 7952 18.895 36.546 58.368 11.633
37.68 98.16 7988 18.637 35.9086 69,219 11.533

36.68 83.98 8016 10.335 35.284 47.917 i1.422

35.00 89.33 7998 18.124 34.568 46.458 11.318

34.08 89.82 7969 9.864 33.982 44.832 11.282

33.08 89.51 7951 9.847 23.361 43.477 11.038
‘ 32.06 89.52 7978 9.766 32.937 41.968 11.881
‘ 31.60 89.82 7986 9.693 32.436 48.563 10.908
& ; 38.00 88.95 8664 9.656 32.602 39.525 18.822

29.00 88.15 8132 9.638 31.622 38.768 106.743
28.88 87.28 8164 9.660 31.287 38.684 16.672
27.08 87.82 8i48 8.78]1 38.998 37.483 10.667
26.08 86.91 8142 9.758 38.723 36.946 18.549
! 25.00 86.74 8137 9.798 30.387 36.462 18.497

! ) 24,00 86.82 8125 9.858 30.182 35.678 18.449
3 23.86 87.19 8187 9.857 29.843 34.966 16.404
22.80 87.16  81e4 9.765 29.534 34.315 10.368

21.80 86.23 8136 9.693 29.295 33.811 10.318

28.60 86.89 8153 9.636 29.176 33.348 10.278

19.00 85.47 2181 9.669 29.122 32.92¢ 18.248

) 18.08 85.89 8174 9.682 29.133 32.523 16.205
17.08 84.68 8168 9.613 28.8067 31.888 18.171
16.80 84.35 8162 9.639 28.552 31.143 18.133

& | 15.00 84.34 8157 9.688 28.315 36.521 16.108
I 14.00 84.76 8143 . 9.741 28.693 29.997 18.0681

i 13.08 85.82 8135 9.677 27.885 29.506 18.654

i 12.00 = 85.34 8127 9.532 27.683 29.845 18.027

' ! 11.60 85.36 8134 9.330 27.128 28.191 9.899
18.80 85.30 8139 9.149 26.605 27.385 8.971

| g 9.608 85.26 8144 8.986 26.118 26.625 9.843
| 8.80 85.16 8163 8.845 25.682 25.905 9.915

| 7.88 85.36 8164 8,612 25.007 25.223 9.888
6.00 85.38 8172 8.391 24.365 24.577 9.868
5.80 85.45 8188 8.181 23.756 23.962 9.832
4.80 85.38 8200 7.982 23.177 23.378 9.884
3.00 85.37 8215 7.792 22.625 22.821 8.777
2.69 84.68 8271 7.611 22,899 22.2906 9.758
1.08 83.28 8392 7.438 21.597 21.784 9.725

| VOICE TXMN EFF: 98.586 %
is the Initial bias period in minutes

B
U is the utilization
C is the bits per frame available for non-class | traffic

u-s:f

~
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' Letermination of the initial bias interval:
B S s =
i Time (min) Rvg Busy Ch Standard Dev
E. 1.80 44,9 8.600
E i 2.80 76.8 32. 668
i 3.00 1053 45.0626
i 4,09 118.8 48,401
B : 5.00 129.0 47.900
o 6.68 135.3 45.963
E 7.00 141.6 45.213
i 8.88 143.5 42.608
i S.08 145.6 42,582
! 18.08 147.1 38.777
E 11.60 148.8 37.370
Py : 12.88 151.8 37.877
‘= ; 13.¢e8 153.9 36.4089
E 14.00 156.4 36. 165
E | 15.08 156.7 34.968
l\ 16.60 156.3 33.909
| 17.00 155.2 33.176
I k i 18.08 156.6 32.325
E 1 19.08 153.6 31.766
£ ! 28.00 153.9 30.993
b 21.00 152.5 30.866
I 22.08 153.2 30.367
: 23.68 154.5 36.258
24.00 155.2- 29.804
25.08 155.4 29.225
26.00 155,7 28.7¢€5
27.990 156.6 28.193
28.00 155.4 27.863
29.080 155.1 27.421
30.08 154.8 26.998
31.e0 155.7 26.951
32.08 156.2 26.697
33.08 157.0 26.687
34.60 157.3 26.336
i 35.08 157.4 25.964
I 36.08 157.8 - 25.698
37.00 158.1 25.439
38.08 158.7 25.367 : .
39.00 158.9 25.066 4
. 48.08 159.4 24.949 '
e 41.08 159.7 24.697
42,08 160.2 24.658
43.08 160.8 26.618
4 44.89 160.7 24.338
S .
e 11-5 2
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TINME VRARIRTION OF MEAN  COF BUSY CHANNELS
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Channel allocations before

call K is dropped

call K is dropped

Channel zllocations after
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SOURCE
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Routing Table for Node 3

1¢ DesT | Then NEXT node is
Noda is }— : !
Primary becondary lTertiary
1Yl 4
21 2|1} 4
4 | 4| 2|1
200 KBPS 1000 KBPS

Routing Table for Node 4

Then NEXT
400 KBPS Primary"':ic—én—d—av_y
1§ 2 13
1000 KBPS
G 4
Routing Table for Node ], 2 2 .| 3
1t pest | Then NEXT 100 KBPS 3 3 2
| Node is
Node is - :
\V [Primary Focondary -
2 s 3 ' 5
Routing Table for Node
31 8.} &
; 1t pest | Then NEXT node is
4 2 3 Nog; = Primary Becondaryl Tertiary
1 1 | 3] 4
31| 3 1 4
4 | 419 |1

i

4 - Node nelwork with inhomogeneous links to illustrate
routing and unidirectional control

Figure A.l
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1. Flow Control shd Congestion

1.1. Introduction

In any communication network, there is a limit to the treffic it can carry. If the
traffic demand exceeds certain established limil, some of the traffic would have to be
rejecled. The state in which the network has to reject some traffic is congestion.

Congestion is a type of network failure which would demand more and more
attention as the network and amou:_*.t of traffic grows as it could degrade the network
performance severely. The present ARPANET flow control works quite well. ( A brief
descriptiom»gf control schemes with ARPANET as an example could be found in 7)
However, it is obseived that it may be only because most of lh_e time the channel is
under utilized. The busiest channel in ARPANET [KLE74] has an average ulilization of
only 20 7 and peak cf 50 7 only. Excluding the overhead, the peak utilization is only
about 25 7. A discussion of the source of congestion could be found in section
2.7.

Besides, the ARPANET flow control scheme is not without inefficiency. Since it lacks
the instantaneous current global knowledge of the state of the network transmission, it
cannot make the best and the fairest routing and flow control decision. Consider
another example, a node with two routes to its destination. With the present routing
scheme only one preferred route is being used, if two routes could be used =t the
same time the maximum amount of traffic between the two nodes could have been
doubled. ( see 6 for an simulation example )

Using a SENET concept with dynamic boundary between voice and data region , adds

extra flexibility and a new dimension to the already complicated control scheme. The
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use of multiprocessors au’dshl eliability to the network since graceful degradalion { with
reduced processing power ) at a node is possible. To mzke best use of the new ability,
the number of processor at & node should be taken into account during flow control
decision.

As there is no real analytic way to design a flow cenlrol schetne and most of the
scheme has been approached [FRA75] in an ad hoc fashion, the network characteristics
were studied ( with no global flow control ) for future reference in designing a control
scheme. There‘are two classes of flow control - local and global. ( see 1.2 ).
We are at present interested in local control only and 'P.wence noe global control is
implemented here. In other words, the nétw0rk wide congestion is essumed improbable

here.

1.2. An Overview of Flow Control Scheme

There are four major objectives in flow control [FRA73):

1 To avoid severe perform;mcé degradation rcsulting. from congestion.
2 To prevent cr'ippl‘mg deadlock. 4 .

3 To maximizé resource utilization and minimize delay.

4 To provide fair allocation of communication resources.

There are two classes of flow control .mechanism that can be distinguished -local and
global. Local control is concerned with decision making on the basis of information
available within a specific node or obtained from its immediate neighbors. It is a direct
consequence of the limited buffer space in each node. Adaptive routing is the local
control used in the ARPANET. The global control mechanisms would required

widespread knowledge of network activity to put some limit on the total number of

packets in the network.
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1.2.1 Arpanet Loca! Control i

Adaptive routing is the major technique used in preventing local congestion. About
twice every second, a node (IMP) exchanges with its immediale neighbor its current
routing information[GER75]. The information received by a node is combined with its
own knowledge to compute the routing table which gives the best output line on which
to place a packet bound for each destination. So packets could be routed from locally
congested area, over a whele region of network instead of a fixed route (sce

6 for an example). A more detailed description of the scheme could be found

in 1.3

1.2.2 Arpanet Global Control’

Source [ Destination Contro! [KAH71] It is concerned with the prevention of

congeslicn in the store- and-forward subnetwork. Buffer storage for a particular
message at the destination node has to be allocated first before the message is
allowed to enter the network. The source no issues an allocation reauest to the
destination, only when storage has been reserved at. the destination and allocation
control message returned in reply does the source node accepts the remainder of the
message from the host and forward it through the network. To allow high throughput,
subsequent messages to the same destination are allowed to bypass the handshaking

described above. The destination node, upon completely receiving the message,

-automatically allocates buffer storage for another message and returns notice of the

allocation with the "request for next message" (RFNM) acknowledgement to the source.

Host to Host Flow Control [KAHZ71]

It is concerned with fair distribution of available host buffer space among several
users. The receiving host controls message flow by periodically authorizing the sender
te send a given number of messages or bits,

11-3
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1.3. Preseni Loczl Flow Control Scheme

A local control scheme quite similar to the ARPANET adaplive routing scheme is
implemenied in thz simulation. The scheme couid be explained with the following
eyample.,

Consider a network with N nodes, each node i has an N # A matrix (A is the
number of links connected to node i ) called delaytable. Each of the entry of the
delaytable i (k) is the estimated minimum delay from node k to node |. From this table
an N-dimensional vector called the delayvec is obtained. Each of the entry of this
vector delayvec [I] of node i is the caiculaled minimum delay from node i te node |.
Mathematically,

delayvec{l] of i:= MIN (delaytable[k,i] +

delay from i to k+
length of the holding queue of node i)
whare k < A

From the delaytable a similar N-dimensional vector called routingvec is also
obtained. The routingvec[l] of node i tells it which immediate destination to send a
packet bound to some final destination (node 1). That is, for node i

delayvec[l]:= delaytable[routingvec[l]|] +
delay fromi to k +
length of the holding queue of node i

In other words, routingvec(l] points to the best minimum delay route. Periodically,

each node will update its routingvec and delayvec and send out to its neighbors its

delayvec. Each of the neighboring nodes will copy the delayvec into its delaytable and

used it in the future routingvec and delayvec computation.

Hi-4,
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The teble could reflect hv'.;".‘vurk congestion and node or-link failure. However,
disconnected node cannot be detected rapidly enough from delay vector, a special
protoco! for this is needed (sce section on 2) As the delaytable could not be
completely up to-date (i.e. immediate state of the network is not reficcted in the table)
during delayvec and routingvec calculations, routing foops which could degrade the
network performance severb!y could occur. This problem was encouniered in the
ARPANET, it was prevented by instead of modifying the vectors every 500 ms, the
new vectors calculated are kept and modified for 3 routing updates while the old
vectors are slill being used during this period. At the end of the 3rd update the clid
one would be replaced. This apparently provides enough time for a node to get
enough informalion of the nelwork to prevent routing loops. However, the
adaptiveness of the scheme is sacrified and the response time of the scheme 1o
cohgeslion is decreased.

It is felt that betler adaptiveness and response would be needed to make best use
of the new SENET concept where the resources for datz packets depend on voice
traffic. It was also noted that the delayvec camputation is not selnsible for some cases.
For example, in a straight line network 1 - 2 - 3 - 4, for node 3 to calculate the
delayvec or routingvec to node 1 would be meaningless. Routing loops could occur
when node 2 is congested and node 3 erroneously .considers node 4 as the shortest

route to node 1 under our present implementation.

1.4. Behavior of a Network Under Various Load Levels
The immediate efiecl of high load level in a network would be the buffer storape
requirement for packets to and from the node and 1/0 buffering. A series of test with

various load level was conducted on a simple network as shown in figure 5.1,

11-5=
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The two storage requirements considered were the holding queue ( for sterage of

Al
transmitted packets which are awaiting for their acknowledgements ) and the input
queue. ( for storage of inpul packets wailing to be processed ) There are four passible

combinations of buffer condition :-

1 Both queues are not full. Traffic is not

ol enpugh to cause
congestion. The time between putting a packet into the cutpul queue
and the packet being examined by the deslinalion is essentially lesse
than a frame time.

7 The holding queue is not full, but the input queue is full. The betlle
neck is the no. of processors to handle the incoming traffic.

3 The holding qucue is full, but the input quaue is not. Here the beottle
neck is the output device ( e.s. line ) or the destination node, It was
observed thal the input qgueue becomas full rapidly if the hoiding

queue remains full.

4 Both queues are full. This is the final state of state 3 if state 3 is
not checked. Polential deadlock could occur when the holding gus=ue
is too full to accept any packet from the input queve and the input
queue is foo full to receive any acknowledzemant which could ease

up the congestion in the holding queue.
Case two had been studicd with two different kinds of test. In one case the source
of packets generation was assighed infinile amount of memory, whereas a more

realistic size of memory vas assigned in the other series of test.

1.4.1 Description of Experiments and Resulls

Infinite Memory For Holding Queue

The data file and results could be found in section 5. In this series of
experiment, node 3, where most traffic was generated was given & large memory for
the holding queue (640,000 bits). This is similar to having a great no. of nodes
represented by node 3. The large memory is to keep node 3 from being congested, so

that node 2 would truly experience the traffic flow desired. The centre node was
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equipped with only one prucessor, so that congestion in the input gucue of nede 2
. [
(the centre node) wouid occur. The results that are of interest are ¢

1 The delay time It is the time between putting a packet into an input
queue and the time the packet is sent out frem the node.

2 The 7 rejection It is the 7 rejection of input packets by ihe line
controlier of center node.

Two series of tests were done. Each series consists of four set of data which are
almost the same, except that the rate of gencration was varied. The rates ranged from
.6 packets/ms to .9 packets/ms. The two series were run with a different rnr;dc;m seed
for their random number generator. It was found that the results from the fwo series
are quite close. (see figure 5.2 and .figure 5:3)

The mix of the traffic in the simulation was 50 7 type 3 and 50 7 type 4 packets. I
was found from the tests that since type 2 and 3 had higher priorities than type 4
packets, their delay distributions were duitc- constant (remained between 0 ms -20 mg)
throughout all the tests. However, type 4 packets experienced quile a wide range of
delay.

Congeslion of the centre node occurred between the rate of .7 packets/ms to .8
packets/ms. Congestion degraded the network performance severely. Delay of type 4
packets increased drastically as the network approached congestion. In fact, the
occurrence of congestion could be seemed from histograms for the delay of type 4
packets(see cection 5). As the packet generation rate ihcreased the delay of
type 4 increased accordingly.

7 line rejection remained around 32 7 for packet rate of 0.8 and 0.9 packets / ms.
The different is not too significant here because the simulation was limited by the
memory size at .9 packets/ms. Approximately .5 packets were rejected by node 3 (as

its holding queue was full) per 10 ms.

[

11-7
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Liniiea Memary for Holaimng Queus
1

Another series of similar tesiz wes run to observed the behavior of the network at
the threshold of traffic congestion. In this series, some background traffic was added
to the network (node 1 and node 2 generated data packeis too). However, only the
packels generation rate of node 3 to node | was varied. The network is more realistic
here because exlra large memary was not given to node 3. Essentially node 3 was
allowed to have congesticn if node 2 was congested.

For a description of the network see figure 5.1, In this experiment the
center node in the simulation was 2ssigned with cne processor only so that congeslion

at node 2 could be created. The three results of interest are :-

a The delay time - the time between pulting @ packet info an input
queuve and the time the packet is senl oul from the nede. (figure
5i5)

b The 7 of packets dropped by ihe destinaiion node. (designaled by 7
dropped on figure 5.6) (i.e. packets dropped by the
destinalion node duz fo congestion in the inputl queue/total packets
that were sent to the destination nede but not necessarily 2ccepted)

c The 7 of new packets rejected by the nodec. (designated by 7%
rejected on figure 5.7) (i.e. packets senl from local host
but rejected by the local node/total new packels generated by the
local host)

It was observed that when congestion (input queue filled) occurred the network
performance ( traffic delay ) degraded rapidly. Even at the threshold of congestion (
when data rate generation is .5 packets /ms ) the overall traffic delay time is
considerable lower than the overall traffic delay time of a slightly congested network.
It was also observed that at some point the delay time of the congested route is less

than the delay time of an uncongested route. It means thal the average delay time

over a short interval (few seconds) could not be an indicalion of the degree of

111-8
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congestion thal the traffic level could be encountering nor an indication of the amount :
L !
of excess traffic. H
!
! Extreme fluctuation of Z dropped and 7 rejected was observed. It was also obearved i
3 that with- different random sced for the random number generator in the simulation, i
T compleiely different characteristic curve could be oblained. It could be concluded that i
|
’
1 neither of this could be used as a measure of 7 overload. As was anticipaled, once the
. input queue is full, the holding queue of the sending node would become full rapidly. In ]
' our simulation, the 7 rejected curve followed closely with the 7 dropped curve, whicl
suggests that the holding queuve length could be a good indication ¢f the condition of
}, the corresponding receiving node if we have separate holding qucue for different
lines.
i
|
i
|
'
r ]
.
. .
\
™
=
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0

2.1. Error Control of Node-to-Node Packel Frocessing

<
t

It has been obecerved in the literature [Bur72] that conventional random-error or

ta communication. Since il has

burst-error-correcting codes cannot assure reliable da
also been shown qualilatively [Bur72] that automatic repeat request (ARQ) scheme are
inherently more stitable for most data communication than forward-error-centrol (FEC)

systems, an acknowiedgement/retranstiission strat {

o

gy was used lo handle da
y

transmission over noisy channels,
It is assumed that the data contents of each packet would be checked by the line

controllers agzinst error due to transmission. The packet would not be passed inlo the

=

node if found unacceptable. The node, nol seeing the packet would not send out any
negative acknowledgement signal. There are basically {three ARQ schemes:

1 Store, forward and wait. This is by far the most widely used scheme.
With this scheme, after sending a packet, the sending terminal would
wail for positive acknowledgement from the receiving terminal before
sending another packet . The scheme has the advantage of being
very simple. However, it is inherently inefficient due to the idle time
spent in wailing for acknowledgement or limeout for retransmission.

2 Store and forward. The same packet is transmitted repeatly until a
positive acknowledgement has been received. This scheme is simpler,
but it has the disadvantage of generating extra traffic and it suffers
from the delay mentioned in the previous scheme.

3 Store and forward. Different packets ere transmitted continuously. If
no positive acknowledgement for certain packet has been received
after an elapsed period , that packet would be retransmitted.

It is sui;ges&ed that for highly noisy link (e.g. satellite links) scheme 2 should be

used. However, for our network scheme 3 is to be used.

111-10
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2.2. Reflransmission Siralegy
= s a packet moves through a node, the node stores the packet until a
positive acknowledgement is returned from the succeeding node.
This acknowicdgemeant indicales {hat the packet was received withoutl
. error and was accepted.
] |
3 c Once a node has accepled a packet and returned a posilive
acknowledgement , it holds onlo the packet until it in turn receives
. i
an acknowledgement from the succeeding node. }
- {
‘ = If the packet is not accepted by the receiving node, no : i
acknowledgement would be sent. This would be readily detected by
the sending node from the absence of a returned acknowledgemen ‘
within a reasonable time interval. The packel would be retransmitted g
'\ . There is a probability that the acknowledzement might be received :
i just “after the retransmission In this case the packet in a holding ‘
L |
queue would be deleted. X
- Ackriowledgem=nt themselves are not to be acknowledged
'
- Loss of acknowledgement resuits in the eventual retransmission of
the packet.
| - Duplicated copics would be sorted out by the host of the final
‘ destination.( i.e. there is a reassembly queue aithough we do not
] . . . .
| include this feature in our experiment ).
» .
2.3. Error Conirol on Link Failure
| ‘ A link would be declared down if a number of immediate response request had been
i sent through the link at fixed intervals and yet no positive response has been received
. | via the link. 3
1
i .
The transmission of a immediate response request could be invoked under the 5
| : ' ‘
following conditions:
1 Sustain  absence on that link of either regular packets or
) { acknowledgement.
. t y I
! 2 The no. of times a packel has been retransmitted through the same
ot I link has excecded some thresiold.
|
e ;
l |
-1 |
|
d | 4
1} .
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o No POSIUVEe espionseg has veen roc ed for an eariegr tmmedale
‘ response requasl.
; 4 Receipt of reqguest from other node to send immediate response 1
3 reqguest. ;
( see test case showl.a in section ? for detailed examnple)
o In order to keep the link from overflowing with immediate response reouests (thi: i
2 may happen if all of the above condition is satisfied at about the same time). A fixed
amounl of time has to be elapsed before the next request would be sent oul.
2.3.1 Control After Link Faiiure is Retecled
’\ - Reuting table of the node that detects the faull would be updated
4
- New routing information would be sent to the neighbor node. The neighboring
node upon receiving the new rouling information would update portion of its routing
! table.
1 - As each node has a record of node condition of all the nodes in the network (it is
the number of operating links connected to that node) Thie record eof the detecting
'
node would be updated. There are three possible outcomes :
-
1 The detecting node discovered that it is discennecled. It would stop 1
transmitting and receiving packets. 3
‘ 2 The other node is disconnected. In this case the "bad news" would be
propagated to all the other nodes. The receiving nodes would stop
transmitting and accepting packets for the node that is down.
. e .
3 The node condition is not zero. The node would send out control
packets to all the nodes for them to update their records of node
condition. The node (sender) would wait for control packets from
other node infc  ing it of the condition of the node on the other end
i of the link whicii 1s down. If no posilive response is received afler a
prespecificd pcriod, the node would assume that the node at the
other end of the link is down and would generated packels to
announce the "bad news".
3
L
- »

’ [1-12
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4

2.4. Error Conirol on Node Failure

A node would be declared down under the following conditions:

1 The record of the number of lines connected to the node has become
zero. (sce test case show? in section 4 for a delailed
exatple

2 No positive response about the node has besn received since the

transinission of control packets requesting information about the
node and that elapsed time has exceeded a threshold. (see test case
SHOW1.C in seclion 4 for a detziled example)
2.4.1 Control After Node Failure is Dolected

- routing table would be updated

- the packels of the node would be dropped

= no more new packets for the node would be gencrated

=~ lhe news wouid be propagaled to all the othier nodes via special control packels

A discennection of a nelwork into 2 separale nelworks is not assumed to happen

here.

2.5, Conlrol Messages for Error Control
The individual control messages used for error control described above are listed
and described in the following.
The format for traces of these control packets is the same as trace for
acknowledgement packets described in Part 1. In short, it is !
<time> GEN CTLPKT <packet> <source> <destination> <sender> <receiver> :
<msgl> <msg2> <msg3> <msgd> <msgh> <meg6> <length>
There are six {ypes of conirol messages that are cencerned with error control.

They are,

1-13
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25.1 lmmediatle Response Reauest

It (type 23) is generated when the source node suspects that the link connecting it

T
o
o
=
o)
=
2

to the destination node is malfunctioning. to be acknowledped

=~

immediately by the receiving node. Absence of acknowledgement (sce 285.2

below) would invoke retransmission. If the number of retransmission has excecded

certain prescribed limit, the line would be considered down and suitable procedure
would be invcked.
It has a trace format of the following form:

<{ime> GEN CTLPACKET .....<receiver>

230000 0 <lengih>

2.5.2 Acknowledgement for Immediate Response Request

It (type 24) is generaled in response to an immediate response request (sce 25.1)
Its destination would be the source node of the immediate response request packet. It
is similar to the general acknowledoement for d:gta packels, except that it has
informalion concerning the condition of the source node (i.e. the number of functioning
link connected te the source node).

It has a trace format of the following form:

<time> GEN CTLPACKET .... <receiver>

24 <packet number> <node condition> 0 0 0 <length> 5

where,
<packet number> is the packet number of the immediate response request packet

<node condition> is the number of operating links cannected to the source node.

11-14




s

DCA100-76-C-0058 May 30, 1977

252 Node Infcimation
-

This type of packet (type 25) would be invoked if a link is declared down by the
source node. It informs its destination node the node condition of the scurce node and
that the node at the other end of the link which is down has one less functioning link.
It also acls as a request for the destinalion node to test that specific nede if {he
destination node is a neighbor of that specific node.

It has a trace format of the following form:

<time> GEN CTLPACKET <source> <destination> <sender> 0
25 1 <node condition> <specific node> 0 0 <length>
where,

<node condition> is the number of operating links connected to the source node.

<specific node> is the node number on the other end of the link which is down.

2.5.4 Node Status Information
This packet (type 26) is generated to inform the destination node which earlier has
sent a NODE‘ INFORMATION ( see 2.5.3 above ) control packet, that a specific node is
functioning.
It has a trace format of the following form: '
<time> GEN CTLPACKET <source> <destination> <sender> 0

26 <specific node> 0 0 0 0 <length>

2.5.5 Node Down Information
This packet (type 27) inforrs the destination node that a specific node is down. It

also contains the source node condition (i.e. the number of operating links connected to

the source node).

It has a trace format of the following form:

Hi-15
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tirmmnS> Tl DACKET «< N B Ealesi Bloniaty @
ttme> G i ALRL T <s0urce? <deslinauon> <sender> 0
)

27 0 <node condition> <node number> 0 0 <length>

where, <node number> is the number of the node which is down

2.5.6 Routing Information

The packet (type 28) is used to transmit routing information of the source node to
the destination node ( which is a neighbor of source node ). The delayvec of the
source node is transmitted. Since it is possible for the destination node to examine the
source node in the simulation, the packet is a dummy packe! which inifiates the
destination nods to copy the delayvec of the source nods to the delaytable of the
“destinalion.

It has a trace format of the following form:

<time> GEN CTLPACKET <source> <destinalion> <sender> 0

28 0 0 0 C O <length>

2.6. Trace Formats for Evror Control

26.1 Packet Rejection by Node and Local Hnst

The PKT RJCTD entries have the following form :

PKT RJCTD <pkt> <r.sn> <r.dn> <this node> <r.lyp.xc> <r.length>

The PKT RJCTD entry describes the rejection of a packet when the destination nods
of the packet is not functioning.

The HST STP entries have the following form:
HST STP< > <r.sn> <r.dn> <r.type>

The HST STP entry describes the rejection of a packe! generated from a local host

from being put into the input queuve. The rejection of the packet could be due to:

nr-16"
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1 the nudefDnh:‘ctmg to the local host is not functioning.
2 the helding queue of the node is full

The M.FULL entries have the following form:
M.FULL <pkt> <r.sn> <r.dn> <this node>

The MFULL entry describes the rejection of a packet which were already in the
input queue of the node due to filled holding queue The packet could be from the loca!
host or line input.

The XPKT RJCTD entries have the following form:

XPKT RICTO  <pki> <r.sn> <r.dn> <this node> <nxt node>

The XPKT RJCTD entry describes the rejection of a

packet from the holding queue because the number of retransmission of the packet

has exceeded a prescribed limit.

2.6.2 Packets Rejection by Line Controller

The INDRP entries have the following form:

INDRP <ph!> <r.sn> <r.dn> <this node> <nxt node>

The INDRP entry describes the dropping of an incoming packet because of the filled
input queue.

The DRP entries have the following form:
DRP PKT <pkt> <r.sn> <r.dn> <this node> <nxt node>

The DRP entry describes the dropping of an oulgoing packet to simulate line failure.

2.6.3 Miscellaneous Traces
The I'M DISCON entries have the following form:

I'M DISCON <this node> <last connected node>

1-i7
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| Thi ' DISCON ¢ v th Wi c ol i ; ' that i} i ¥ iz

disconnected.
The RETX PKT entries have the following form:
RETX PKT<pkt> <r.sn> <r.dn> <this node> <nxt node> <r.fype>

The RETX PKT entry describes the retransmission of 2 packet.

2.7. Behavior of No

rorks wilth Component Feilures

The limited storage capacity of & store-and-forward node makes it vulnerable te
congestion if packels are allowed to enter the sysiem faster then they are delivered
to their destination. Failure to deliver packets at a rate as fest as they are received

could be due to:

a Congesticn al the destination node.

j b Limited capacily of the outpul devices (lines).
c Simultancous selection of the same route by different nodes. ( cee

example in seclion 6 )
1 Congestion usually occurs with component failure ( node, ling, elc. ) Under our

present distributed routing scheme, components failure could not be adjusied

g

| immediately and hence the scheme could not be effective and optimum for a long time.
1 | Routing loops which could degrade the system performance drastically could occur.
: ! 2.7.1 Description of Experiments
l The following types of component failure have been studied and could be found in
4

' line failure
i Network studied:

. u a. A fully connected network of threc nodes (a triangle). Test case

b SHOWLA.

m-18,
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b. A slraight line network of 3 nodes. Test case SHUWIL.B.
c. A straight line network of 4 nodes with link failure in the middle.

(disconnecting the network into two halves.) Test case SHOW1.C.

d. A two connected four node netwerk ( a square ) with link failures
disconnecting the neiwork into two kalves, Test case SHOWL.D.

node failure

fc

Network studicd:
A fully connected 3 node network (a triangle) with node failure.Test case
show?.
2.7.2 Results

Results of simulation were condensed into formats as, described in 3.
However, only the results of interest to the above tests were atfached. They are the
data files, major traces of error deteclion contro! packels generated ,graphs and tables
of trafiic beiween nodes are attached in Chapter 4.

Depending on the flow of traffic, congestion may occur with any failure. However, in
the tests performed, congestion occurred whenever failure tiappened even though the
line utilization is only 10 to 25 7.

The protocol was sufficiently fast enough to detect failures within 625 ms after

failure occurred (it depends on the parameters for error contro! that was selected.

For example, Nopktinterval, Timeout). However, it is not inteliigent enough {o detect

disconnection yet. Depending on the flow of traffic, congestion may occur with failure.
However, in the tests performed congestion occurred whenever failure happened even
though the line utilization was only 10 {o 25 7. The adaptive routing scheme worked
sufficiently well in some cases and was able to swilch the roules before failures were

discovered.
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i Although more siorage would increese the mean time between congesiion, more
| -
storage alone cannot, in general prevent its occurrence. However, it ceuld be reasoned
24 '° that large slorage could possibly stamp out congestion due to small transient and thus
! 2 - i - - : . s - . 3 Sdle
| preventing potential deadlocks. Assuming the time for discovering a failure is 250 ms
|
F I and the channel utilization of a T1 carrier is BO 7 {purely dala packets ~ 7000 bits), it
|
5 would nced 250 ms * 7000 bits per frame/( 10 ms per frame % 3 bits per byte ) -
| ‘e

F : { 22kbytes ( which is more than half of the storase for normal cperation ) lo absorb the
extra packets. Hence te prevent c_on(‘-,'r,\ciion due to component failure under heavy load
E condition, simply increasing the sfo*ve size is impractical. Congestion is inevitable if
| ‘\ line or node failure does occur under heavy load condition. Prompt failure discovery is

needed to reduce the level of congestion.

1
|
|
|
|
|
'
L 3
.
|
i
'
| 3
|
|
|
i
i .
L
)
- N
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The simulation results are condensed into two groups -

Collection of Experiment Resulis

1. Internode Traffic

May 30, 1977

The results tabulated are concerned with the traffic between two specific nodes.

2. Intranode Traffic

The results tabulated are concerned with the overall {raffic of a specific node.

30 10

Internode traffic results are further subdivided into two categories:-

3.1.1

The following takles are concerned with the internode traffic density.

Internodea Traffic

Density

TROLE 1R

FRCGI NODE 1 TO NGDE 2
TINE HOST LINE NCDE RET
(ms) TRAF TRAF TRAF TRAP

[ [¢] 558 5869 8
18086 0 632 637 e
2008 e 577 578 8
3888 8 £76 $72 8
4000 [¢] 599 603 0
50080 0 627 627 4
6000 ¢ €25 621 8
7000 8 589 592 1}
8000 8 bi6 616 %]
geoe e 587 582 8

TABLE 1B

FROM NODE 3 T0 NODE 1
TIME HOST LINE NODE RET
(ms) TRAF TRAF TRAF TRAF

¢] 600 0 8 8
1600 630 3} 8 0
2000 567 4] ] ]
3000 577 0 8 e
4000 5399 0 8 e
5000 611 8 e 1}
6000 622 &} e ¢
7000 534 i} 8 e
&000 6es 4] ] 0

RIS S TR — e

1+N
REJ

©<

Lo~ I~ I T -~ . - I~ B~ )

HaN
REJ

o

o000

LINE
REJ

OO CcoOoOODOED®

LINE
REJ

(]

oo

oo

RET
REJ
8

[~ B~ I~ T~ ~ .~ B~ B~ Jee B v )

HOST
END

f=~]

mPocooo®e oo

HOST
END
587
633
574
568
589
623
617
569

6l

RCDE
END
587
632
577
576
5499
627
625
589
616
587

NODE
END

-]

oOcoo0o000 D
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936y Y606 ; v ¢ 0 , e 578 i
The tables above have four major columns : TiAE, TRAF (traffic), REJ (rejection) and
END ( arrival ). Individually, they are
a. TIME (time in millisecond since the start of simulalion) The column (table 1A)
contains the starting time of the interval in which the results were collected. For
example, (table 1A) the results in the second rew were coliected between the interval
of 1000 ms to 2000 ms.
b. HOST TRAF (HOST TRAFFIC)
The column (table 1B) contains the number of packets (iype 3 or 4) generated by
local host to the host of the other node. For example, in the 2nd column of the first
row in table 1B, 600 packets were generated by host of node 3 to host of node 1 5
during the Ist 1000 ms.
c. LINE TRAF (LINE TRAFFIC) '
The column contains the number of packets (all types) thal were sent through the i
link connecting the two nodes. (in one direction on'y). For example, consider table 1A,
in column 3 of row 1, 588 packels was sent from node 1 to node 2 through the link ;
between node 1 to 2. 1
d. NODE TRAF (NODE TRAFFIC)
The column (table 1A) contains the number of control packete (type 2) generated by
node 1 to node 2.
e. RET TRAF (RETRANSMISSION TRAFFIC)
The column (table 1A) contains the number of packets (all types) that were
retransmitted from node 1 to node 2 via the link between node 1 and 2.
f. H+N REJ (REJECTION BY NODE and BY HOST OF THE SOURCE)
-22 %
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Each row of the column (iable 1A) conlains the number of new packels (all types)
that would have been generated by the host of nede | or node 1 if they were not
rejected by the node {(dus to filled holding queus).

g. LINE REJ (REJECTION BY LINE CONTROLLER OF DESTINATION NODE)

The column (table 1A) contains the number of packets (ail {ypes) that would have
been accepted by the line controller of the destination node (nhode 2) if its inpul queue
was not full.

h. RET REJ ( REJECTION OF RETRANSMITTED PACKETS )

The coluran (table 1A) contains i‘he number of packels which had been retransmitted
for several times and the number of retransmission had exceeded certain preset limit
and hence discarded. (note: the paclkels concerned here are packels whose source is
node 1 or host of node 1 and whose final destination is node 2)

i. HOST END (ARRIVAL OF PACKETS TO DESTINATION HOST)

The celuman (table 1B) contains the nuimber of packets (type 3 and 4) which had
arrived the desiination host. Here the packets were generated by host of node 3 and
the destination of the packets were node 1.

j- NODE END (ARRIVAL OF PACKETS TO DESTINATION NODE)

The column (table 1A) contains the number of type 2 packets which were generated

by node 1 and had reached their final destination - node 2.

3.1.2 Delay

The delay tables considered here is the time between the generation of a packet
and the time the packet being exarined by its final destination. The delays were
tabulated into two formals:

a. MEAN, VARIANCE and PACKET COUNT during different intervals (table 2)

111-23
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TABLE 2 v
TYPE 3 PRCLEYS BETKEEN 3 T0 i
TINE HEAN VAf coung
€ 13. 162 323
1000 13.633 .
2008 16,881 K
3000 3.281 373
4080 13.021 33
5060 12.128 353
6eeg 11.214 358
70088 £1.943 351
8889 12.842 314
Goea 12,6428 326

The means and variznces of transmission delay of different tvpe of packet between
their source and dactination were tabulated. For example, from the table sbove for
packels of type 3 generated by host of node 3 te host of node 1 has a mean delay of
16.311 ms and a variance of 13.201 ms during the interval of 2000 ms o 4000 ms.
373 packats arrived the destination during the inferval.

b. HISTOGRAMS of TRANSMISSION DELAY (both ectua! count and 7 count )

TABLE 37
histogram cf type 3 fron 3 to 1 (in packet count)
time created to time examined by the destination

time | € - | 10~ | 28- 1 38- | 46~ | 50- | 606~ | 70- | 88~ 1 2C- | 180 |
(ms) | 16 1 28 |38 |48 156 168 178 | & 189 1188 1 up | total

8 18 245 59 8 6 e 0 g ¢ 6 8 323
1088 32 - 271 51 e e 6 o 0 6 L4 6 354
2688 18 291 48 8 0 0 8 8 6 Y 8 357
3000 24 283 65 8 6 € 8 8 8 e 8 373
4800 25 258 49 8 8 [} 8 6 8 0 8 332
5000 17 278 58 8 4 8 0 0 6 9 & 383
6668 13 285 61 8 8 8 9 0 8 ] 8 359
7008 28 286 45 8 8 ] 8 4 8 8 8 351
8000 13 235 66 ] 8 e 8 4} 0 0 8 314
9008 18 248 ce 6 ] ] [} ) 8 0 6 326

OVERALL 199 2688 563 8 0 e ] [ 8 6 8 3442
TABLE 3B
histogram of type 3 from 3 to 1 Gin ?)

time created to time examined by the destination

time | 8 - | 18- | 20- | 38- | 46~ | 56~ | 66- | 70~ | &8- | 94- | 160 |

(ms) | 18 120 138 1486 150 | €6 178 188 188 | (651 wup |

8 5.9 75.9 18.3 0.8 8.6 9.8 6o.0 0.8 0.8 &.8 0.8

1000 9.6 76.6 14.4 0.8 6.0 0.6 0.0 6.0 0.6 0.6 0.8

2000 5.6 81.5 13.4 6.0 6.0 0.6 6.0 8.8 6.2 6.8 6.9

3800 6.4 78,8 17.7 @8.¢ 06.¢ 6.6 8.0 6.¢ ©.8 0.0 9.8
11-24
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!
4048 7.5 77,7 4.8 2.8 @@ @8 6.8 6,8 6.0 9.8 8.6 ;
5086 4.8 78.8 16.4 600 6.6 e.g 0.8 8.8 0.0 6.8 €.6
6080 3.6 794 17,6 @6.8 6.8 0.4 6.9 9.8 8.9 9.8 0.8
7002 5.7 81.5 12.8 6.8 ] 8.8 g.6 c.e 6.8 £.6 8.6
{ geae 4.1 74.8 21.@ 6.0 a.0 8.0 8.0 0.0 8.6 8.8 g.e
i Sega §.5 76.1 18.4 0.0 6.0 6.0 8.0 8.8 6.0 6.0 e.8
‘ OVERALL 5.8 77.¢ i6.4 8.0 6,6 8.8 6.8 8.8 6.8 8.0 0.8
p Delay histograms of type 2, 3 and 4 were tabulated versus time (10 ms histogram
) interval). Different histograms zre obtained for different intervals of the simulation as
well as for the overall simulation interval. For example (table 3A), row 3 contains a
histogram of delay during the interval 2000 ms - 3000 ms. 291 packets hed a delay of
10 ms - 20 ms during this interval. The tota! number of packels of type 3 that arrived
during the interval is 357. Correspondingly row 3 of table 3B shows that 81.5 7 of
packets arrived during the 10 ms {o 20 ms time slot. The column * 100 up “ contains _
|
the nuinber of packets that experiznced a delay of mare than 100 ms. i
| |
3.2. Intranode Traffic
Similar to the above condensed node to node results the resulls are divided into two g
. ) ' 1
! categories :- |
|
¢ ; l
| 3.2.1 Density “
! TABLE 4
! node 3
f TIME HOST LINE NKNODE LINE H«N 7REJ ZREJ
(ms) TRAF  TRAF TRAF REJ REJ  H+N  LINE
4 8 600 590 3 ] 0 6.6 8.0
3 | 1888 638 637 4 ] 6 0.6 0.6
| 2006 567 577 4 8 0 0.0 0.0
3008 577 573 4 3} g 6.6 0.0
4800 599 682 4 8 3} 8.8 0.6
| 5000 611 626 4 e 0 8.6 ¢.0
‘ 6008 G622 623 4 8 8 0.8 0.0
7000 594 591 3 8 0 2.0 0.0 ‘
8808 685 616 4 ) 6 8.6 8.0 ‘
! 9600 586 583 4 ] [} 8.6 0.8 1
1 |
<
=
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an individual node and traffic rejecied. The colurmns are explained as foliows :

a. TIML

As before this column indicates the start of the interval in which the resulls are
compiled. For example, resuit in row 2 of

to 2000 ms.

the table was collected during the interval of 1000 ms

b. HOST TRAF (Host traffic)

Each row of the column contains the total number of packets (lype 3 & 4) generated
by host of node 3 and accepted by node 3. .

c. LINE TRAF (Line traffic)

Each row of the column contains the total number of packets ( all types ) which
were sent to node 3 and were accepled by nods 2.

d. NODE TRAF (node traffic)

Each row of the column contains the total number of contro! packels (type 2 ) that
were generaled by node 3.

€. LINE REJ (line rejection)

Each row of the column contains the total number of p.eckets sent from nodes
connecting to 1 but were rejected by the line controller of node 1 ( rejected because
the input buffer was filled ).

f. H+N REJ (Host and node rejection)

Each row of the column contains the total number of packets that would be
generated by the host of node 3 or node 3 if the holding queue of node 3 was not full.

g. %2 REJ H+N ( 7 of Host and Node rejection) ‘

Each row of the column is the result of 100 * (H+N REJ)/(H+N REJ + HOST TRAF +

NODE TRAF) where the variables are from the same row.

11-26
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h. 2 REJ LINE ( Z of Line rejection)
Each row of the coluran is the result of 100 # (LINE REHALINE REJ + LINE TRAF)

where the variables are from the same row.

3.2.2 Delay

This is concerned with the processing time of packels in a node (i.e. the time the
packets is put into the input queue of the node to the time the packet is sent out of
the node). It is a measure of queueing delay in the node.. Again it is condensed into
two formats very similar to those in node to node results.

a. The MEAN, VARIANCE and the tofa! nuinber of packets

TABLE &
TYPE 3 PACKET (time put into node to time sent out of noda)
TINE MERN VAR COUNT
4] 5.588 5.756 310
10060 5.702 6.591 316
2000 5.614 €6.576 274
3000 S 715 7.080 336
4003 5.452 5.738 291
Seu 5.429 6.291 318
eeed 5,437 6.814 318
7009 5,753 7.125 282
&000 5.854 Folel 288
5088 5.868 6.582 291

For each node two tables were tabulated for type 3 & 4 packets only because it

was found thal type 2 packels always have a delay less than a frametime.

1n-27
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. . ™~ A\
b. Histogram ( of qusueing de! 3y )

E . TARLE €f
"1 node 3 (Histogram of typa 3 packet counts)
tima put into inputl gqueve to time t outl by line
time | 8 - | 10- | 28- 1 768- | &0~ | € I 188 1
(ms) | 18 | 28 | @ 180 193 1 te8 1 wup | total
8 345 5 n ) e e { i) i 8 g 3ia
3 1000 19 @ P ( g g 8 e L g 3l
I 2008 264 10 ¢ 4 ¢ 8 6 8 8 9 8 274
F 3960 289 11 f g g ) e @ g 6 8
- 4009 281 i ¢ 6 B e @ g ) G 8 291
3 5006 311 7 6 8 0 (i g g g 0 8 318
6060 303 15 e e 8 0 6 i o @ g 318
7080 277 12 8 0 0 (i} Y e 6 d 8 289
8000 279 18 e 8 6 ¢ ] g 0 o g 288
: 9080 289 11 6 e ¢ ] 6 ¢ 8 e 8 291
3 TOTAL 2877 118 ¢ 6 6 e € g 8. 9 e 2995
¥ |
E ,\. TABLE 6B
: CORRESPONDING % H1STOGRAI
; time | @ ~ | 18- | 28~ | 38- | 46~ 1 50- | 68~ 1 78- | 88~ 1 80- | 188 |
(ms) 1 10 128 138 |46 158 (68 178 1& 196 | 168 ! wup |
: ; ] $8.4 1.6 8.6 @.8 8.0 6.8 e.8 6.2 6.6 0.6 0.8
E | icee 8.0 6.6 6.8 9.8 ¢ 8.6 6.0 ©8.¢ 8.8 8.8 6.8
\ | 2000 95.4 3:6 8.8 6.6 .0 ¢.8 9.8 .8 9.8 8.8 .8
; ’ 3600 983 3.7 8.8 o @6 %68 o8 8.8 G5 88 0.8
s | 4008 9.6 3.4 6.6 6.8 -6.6 e.8 @e.¢ 8.6 .8 0.0 8.8
5000 97.8 2.2 9.6 9.8 0.6 @0 8.8 6.8 0.0 &9 0.8
6060 95.3 4.7 9.4 B0 b84d G.8 @0 BB €9 o4 €9
' 7800 95.8 4.2 8.8 8.6 )8 6,0 6.6 6.0 8.6 8.8 0.9
8600 83.8 6.3 9. 0.8 6.5 6.8 €0 6.0 @0 ‘g0 @G.0
9800 86.2 3.8 8.0 6.0 8.0 -9.6 0.0 @& 8.0 8.6 0.0
- TOTAL 96.1 3.9 .86 8.0 8.6 ¢.06 8.8 6.0 8.8 0.6 0.0
-
Tables of histogram for type 3 and 4 packets were tabulated for each node. (table
‘
above). As for node to node results, histograms of packets count as well is 7 count
; are available. The histograms have a format similar to the histograms described for
y . }
table 3A and 3B.
|
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; 4. Error Control ApCriments ;1
| i !
i i
| The following is a series of experiment on error delection protcccl. They could be !
i found described in 2.7. The experiments done are: i
| a. A fully connected network of three nodes (e triangle). Test case
) SHOW 1.A.
4 . . . ' IOV A
b. A straight line network of 3 nodes. Test case SHOW1.B.
F
¢. A straight line network of 4 nodes with link failure in the middle.
I , (disconnecting the network into two halves.) Test case SHOWI.C. i
E d. A two connected four node network ( a square ) with link failures %
- disconnecting the network into two halves. Test case SHOW1.D. :
‘\ e. A fully connected 3 node network (a ftriangle) with node

failure.Test case show?.

4.1. Test Case SHOWIL.A

t
The fcliowing is a data file used to demonstrate the error control procedure of the
: network when a link failure occurs. The neiwork is a three nodes network which is
E
E ' fully connected as shown in figure 4.1. Link failure between 1 and 3 was scheduled at
F -4 600.0ms. (file SHOW1.A)
b NEWNET 3
] PROCNUM 1-1 2-1 3-1
i‘ 1 FRAMETIME 10
; CONNECTIONS 1-2
L CONNECTIONS 1-3
-t CONNECTIONS 2-3
, HOST 1 H 2:050 4
HOST 1 H 3:0.50 »
! HOST 1  A:0.10 D:0.50 | 3
! HOSTH 2 H 1:0.50 il
HOST 2 H 3:0.50 : ‘
HOST 2 A:0.10 D:050 i
HOST 3 H 1:0.50 {
- HOST 3 H 2:0.50 8
HOST 3 A:0.10  D:0.50 !'
TRACE DSK:TSHOWI1.A ;
= Fail Link 1- 3 600.0 E
o WMOVEDELAY  0.00500
| i

i . 11-29
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MAXHOLDQ 2 128

MA)’h oLEX 3 12§
' MAXIN "".f‘i-\", Q 1 55000

MAXINFRAMEQ 2 56000

MAXINFRAN 3 HBEOCO

f\ |'\,. L)E._ U/’\\ﬁl f\ E‘
x 2000

The calculated time taken by a node o detect a link failure since a link is brought
down is given by Nophiinterval + (Hellolimit + 2) * timeoutinterval. It gives 625ms in
ll{is test. As predicted the time at which the failure was detected was around 600ins +
625ms = 1225ms. The adaptive routing showed ils effectiveness in our simulation. In
fact, the routing for packets from node 1 to node 3 vras switched to pass through node
F 2 before failure was detected. This could be seemed from the significant increace in
line traffic from 1 to 2 during the inlerval of 1000ms to 1200ms (see accompanied
figure 4.2 & 4.3). The adaplive routing was not fast enough to switch the route from
node 3 to node 1 though. There was a large spike of traffic through node 2 during the
interval when link failure was detected. This was because of the retransmission of
packets from 1 to 3 via node 2 and vice versa. This polentially would lead to
congestion if the traffic waﬁ higher. Node 3 changed ils routing table as soon as link
failure was detected and was >able to prevent congestion which might happen if it had

to wait for its next routing update time.

Traces of Major Control Packets for Failure Detection

i . To explain the operation of the error detection procedure, the trace of special
control packets that were generated when a link failure is listed and explained below.

(SHOWL.A)
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nole: Unimportant portions of control mecssage had been truncaled (message,
-
contents <msgl> <msg2>.<msgb>),.since they zre not necessary for the understanding

of the prctocol.

# TINE RCTICN PKT # Or Dn Sn Rn TYPE
i 710.896 GEN CILPKT 462 3 I 3 1 23
2 728.052 CEN CTLPKT 485 1 3 1 3 7
%, 840.036 RETX PKT 442 G
4. 846.801 RLTX PKT 465 1 3 1 3
S, 866.782 RETX PRI 462 3 L 3
6. §71.347 RETX PKT 465 1.3 1 B
7 1699.853 RETX FKT 462 3 1 3 I
8 1188.556 RETX PKT 465 1 3 1§ 3
9. 1226.511 GEN CTLPKT 749 3 § 3 8 25
18, 1226.511 GEM CTLPKT 758 3 2 3 8 25
11, 1226.51% GEN CTLPKY 751 3 2 3 8 28
£2; 226.511 XPKT RJCTD 482 3 1 3 |
13. 1226.454 GEN CTLPKT 755 1 2 1 8 25
14. 1226.454 GEN CTLPKT 756 1 3 1 @ 25
15, 1226.454 GEN CTLPKT 757 1 2 | 8 28
186. 226.454 XPKT PJCTO 465 1 3 1 3
12 1235.677 REC CTLPKT 7585 1 2 1 2 25
18. 1236.877 GEN CTLPKT 758 2 f 21 1 755
19. 1230.677 GEN CTLPKT 759 2 3 2 3 23
28. 123¢.323 REC CTLPKT 756 3 2 3 2 25
2L 1238.323 GEN CTLPKT 762 2. 3,2 @ .I' 750
2. 12648.129 REC CTLPKT 756 1 3 2 3 25
23, 1248.129 GEN CTLPKT 775 3 2 3 2 L 756
2¢. 1246.266 REC CILPKT 748 3 1 2 t 25
25, 1248.266 GEN CTLPKT 776 1 2 § 2 1 749
Explanations: ’
line
1 immediate recponse request control packet (# 462 ) generated by node (On) 3

to node (Dn) 1 as link 3 to 1 was suspected to be not operating.

2 Immediate response request control packet (# 465 ) generated by node (On) 1
to node {Dn) 3 as link 1 to 3 was suspected to be not operaling.

3.-8 Retransmission of Immediate response request control packets after about
125 ms of last transmission.

9-10 Link of 3 to 1 was detected down by node (On) 3 after three retransmissions
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of packet % 462.The news was propagated to node | and node 2 by generalin
%

packets # 749 and ¢ 750 respeclively. (Node information packets)

11 Updated naw routing information was {ransmitted to the connected
neighboring node cof node 3 by packet # 751 (lype 28, here to nede 2 only, since link

3-1 was disconnecied)

12 The Immec

response request packel # 462 dropped (since it was no
longer needeod)

13-16Similar to 9-12

17 Packet # 755 (type 25) sent from node (On) 1 to node (Dn) 2 received and
processed by node 2.

18 Control packet # 758 genecrated to node 1 to acknowladse arrival of packet

19 lode 2 upon receiving the control packet # 755 frem node 1, decided o {est
if node 3 was actuaily down or not by sending out a immcdiate response request
packet # 759 to node 3.

20-21 Since node 2 had received a control packet of type 25 from node 1 not too
long ago, upon receiving control packet # 750 of type 25 from node 3, if would not
send out a immediate response request packet to node 1 as it knew that node 1 was
up.

22-23Node 3 received the packet # 756 type 25 generated by node 1. Since it
knew that the link was down, no action was taken. Acknowledgement ( #775 ) for
packet #756 generated.

24-25Node 1 received the packet # 749 type 25 generated by nods 3. Since il
knew that the link was down, no aclion was taken. Acknowledgement ( #776 ) for

packet 4749 generated.
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!
The following are tabies showing the node to node trafiic for nelwork described in
file SHOW1.A.
FROM NODE 1 TO NODE 2
TIME HOST LINE NODE. RET H+N LINE RET HOST NODE
(ms) TRAF TRAF TRAF TRRF REJ REJ REJ END END
9 13 2 18 6 e o g I3 8 i
200 t& 25 18 0 0 6 ¢ g 18
406 16 . 26 12 0 0 @ R
€00 6 16 18 0 0 L 6 6 8
809 7 14 8 8 ) ] @ 6 & !
1ees g 39 1l 1 o ] gl g ot ;
‘ 1268 11 78 43 g 8 o g L 43 !
! 1408 7 41 23 @ g 6 e 7. 43 |
: 1608 I R ¢ 9 8 g i 2l
1880 7 as 122 6 8 4 o 7. 23
‘ FROM NODE 3 TO NODE 3
\ TINE HOST LINE NODE RET  HeN LINE RET HOST NODE
! (ms) TRAF TRRF TRAF TRAF REJ REJ REJ END END
e 17 23 7 ] 6 8 B 18 7
208 13 .25 42 i 0 g LR i N
4o 11 16 5- 8- 8 e & 5
600 11 Gl 2 8 e B e 8 e
i 800 18 g & 26 ¢ 0 g 8 f
1608 9 6 33 ] 0 T Ay 2
1299 3 8 1 6 0 e Ze !
1488 11 8 8 6 e 0 e 13 e i
1604 14 8 8 0 8 c 8 4 o :
1868 16 8 8 ] 0 6 e 14 0 :
! :
FROM NODE 2 TG HODE 1
o TIME HOST LINE NODE RET HsN LINE RET HOST NODE
(ms) TRAF TRAF TRAF TRAF REJ REJ REJ END  END
0 {1 SR TR 8 ] 8 G ER -
200 17 29 9 0 e e @ 18 E. S
b 400 12 23 1 11 8 ] 8 ¢ 12 b
660 8 16 8 6 0 o 0 8 8
800 8 . 14 6 ] ) 8 0 8 6
1000 tg 32 29 e 0 0 g 18 22
. 1280 12 75 38 8 (] 0 B 12 %
1400 4% 18 8 8 0 6 0 4
1600 82 e 2 0 0 0 (RS
1808 8 43 2t 0 0 8 e 18 o1
| FROM NODE 2 TO NODE 3 ‘1
" TIME HOST LINE NODE RET HeN LINE  RET HOST NODE
E (ms) TRAF TRAF TRAF TRAF  REJ REJ RCJ END  END
L e 15 28 18 o o 6 N - R |
200 3 R | e 0 0 e 3 8
600 L RRE R 6 0 0 0 R
600 9 26 16 ] 0 0 0 g 17 g
E? 800 18 17 6 8 0 0 0 10 7 ]
-
‘ m-33
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10¢

1209
1400
1689
1808

FRON NODE 3 TO NODE
TINE HOST LIKE
(ms) TRAF TRAF

g8 7 s
2ue 12
409 6
608 18
886 &
1eea 1g
1208 8
1400 13
1668 Z
186¢ 17

S =

(> Js =4
D DM NG

OO o o ®
N DD

o
—
o

FRON NODE 3 TO NODE 2
TIME HOST LINE NCDE RET H+N LINE
(ms) TRAF TRAF TRAF TRAF REJ REJ

0 w7 29 13 € Y
289 9 13 3
400 1z 19 7
666 15 24 16
&60 5 16 813

leo0g 14 35 21
1260 9 G4 27
1408 10 48 25
1668 8 44 38
1808 8 55 28

[~ B~ oo B~ B~ I~ B~ .~ R~ o~ ]
- B~ ~ B~ -~ B B I T

4.2. Test Case SHOW1.B

The following is a data file used to demonsirate the error control protocol and to

study the behavior of a simple network with failure. The network is a straight line

network of three nodes. Link failure which disconnects an end node is scheduied to

happen at 600.0ms. The network is shown in figure 4.4, (file : SHOW1.8)
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newnet 3

procnum 1-1 2-1 3-1
framelime 10
connection 1-2
connection 2-3

host 1 h2: .50 h3: 50 a;: .10 d: .50
host 2 hl: .50 h3: .BO a: .10 d: 5O
host 3 hl: .50 h2: 50 a: .10 d: 5O
mode date error

{race dsk: tshow!l.b

fail node 3 600.0

maxinframeq 1 28000
maxinframeq 2 56000
maxinframeq 3 22000

maxholdg 1 64000

maxholdg 2 64000

maxholdg 3 64000
nopklinterval 125
x 2000

Resulls

As expected lhe lest of link failure staried about 125ms afier the iink betlween 2
and 3 was brought down { 600ms ) i.e. about 725ms. Afler three retransmissions of
the control packet (type 23 - immediate response request) i.e. after 125 % (2 + 2) ms,
the node was decided to be down (725 + 500 = 1225ms) and the information was
passed on to all the other nodes in the network. ( see figure 4.5 and 4.6)

Node 1 was informed of the failure of node 3 shortly after 1200ms of the simulalion
and hence it stopped generaling packets for node 3. Similarly node 2 stopped packets
generation for rode 3 during the interval of 1200-1400ms. Node 3 discovering that it

was disconnected also stopped all hest traffic.

Traces of Major Control Packets for

\

Failure Detection
To explain the operation of the error detection procedure, the trace of special

control packets that were generated when failure occurred were listed. (file SHOW1.8)

(note:for explanation of the traces see 3)

L 2
H1-35




\s

-

DCA100-76-C-0053 May 30, 197
TIME RETION WET ON D SNRE J 2 3 & § 6 length
(TYPE)
CEN CTLPKT 559 2 3 222 8 0 8 0 ¢ 109
GEN CTLPET 52F 2 3.2 323 6 8 8 » 8 toe
RETX PKT G Zala Qe
RETY PKT 818 .32 3.2 2
RETY FKI 51903 & 42 5 5
f 1 2 I (R B (R
X PKT 518 3 2 3 2 2
TX PKT 528 2 302 2
I'it DISCON 3 2 E’
GEN CILPKT 632 2 f 2 827 8 | 3 8 8 188
REC CTLPKT 6322 § 2 127 8 '3 @& &8 )
Brief summary:
Link failure was suspected at round 721 ms, control packets of type 25 (immediate
response request) were sent out. Node 3 discovered that it was disconnected &t
1229.69 ms where as node 3 was discovered down at zround 1235.2 ms by node 2.
Control packets of type 27 (node down information) was then sent out by nede 2. The
following are tables showing the node to nods traffic for network described in file
SHOW 1.8
FROM NGDE 1 TO NODE 2
TINE HOST LINE NODE RET  H+N LINE RET HOST NODE
(ms) TRAF TRAF TKGF. TRAF  REJ REJ REJ END END
4] 13 45 17 4] i) ¢ ¢ 13 16
2c8 18 43 30 8 8 0 0 9 27
408 R 43 17 6 4 8 8 11 21
600 6 29 & g 0 0 0 6 11
809 13 29 5 i) U 0 8 3 5
1880 5 44 4 34 1 41 0 i} 4
1288 10 29 15 13 3 8 1} 27 14
1400 12 16 3 e [ 8 8 12 4
1608 g 15 8 8 0 8 8 9 6 »
1808 13 25 11 8 8 8 8 13 12
FROM NODE 1 TO KODE 3
TINE HOST LINE NODE RET  H4N LINE RET HOST NODE
(ms) TRAF TRAF TRAF TRAF REJ REJ REJ END END “
0 17 ¢} 8 8 ) 0 ] 15 * ©
200 13 e 0 4] 0 (] e 13 8
400 11 8 0 8 4 8 8 12 8
600 11 e 0 ] ] [} e (] 0
800 12 0 1 8 ] 8 0 ] ]
1008 9 0 0 e 8 8 0 8 0
1280 0 e 4 0 e B 23 0 e

111-36
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|

I |
14 67 g G U
1600 6 G 4
1860 & 8 g

FROH NODE 2 TO NODE
TINE KHOST LINE oF

f (ms) TRAF TRAF TRAF
B 8 11 43 29
‘ 200 17 54 22
i 405 12 43 22
% 600 9 28 26
g 800 4 14 &
‘ 1800 g 4 5
1200 foi 53 40
1490 3 164 12
| 1680 8 17 11
1888 12 24 13
{

B FROM NODE 2 TO NOQOE
: ﬂ TIME HOST LINE NGDE
(ms) TRAF TRAF TRAF
0 13 51 23
28¢ 3 36 22
406 7 36 16
; 600 g ] 2
808 5 8 8
1000 ¢ [ 0
12080 0 8 e
1480 9 i 4
1630 8 [ 8
. 1806 o 8 8

FROM NODE 3 TO NODE
- TIME KOST LINE KNODE
(ms) TRBF TRAF TRAF
] 7 8 ]
208 12 ] 8
. 400 6 [ i
% 3 608 10 [} @
: £08 2 8 e
1000 0 (] 0
' 1200 ] 8 ¢
. 1409 ] (] 8
1600 ¢ ] (i
1880 0 0 ]

FROM NODE 3 70 NODE
TINE HOST LINE NOUF
(ms) TRAF TRAF TRAF
8 17 51 28
260 Q 38 16
4668 12 37 19
600 15 ] 1
800 1 0 1

® Qo

OO N=DOIODEeM

RET
TRAF

RET
TRAF

L= B~ I~ I~ T~ N~ T o~ T~ I e~

RET
TRAF

15
47

L~

o L=

oOowno o

o

H+N

e ]
m
o <

~Oo oo

[~ I~

H+N

=
m
o -

— —
MhDONOOUTo o

'__
s
~

LINE
REJ

«©

Do WO DS

LIRE

REJ

[—~]

OO0 O00®®@

LINE
REJ

cooo o

o 0
g f
§ 0
RET HOST
REJ END
) 1@
¢ 18
€ 12
6 &
g 5

[
(] 11
e 3
0 3
4 11
RET HOST
REJ END
0 13
6 c
(4 7
g ¢
e 6
e e
16 g
8 e
8 8
4 Y
RET HDST
REJ ERD
0 7
8 12
e 5
0 !
[t} ¢
8 ¢
10 0
3 0
0 e
8 e

RET HOST
REJ  END
6 15
& 10
i
0 e
0 e
11-37
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28
17
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HODE
END
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END
28
16
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1200 8 [y e 28. 12 1] 12 B b
1408 (3] o a 2 2 a 6 0 L&
1600 4] o b 1 il 8 4 e ¢
1860 8 v 0 2 11 0 e 0 (¢}

4.3. Test Case SHOWI.C

The following is & data file used to demonsirate the error contrel protocol. The
network used is a four nodes straight line network as in figure 4.7. A link failure
between node 2 and 3 was scheduled at 600.0ms. The link failure disconnected ithe
network into two halves. Since the present protocol would not be able to detect the
disconnection, traffic for nodes on the other side of the disconnected network would
continue and looped around the nelwork.

newnet 4

procnum 1-1 2-1 3-1 A-1
frametime 10

connection 1-2
conneaction 2-3
connection 3-4

host 1 h2: .34 h3: .33 h4: .
host 2 h3: .34 h4: .33 hl:.
host 3 h4: .34 hi: .33 h2:.
host 4 hi: .34 h2: .33 h3:.
mode data error

trace dsk: tshow!.c

fail link 2-3 600ms
maxinframeq 1 28000
maxinframeaq 2 56000
maxinframeq 3 56000
maxinframeq 4 28000
maxholdg 1 64000
maxholdg 2 64000
maxholdq 3 64000
maxholdgq 4 64000
nopktinterval 125

x 3000

3 a:10 d:.50
a:.10 d.50
+.10 d:50
.10 d:.50

2 02 W W
o

w W w

(@)
» o

Results

[11-38
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The resulls are quite simiiar to SHOW!.C Link failure between 3 and 2 was datected

o
at around 1225ms. (node information packets - type 25 were sent out). Node 3 was
declared down after waiting for 400ms of prescribed time limit for hearing no positive

response for node informalion packets. However, the network was not able to

detected the discennection of the network, For ex:

1 O

packets for node 4 (see figure 4.8 & 4.9) and the packels looped between node 2 and
node 1. (as can be secemed from {he attached tables for heavy line traffic between 1
and 2)

for Failure Detection

To explain the operation of the error deteclion procedure, the trace of special

t

control packels that were generated when failure occurred were lisled below.

HESSRGES
TINE RCTION BT ON DN SN R 1 2 3 4% & 6 tength
(TYPE)

719.657 GEN CTLPK 748 2 3 2 323°"@ 6 @6 & @ 1806

728.098 GEN CTLPKT 743 '3 2 3223 4 8 8 8B 8 169

845.161 RETX PKT 748 2 3 2 3 2

845,246 RETX PKT - ks e I S N S

971.295 RETX PKT P A R P

888.0665 PRETX PKT 749 "3 2 & 2
1168,826 RETX PKT 748 2 3 & 3 2
1118.665 RETX PKT 748 3 2 3 2 2
1225.181 GEN CTLPKY 99 2 F 2 @825 813 @ 8§ 16¢
1225.181 GEN CTLPKT 828 2 3.2 825 ¥ & 3 @ B 100
1225.181 GEN CTLPKT 928 2 4 2 B 2% ¥ 1 3 @ @ 188
1235.181 GEN CTLPKT 932 3 1 3 B 25 & 1 2 & 8§ 1e8
1235.181 GEN CTLPKT 938 3 Z 3 ©62% & § 2 ¢ @ 160
1235.181 GEMN CTLPKT 934 3 4 3 825 86 1 2 @ B 100
1625.823 GEN CitPKi 18172 2 [ 2 9§27 @ 1 2 & @ 100
1825,829 GEM CTLPKT 1818 2 4 2 827 8 &I 3 9 @ 188
1635.829 OGEN CTLPKT 1836 3 1 3 827 8 1 2 @ @ 168
1635.829 GEN CTLPKT 1837 3 4 3 @ 2 B I 2 @ @ 100

Brief Summary:
Failure was suspected at around 720ms. Contro!l packets immediate response
request (type 25) were sent out. Link failure was declared 500ms later. Node

information packets were sent out to test if node 2 and node 3 was down by node 3

-39
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¢

ely. Afler wailing for 400ms,

©
v

and node 2 respecti

information packets, node 2 declaied that node 3 i
?

packets (type 27) were sent out. Node 3 deci
dispatched the node down information packels. Th

node to node traffic {or network described in fite Si

FROM NOUE 1 TO NODE pd
TIME HOST LINE KRODE RET  HaN LIRKRE RET HOST
(ms) TRAF TRAF TRAF TRAF REJ REJ REJ EN
0 10 67 35 ¢ g g ¢ 1C
382 11 58 27 8 0 8 @ il
(34 18 42 18 i} @ 4 ¢ 2
a8 1 48 3 42 2 48 6 (¢
1280 4 279 146 40 2 £5 6 7
1500 5 358 175 31 6 28 0 9
1806 1€ 443 276 21 4 7 1 &
21006 6 382 166 27 4 29 ¢ 7
24e9 1 115 56 68 12 €l 8 0
2700 & 255 122 41 & 39 6 S

FROM NODE 1 TO NODE 3
TINE HOST LINE RODE RET H+N LINE RET HOST
(ms) TRAF TRAF TRAF TRAF REJ REJ REJ END
0 15 o £ 8 ¢ ¢ 0 15
300 & o € g ] ¢ 4 8
660 14 e b 0 6 0 8 (i
968 8 ¥} Y 8 5 8 (3] a
1200 2 8 6 (4 5 ¢ 3 0
1500 2 e 6 8 4 0 17 4
1690 0 8 g C 2 0 [ 0
2188 6 6 8 4 16 ] 6 6
2400 0 8 e ( 10 0 0 4
2708 8 8 0 %] 7 4 2] 0

FROM NODE 1 TO NODE 4

TINE HOST LINE NODE RET HeN LIKE RET HOST

(ms) TRAF TRAF TRKF TRAF REJ REJ REJ END
8 9 0 0 8 e 0 0 8
360 10 e 0 0 ] 0 0 1e
600 i 0 0 8 [ 0 0 ]
908 16 8 e 8 1 0 4 #
1269 2 e 8 0 8 0 2 0
1500 5 ] 4 0 5 e e g
1800 8 8 8 i} 4 ] ] 8
2lce 2 0 e 8 7 0 ) 6
2488 1 8 6 ) 10 6 8 e
2700 2 ] 8 J 11 8 ie e
FROM NODE 2 T0 NODE 1

11-49

'I
nearing no response for
down and node do

ded thal node 2 v cle

e following are tables showing
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| B WOST LINE NODE REY H+N  LINE RET HOST HOGE
i (ms) TRAF TRAF TRAF TRAM REJ REJ REJ END  END
4] 17 67 34 g (] 0 0 17 e
303 18 N7 29 o 0 0 ¢ 9 38
600 5 33 24 e 2 ) a 6 25
a0 e 5 4 i ] 1@ 4] ¢ o 4
1200 3 303 148 Q & 21 a 1 149
i 1500 5 235 179 52 4 30 4 4 173
1860 5 458 225 31 S ] ] & 231
2108 3 379 188 37 4 24 3] 7 188
2400 0 11 57 6 76 i ] 57
! 2768 2 243 134 44 12 43 [} 2 125
|
{
! FROM NODE 2 TO NODE 3
TIME HOST LINE NOUE RE 1 H+N LINE RET HOST HODL
(ms)  TRAF TRRT  TRAF  TRA REJ REJ REJ END (31s]
@ 16 &6 38 ] ] [ 8 14 27
368 14 83 41 ] Y £ 8 16 38
60 4 1 2 26 3 0 e g [
908 (4] 0 0 &0 13 4 [} 8 (4
128¢ 2 0 & 26 12 @ 2 [ L)
1500 1 e 0 i} 18 G 5 e 4]
1888 5} e 0 g 18 Y 8 e ]
2100 4 G ¢} o 6 Q 8 [}] 8
2460 0 e 8 ] 18 0 ¢ ¢ 2
2708 s} i} B [ 8 0 8 ] e
FROI NCDE 2 10 NODE 4
TINME HOST LINE NODE RET H+N  LINE RET HOST NOD
(m=)  TRAF TRAF  TRAF  TRAF REJ REJ REJ END END
0 12 0 ] ¢ 4 0 8 12 e
i . Jee 16 e 8 g e 4 8 9 ¢
i 660 9 0 1} 0 2 (4 ] $ @
960 4} 8 8 0 1 0 0 g 1]
126¢ 4 (] 1 8 9 8 7 0 ]
1560 7 7} ] 1} 5 0 8 i 6
1800 2 0 0 ¢ 11 0 1 0 ]
2160 9 8 8 4 5 0 8 (] 8
2400 1 0 e 0 13 0 0 4 e
2700 4 (] e [t} 9 ] 6 8 6
FROM NODE 3 T0 NODE 1

TIME HOST LINE NODE RET HaN LINE RET HOST KODE
(ms) TRAF TRAF TRAF TRAF REJ REJ REJ END END

o 9 0 0 6 8 8 e L 0
360 10 4 0 1] 8 8 8 8 8
6en 5 0 8 8 8 e 8 1 8
goe 6 5} ] ] 18 6 0 6 8

1200 4 0 1 0 9 0 3 4 Y
1500 2 8 1 0 6 ] 0 8 e
1800 11 0 8 ] 7 e 0 0 ]
2100 3 0 ] 0 18 ] 8 6 4
2400 8 6 8 0 S ] 3 8 ]
2700 1 0 0 8 6 e 6 e 8
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FRON NODE 3 TO NORE
TIME HOST LINE MODE
(ms) TRAF  TRAF  TRAC

e 1 &5 49
35 16 &5 &4

600 5 ]

€ ¢

9 ¢

-
b

D r

NMeoooM-—

aee

NN A

1240
1500
1860
2100
2460
2702

oo oo,
D OO DODOD®D

FROM NODE 3 TO MODE
TIHE HOST LINE KODE
(ms) TRAF TRAF TR

(5} 9 60
380 11 57
600 8 386
Sea 3

1288 373
1508 385
1860 476
2180 218
2409 126
2708 24e

N A W2

oo™
f =

o <

2
N W N U DD

— m -
QSO WNODNVNOO D =

FROI1 NODE 4 TO RODE
TINE HOST LINE NODE i HOST
(ms) TRAF TRAF TRAF E EnD
0 11 9
308
680 1
988
12808
1508
1808
2180
24886
2708

L]
-]

NN WN D
DO ODOOOD
OO OoOOoODOODDD®
OISO D
OO oOoO000 OC
PO WWNHhOD
DO DD - D
OO OO OODODD

FROM NODE 4 TO NOODE
TIME HOST LINE NODE HOST
(ms) TRAF TRAF TRAF END
8 9 8 8 9
308 12 11
600 0
900
1200
1508
1800
21e8
2400

-4
<
@

[~ -~ - B~ - I - B~
o000
OO 0D oDTOMDODD
NOOSscSUTTOODD D
OO0 0D
moOoUNNNGS O
OO0 mMoQ
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27608 4}
FROM NODE 4

TIME HOST

(ms) TRAF

e 14

300 <]

! 600 16
P 963 7
1200 7

1568 6

1868 4

2109 1

2490 2

2788 &

) 0 9 ¢ 6 g o ¢
™

T0 NODE 3
LINE NODE RET HeN LINE RET HOST NODE
TRAF TRAF TRAF REJ REJ REJ END  END
58 29 g i 8 b 14 26
53 30 8 6 0 6 S
42 ] 8 4 0 8 et
52 2z 25 e 32 e 0 )
367 178 34 3 23 e 14 179
374 205 30 7 24 1 5 195
466 238 38 4 6 1 & 230
22 87 58 4 59 0 5 113
127 63 54 a 62 g 8 66
232 iz2e 58 R 5 0 & 116

4.4, Test Case SHOWI1.D

May 30, 1977

control protocol. The

Although our present

h more than one node

; The following is a data file used to demonstrale the error
network used is a four nodes network as shown in figure 4.10 Feilures were scheduied
' so that the network would be disconnected into two halves.
protocol is not implemented to recognize disconnection (in whit
which are connected together being disconnected from the rest of the netwerk), this is
|
a special case in which disconnection was recognized. The link between 2 and 3 and
" . ~ .
the link between 1 and 4 were scheduled to be brought down at 600.0ms. (file
SHOW1.0)
.
newnet 4
procnum 1-1 2-1 3-1 4-1
conneclion 1-2
g connection 2-3
i cennection 3-4
f connection 4-1
i frametime 10
' host 1 h2: .34 h3: .33 h4: .33 a:.10 d:50
host 2 h3: .34 h4: .33 hl: .33 a:.10 d:50
host 3 h4: .34 hl: .33 h2: .33 a:.10 d:50
host 4 hl:.34 h2: .33 h3: .33 a:.10 d:.50
mode data error
trace dsk: tshowl.d
S fail link 2-3 600ms

T fail fink 4-

1 600ms

1-43"




DCA100-76-C-C058 May 30, 1977

maxinframeq 1 56000
maxinframe
maxin{rame
maxinframeqg 4 56000

maxholdg 1 64000
maxholdq 2 64000
maxholda 3 64000

maxholdg 4 64000

nopklinterval 125

x 3000

Results

This is a special case of disconnection in which link failure occurs at the same time

The nelwork was able to detect the disconnection because contro! packets (type 25)
had been sent out to test all the nodes in the network. (see graphs for termination of

traffic for node on the opposite side of the disconnected network) If no positive

response was received for the conlrol packets, nodes would be declared down. As in
previous cases iink faiiures were dciocted at around 1225 ms. Node information
packets (type 25) were sent out. Afler 400 ms (the default prescribed time limit for
receiving response for type 25 contro! packets), having receive no positive response
for the control packets, node | decided that node 4 was down and node 2 decided that
node 3 was down and vice versa and they sent out control packet (node down

information) {o their neighbors.

Traces of Major Control Packets for Failure Detection

To explain the operation of the error delection procedure, the trace of special

control packets that were generated when failure occurred were lisied. (file SHOW1.D)
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|
HES ,
TINE  ACTION WKTON DN SNRN 1 2 3 4 & 8  tengtl
(TYPE)
718,896 GEN CTLPKT 664 1 & ) 423 8 6 & 8 B 189
728.065 GEN CTLPKT 671 4 1 4 123 8 ¢ €& 8 @ 108
72%L. GEN CTLPKT 675 2 3 2°323 8 @ & 8 8 108
720.096 GEN CTLPKT 672 3 2 3 223 8 0 6 ©& 8 108
336,738 RETX PKT 654 "1 4 1 & 2
845.246 RETX PKT B72 3.2 3 1D 2
. 858,065 RETX PKT §75 23 2 '3 2
i 851.295 RETX PKT 671 & 1 & I 2
‘ 971.368 RETX PKT (o s W L
! 986.865 RETX PKT 675 2 3 2 3 2
i 980.065 RETX PKT G786 2 3 2 3 3
i 981.295 RETX PKT 87t & 1 & L 2 i
| 1688.0663 RETX PKT. 664 1 :& L & 2
{ 1189, 608 RLTX PKT 672 3 2 3.7 2
1118.€65 RETX PKT 678 &8 92 b
1118.696 RETX PKY 875 2 3 2 3% 2 r
1213.4564 GEN CTLPKT 847 1 2 1 025 8 1 & 68 0 180
’ 1213.464 CEN CTLPKT 848 1 3 1 €25 @ 1 & 8 © 109
\ 1213.464 GEN CTLPKT 849 § & | 625 8 1 & 8 08 1ee
; 1228.096 REC CTLPKT 847 1 2 1 225 8 1 & 08 8
1234.682 GEN CTLPKT 857 3 1 3 @25 -8 1 2 & 8 168
1234.680 GEN CTLPKT 858 3 2 3 025 @ | 2 @ @8 100
} 1234.688 GEN CTLPKYT 859 3 & 3 825 8 1 2 8 08 100
g 1248.096 GEN CTLPKT 863 4 1 4 825 6 { 1 & 8 1ag 7
! ; 1248, GEN CTLPKT 884 4 2 4 825 8 1 1,0 8 160
{ 124¢.9 GEN CTLPKT 85 4 3 4 025 8 1 1 e 0 lec
i 1248.2 REC CTLPKT 859 3 &4 3 625 8 1T 2 0 8
| 1244.121 GENCILPKT 871 2 1 2 825 8 1 3 ¢ @8 ige
| 1244.121 GENCTLPKT 872 2 3 2 625 6 1 3 8 @ 160
| 1244,121 CENCTLPKT 873 2 & 2 825 8 1 3 D @ fae
' : 1256.996 REC CTLPKT 871 2 I 2 125 @ 1 3 & 8 ;
i 1258.298 REC CTLPKT 865 4 3 4 325 6 1 1 6 @ 3
P 1613.886 GEN CTLPKT 1952 1 2 1 627 8 1 4 8 ¢ . 168
1613.886 GEN CTLPKT 1953 1 3 1 827 8 1 4 6 @& 188
1821.971 RECCTLPKT 1852 I 2° 1 227 @ 1 & & @
1635.183 GEN CTLPKT 2616 3 1 3 €627 6 1 2 0 @8 1es
1635.183 GEN CTLPKT 2017 3 4 3 827 8 1 2 0 © 1680
‘ l 1648.698 GEW CTLPKT 2023 4 2 & ©27 0 1 1 6 8 1080
| 1648.698 GEN CTLPKT 2624 4 3 4 027 8 1 1 @ @8 190
1640.163 REC CTLPKT 2617 3 4 3 427 8 1 2 8 @
‘ 1641.781 REC CTLPKT 2624 4 3 & 327 8 1 1 € 8
i 1645.1906 GEN CTLPKT 2058 2 | 2 @27 ¢ 1 3 © @ 186
’ J651.317 REC CTLPKY 2058 2 2 127 6 1 & 8 @
' Brief summary: 1
Link failures were suspected at around 720ms, control packets of type 23 i

(immediate response request) were sent out. Link failure was detected 500 me later

>
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|
and node information (lype 25 packets) were sent oul. Atier weiling for 400 ms
(prescribed time limit for receiving posilive response for type 25 packats), i.e. at about
1625ms, nodes were decided to be down and packels containing node down
information (type 27) were sent out since no posilive response was received. Ths
following are tsbles showing the node to ncda traffic for natwork described in fif
SHOW1.D
FROM NODE 1 TO NODE 2
TIME HOST LINE KODE RET H4H LINE RET HOST KOO
(ms) TRAF TRAF TRAF TRAF REJ REJ REJ END END
8 1¢ 72 38 6 0 e 4 i8 38
308 11 57 28 0 g e i 11 27
coe & 36 13 € 4 é ¢ & 14
i 968 2 58 3 & 6 5 0 e 3
‘\ 1260 2 333 181 23 3 4] b 2 1€7
500 6 263 131 5 2 24 0 8 145
180¢ 32 18 8 0 ] 4 ¢ i &
2160 11 20 9 e 0 ¢ 14 11 S
2600 18 32 14 ¢ ¢ 4 @ 8 4
3 2783 16 1€ 6 b G ] g 1@ 6
FROM MODE 1 70 HOCE 3
TIME HOST LINC NQDE RFT {+N LINE RET HOST HOBE
(ms) TRAF TRAF TRAF TRAF REJ REJ REJ END END
o 15 4 e ¢ e 0 ] 15 8
y 308 8 ¢ (4 0 4 4 0 8 6
608 14 e n b b 8 14 [ ¢
- 960 6 5} 8 0 2 ] o 8 ]
1200 4 ¢ 1 0 18 ] 4 8 ]
15¢¢ o 0 1 [} 4 0 7 8 0
1804 8 6 8 ” 8 ] 6 8 8
2160 3} 0 e 8 6 ] 6 8 ]
1 2400 e 6 8 i} 4 0 8 2] e
2700 8 8 8 8 e 0 8 8 8
. FRON NODE 1 70 NODE 4
. TIME HOST LINE NODE RET H+N LINE RET HOST NODE
! (ms)  TRAF  TRAF  TRAF  TRAF REJ REJ REJ END END
i 0 8 39 18 8 e 8 8 9 18
F i 308 10 40 21 0 8 8 4 16 21
600 11 [} 2 17 Y e 8 0 (]
} | 900 7 6 1 43 6 8 0 0 0
' 1200 4 8 1 20 7 0 2 8 0
i 1560 1] 0 e 0 3 e 14 8 0
1 1800 [ [} 0 e 4 0 e 0 0
| 2100 8 e ) e 0 8 0 ) 8
, ‘g 2400 8 8 0 0 ] 0 8 ] 8
BN | 2780 8 NS RS SR JOF R D S
P |
f
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TIME HOST
(ns) T1RAF
9 17
) 38e 10
GOg 5
qug 2
1208 3
1500 3
1890 9
2ju8 7
2480 1
2768 6
FROMH NOUE
TINE HOST
(ms)  TRAF
8 16
300 14
! 608 7
500 1
' 1200 4
3 1509 6
1800 e
2189 8
2480 [
2750 6
f
| FROI NODE
| TINE HOST
i (ms)  TRAF
e 12
308 16
? 600 10
a0e 1
- j208 1
1500 1
1808 ()]
2100 ]
26408 (]
i 2768 0
FROM NODE
. TIME  HOST
(ms) TRAF
8 9
306 18
600 6
900 11
1200 ]
1500 0
1800 0
21600 ]
2408 e
2700 ]

()r‘f‘ O
LINE  NOOD§
IRF TRAF

70 34

68 i

35 24

S 5

389 172

241 130

29 11

20 13

21 2

17 15

2 10 NDDE

L INE
TRAF
49
42

(-]

oo

NODE
TRAF
20

2

DOV N

2 T NODE

LIKE
TRAF

«Q

o0 ®

NODE

TRAF
¢
0
e
6
1
6
8
6
8
8

3 T0 NODE

LINE
TRAF

@

OO0

NQODE
TRAF

HDOODO - DO D

3
HED

o
PRAE

!
RET
TRAF
0

[~ I~ I I I~ B~ I~ - o I~ ]

[~ B~ - < B~ - ~ B~ e~ B~ I~ B o

H4+N
REJ
0
4
e
7

~

Do

1+h

b |
m
L~ I

DOODWPOD®D

Hal

REJ

@

Do ON® T O

Hal
REJ

@

o000

LINE
REJ

«w
—

o

Lo~ o B}

(- B~ I~ I -~ Y- - B > i o M~ e~ - ]

LINE
REJ

«

o000 O

RET HOST
REJ END
8 17
8 9
¢ 6
b !
e 7
g 5
8 &
] 7
8 12
8 £
RET HOST
RES  END
g 14
[¢] 16
8 ¢
8 g
2 g
6 6
8 6
@ 8
6 g
4 g
RET HOST
REJ END
e ! i
6 g
8 8
3} ]
7 8
¢, 0
8 6
8 @
4 0
8 4
REY HOST
REJ  END
i} 9
0 9
8 ]
¢ 0
3 0
5 0
8 6
] e
14 ]
8 8
111-47
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FRON KOS
TINME NHOST
(ms) TRAF

U il
300 18
600 6
gnn 5

1208 3
1500 : |
1880 g
2108 6
2608 Y
27068 G

FROM NODE
TINE HOST
(ns) TRAF

4] 9
3080 11
608 9
S0o 3

1208 3
1568 9
1800 11
21006 9
26409 13
27908 9

FROM NODE
TIME HOST
(ms) TRAF

4} 13
3688 9
G606 14
Q80 (3

1208 4
1500 1
1880 8
2108 i}
24068 8
2780 8

FROM NODE
TIME HOST
(ms)  TRAF

e ]
308 12
6088 6
900 3

1280 8
1508 4]
1860 0
2108 e
2408 e

C-005¢&

4 10 Kubc
LINE NODE
TRRF  TRA!

47 29
45 24
¥ 7
g 6
g 1
8 ¢
g g
g 4
8 @
8 6

3 TO NODE
LINE NODE

TRAF  TRAS
22 14
7 5
18 12
16 4

426 192
256 16}
28 &
25 17
25 11
28 11

4 TO NODE
LINE KODE

TRAF  IRAF
36 21
42 18

8 2
6 0
] 1
8 6
] 8
6 6
8 8
0 4
4 TO NODE
LINE NODE
TRAF  TRAF
8 8
8 8
8 4
0 0
8 1
) 1
8 0
8 0
¢ g

T4

RET
TRAF

o0

RET
RAF

=]

oo coOoccoo

Hh

@ <

[<p B -~ -a ]

[~ < Jd e}

o o

Ha M
REJ

o -0 W oD

[~=]

H4+N
REJ

SO ONS>STO DO

H4N
REJ

D9V NOTIDD

<D

(-]

(-2 - B~ T i v

OO OODDOD

LINE
REJ

<

L ~B - I I - ]

e
1om
C =

oNWwWeC e oD G

oo @

CooMOmDOO00®® L

RET
REJ

@

oo UUToo®

RET
REJ

TOO WO

HO51
END
11
10

f

0

©

oD o

HO3T

END

1k

1n
12

14
9

HOST
ERD
9

10

€

[~ I~ B~ I~ B~ T~ I~

unne
NCOE

END

NN

O @O MO U N

o D

NODE
END
13

15

152

14l

17
1
11

KODE
EHD
18
21

]

[~ I B~ I~ .- o~

NODE

m
=
o

OO DD

N N N N I I
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2708 e 0 g [ ¢ v v v
FROM NODE 4 TO NODE 3

TINE HOST LINE NODE RET H+it LINE  RET HOST
(ms) TRAF TRAF TRAF TRAF REJ REJ REJ LND
e 14 22 9 8 ] g e 14
308 6 17 11 6 & 14 6 5
638 18 28 1g g ¢ e @ 1e
960 P & 5 8 8 ¢ 8 3
208 4 482 202 13 9 € 4 i
1568 3 283 125 12 5 13 8 6
1808 8 21 t2 8 6 0 8 &
2108 15 25 16 @ g 6 8 15
2468 ie 25 16 6 ¢ i 8 S
2768 16 28 9 g g 4 i 11

4.5, Test Case SHOW2
The fellowing is a dala file used to demonstrate

network when a node failure occurs. The network

fully connected as shown in figure 4.5. Node 3 was failure scheduled at 600.0ms. (file

SHOW?2)

NEWNET 3

PROCNUM 1-1 2-1 3-1
FRAMETIME 10
CONNECTIONS 1-2
CONNECTIONS  1-3
CONNECTIONS 2-3

HOST 1 H 2:0.50

HOST 1 H 3:0.50

HOSS JALOLG 050
HOST 2 H 1:0.50
HOST 2 H 3:0.50
HOST 2 A:0.10 D050
HOST 3 H 1:0.50
HOST @ H 2:0.50
HOST 3  A: 0.10 D:0.50

TRACE DSK:tehow?

Fail Node 3 600.0
NOPKTINTERVAL 125
MAXHOLDQ 1 128000
MAXHOLDQ 2 128000
MAXHOLDO 3 128000
MAXINI RAMEQ 1 56000
MAXINFPAMEQ 2 56000

-9

NODE
END
8

12
10

S
187
148
13
16
16
S

the error control procedure of the

is a three nodes network which is
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MAATINE KAivit L O ROUUY

MODE DATA ERROR '

Resulls

The network used is the same as the previous test (SHOWIL.A) and since initially
node failure is similar to link failure, the traffic was quile similar too. As expected
from the calculation from previous example, link failure between 2 1o 3 and 1 to 3
were discovered at about 1225ms and 1245ms respectively. For node 3, it discovered
its disconnection at 1235ms. Node failure of node 3 was discovered after passing
Node Information contreol packets between node 2 and 1. As in the previous test, the
adaptive routing algorithm had changed the route of packets from ncde 1 to node 2 te
pass through node 2 before link or node failure was detected. This could be seen from
the increase in line traffic between 1 and 2 starling from the interval 100Cms to

1200ins. (see accompanied graphs).

Traces of Major Control Packets For Failure Delection

To explain the operation of the error detection procedure, the trace of special
control packets that were generated when failure occurred were listed below. (file

SHOW?2)

note: Unimportant portions of control message had been truncated (message

contents <msgl> <msg2>..<msg6>), since they are not necessary for the understanding

of the protocol.

# TIME  ACTION  PKT On Dn Sn Rn TYPE
1. 718.212 GEN CTLPKT 447 2 3 2 3 23
2. 728.852 GEN FTLPKT 448 3 1 3 1 23
3. 728.852 GEN CTLPKY 449 3 2 3 2 23
4. 799.852 GEN CTLPKY 451 F 3 % 3 23
5. 848.0653 RETX PKT 447 2 3 2 3
6. 856.052 RETX PKT 48 3 1 3 4
7. 850.052 RETX PKT 44 3 2 3 2
8. 860.052 RETX PKY 451 52 3 1 3
8. 988.120 RETX PKT LU S B AR

10. 980,460 RETX PKT 448 3 1 3 1
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R 933,468 RETX PKT 443 3 2 3 2
12, 1107.715 RETX PKI &47 2 3 2.3
13, 1116.852 RETX PKT 448 3 1 3 1
14. 1116.652 RETX PK7 W49 3 2 -3 2
15. 1120.652 BETX PKT 451 1 3 3
16. 1233.216 GEN CTLPKT 672 2 1 2 @8 25
17. 1233,216 GEN CTLPKT 673 2 3 2 @ 25
18. 1233.246.GEN CTLPKT 674 2 1 2 @ 28
19. 1233.216 XPKT RJCTOD 447 2 3 2 3
28, 1235.18} GER CTLPET 678 3 1 g 25
21, 1235, 181 GEN CTLPKT G679 3 2 3 @6
22. 1235,181 GEN CTLPKT 686 3 2 3 9§ 28
23, 1235.181 YPKT RJCTD 448 3 L 3 1
24. £235,181 I'M DISCON 3 2
25 1235.381 XPKT RJCTD 4483 3 2 3 2
26. 1248.206 REC CTLPKT 872 2 1 2 1 25
Tl 1240.206 GEN CTLPKY 68f 1 2 1 2 1 672
28, 1245, 181 GEN CTLPKT 6886 1 2 T @ 27
295 1245. 181 GEN ETLPKT 687 1 2 I & 28
39. 1245.181 XPKT RJCTD 451 1 3 1 3
L. 1245,181 XPKT RICTD 499 1 3 1 3
2. 1258.452 REC CTLPKT 686 1 2 1 2 27
33, 1258. 852 GEN ETLPKT 5S8 2 1 2 § 1§ 685
364, 1266.142 PKT RJCTD ' 673 2 3 |
Explanalions:
LINE
1 Immediate response request control packet (s 447) generated by node 2 {o

node 3 as link 2 to 3 was suspecled to be not operating.

2 Immediate response request control packet (# 448) generaled by node 3 to
node 1 as link 3 to 1 was suspected to be not operating.

3 Immediate response request conirol packet (¢ 449) generated by node 3 to
node 2 as link 3 to 2 was suspected to be not operating.

4 Immediate response request control packel (# 451) generaled by node 1 to
node 3 as link 1 to 3 was suspected to be not operating.

5-15 Retransmission of immediate response request control packets after about
125ms of last transmission.

16-19Link 2 lo 3 was detected down by node 2 afler three retransmissions of the

-5 L
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immediate response request.packet #44 vacketls of type 25 were sent to all

the nodes informing them that a link was down. The routing table was updated and the

—
5
-

)

new routing information was sent to its neighboring node (# 674 to node
immediate response request packel #4/7 was dropped since the link was determined
down already.

20-23Link 3 to 1 was detected down by node 2 after three retransmissions cf the
immediate response request packetl #483. Control packels of type 25 were sent to all
the nodes informing them that a link was down. The routing table was updaled and the °
new routing information was sent to its neighboring node (node 2 here). The immediale
response request packet #448 was dropped since the link was defermined down
already.

24-25 Link 3 to 2 was delermined down by node 3. However, node 3 found that it
was then totally disconnecied, so it issuad a trace "I DISCON" to the trace. The
immediate response request packet (# 4493) was dropped since it had lost its use.

26-27Node 1 received the control packet from 2 that informed it that link between
2 and 3 was down. It generated an acknowledgement (= 6S1) for that packet (¢ 672).

28-31 Node 1 determined that link 1 {o 3 was down when it examined the no. of
times the immediate response request (# 451) had been retransmitled. Since it had a
record of the connectivity of node 3, it delermincd that now node 3 was tolally
disconnected or down. It then sent oul control packet of type 27 (¢ 686) to inform
node 2 that node 3 was down. It updated its routing table and sent out its new routing
information. It also started dumping the packets destined for node 3 (for example #499

dumped). Immediate response request packet (# 451) dropped too.

32-34Node 2 processed the control packet (type 27) which proclaimed that node 3

11-52
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was down. It acknowiedged it and started dumping packels destined for node 3 ( e.g.

#673 ). The following are lables showing lhe node to node traffic for network
described in file show?2.

FROIN NODE 1 TO HODI
TINE HOST LINE NODE 5 H+N LINE
(ms) TRAF TRAF TRA REJ REJ

e 3 22

280 25
400 26
6ea 16
868 7 i4

© 1628 33
1200 45
14606 15
l16ee 29
1800 18

bt e b s T

Ul e 00 @ N OO 2 T
o
-]

b N b
W N

OO DRO
DO DO OD

FROIM KODE 1 TO NODE 3
TIME HOST LINE NODE RET
(ms) TRAF TRAF TRAF TRAF

o 17 23 ¢}
208 13 25
409 11 16
600 11 0
&00 1e

1668 9
12e8
1400
1668
1886

=
m
| &5

(=]
xR ® ¢

w N

DOTWWD O
DO O®U YN T M

[~~~ -~ . - B~ I o= i B -~
D OO DODODOO®

>

FROM NODE 2 TO NOODE

TIME HOST LINE NODE HODE
(ms) TRAF  TRAF TRAF END
8 11 21 13 11
200 17 29 9 11
400 12 23 11 11
600 ) 16 8 8
&0 8 14 6 6
1000 18 32 28 22
1200 12 52 26 31
1400 8 17 7 8
1608 15 29 14 14
1800 13 21 7 &

(]
(-
k=]
[

oo woOoo
(=2~ I~ N~ - .- I~ - I - ]
o000
LT~ - N~ - BB ]

FROM NODE 2 TO NODE
TIME HOST LINE NODE HOS3T
(ms) TRAF TRAF TRAF END
0 13 29 16 13
200 3 24t 18 8 3
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FRON NODE 3 TO HODE
TIME HOST LINE
(ms) TRAF TRAF

g 7 22
208 12 25
400 6 17
608 10
8686 8

1688 18
1268 4
1460
1600
18ce

T -
= 4

=

o @

n ~N
@ NN

A

w
— 7
O Moo R G

(2 &}

FRCH MODE 3 70 NODE

TIME HOST CINE NOOE ] RET  HOST

(ms) TRAF  TREAF  TRAF
6 17 13
2e0 9
480 12
6606 15
800
16066
1200
1408
166G¢C
18en

END
16
1@
12

8

o

OO N O - W
COoDoo®o o oo
cCoooo00 o oo -

—

HI-5&
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Two series of test were perforied to study the behavior ef a simple network under

heavy load condition. The near congestion behavior and the level the nelwork (figure

5.1 & 5.4) has a major driver i.e. 2 source node v

this experiment node 3 is the source node).
One of the series of experiment was run with node 3 having an unlimited amount of

storage space and the other series of experiment was run with node 3 having a limited
(&1 . C

1 Congastion with Unlimited Storage

The network experimented with is as Sh“‘f"ﬂ in figure 5.1 Node 3 of the network
was aliowed to have a storage space of 640000 bils to simulate unlimited storage
space. Node 2 was assigned with only one processor so that congestion could occur ab
its input queue. Two different series of experiment were run. As could be seen from
figure 5.2 and figure 5.3 the resulls agree quite well. Congestion started to occurred

between the data packet rate of .7 packets/ ms to .8 packels/ms (lhe rate is the

acket generation rate of node 3). Processing delay at lhe center node (congested
€ g Y g X

node) increased drastically when congested. In fact, when looking at the histograms
attached, during congestion almost all type 4 packets have a delay of more than 100
ms. The mean delay time fluctuates but it is an indication of the level of congestion if
taken over a long period of say 10 seconds ,as higher tratfic level shows a Iargér

delay time.

L
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The following tables are“the processing delay of type 4 packets in node 2 (the
center node). The packet generation rale was aboul 6 packets/10 ms. Congestion did

not occur and the delay is minimal.

node 2 (Histegram of type 4 packet counts) !
time put into input queua to time sent outl by line 5
time | 8 - | 18- | 20- | 30~ | 40- | 50~ | 68- | 78- | 88- | 98- | 168 |
ms) | 18 1 28 136 1406 156 166 |78 188 198 | 1861 up | total
8 128 127 &5 i (4 a 8 e (¢] (4] [ 261
10600 163 122 32 2 '} 8 8 8 [} ¢} 3} 319 ;
2088 178 119 7 ¢} 8 8 8 0 e 4 4 296 :
3000 148 1e9 22 ¢ 8 8 4 8 e 8 g 273 !
4088 136 157 15 ] e 8 8 e 8 0 6 383 §
50880 132 129 32 8 8 0 4} 6 L&} 3} @ 361 d
6€88 98 165 42 g, 6 6 0 0 3} [ 8 3ce
7668 135 165 5 (4] 4 8 6 e 8 e 8 385
scee 12¢ 178 16 4 6 8 8 € 4} e 6 318
! 9008 138 138 24 6 8 0 ] € 6 4 8 292 ‘
TOTAL 1348 1489 228 14 ] 0 8 8 4 [ 8 2951 3‘
%
CORRESPONDING % HISTOGRAM Q
time | & - | 18- 1 26- | 36- { 48- 1 5€- | 608- t 70- 1 86~ { 98- | 180 | §
(nsY | £@ 128 |38 |48 156 (66 |76 &8 9@ 1681 wupl ;
8 45.6 45,2 8.9 6.4 8.6 6.8 9.8 8.8 6.0 8.8 r.8 ‘
1008 Sl 38.2° 18.0 6.6 6.6 8.8 ©8.¢ 8.8 9.8 0.8 6.0 §
2088 57.4 48.2 2.4 €.0 8.6 8.8 @.8 8.6 8.@¢ 0.8 8.8 5
3008 b7 402 8.1 8.¢ 6.6 6.8 @08 8.6 B.8. 8.8 8.0
! 40080 44,2 51.8 4.9 @.8 8.6 6.8 8.0 7.6 ©.80 6.0 8.8 i
j 5800 43.9 42,9 18.6 2.7 4,8 8.6 8.8 g8 B.8 8.8 8.0
6000 38.6 55.06 14.8 .6 8.8 8.4 9.8 6.8 8.0 8.8 6.8
7008 4453 S4.1 -106 g8 6.8 88 .0 8.6 8.6 6.8 0.0 {
| 8008 39.9 56.¢ 'S5.86 8.8 8.6 @.8 8.v €.8 6.8 6.8 8.8
9008 44.5 47.3 82 6.9 0.0 9.6 .8 06 8.8 8.0 &8 :
T0TAL §5.1 47.1 7.4 é.5 ©0.8 0.6 6.6 8.8 8,6 8.8 0.0 §
|
TYPE 4 PACKET (time put into node to time sent out of node)
TINE MERAN VAR COUNT
0 12,144 26.398 281
1088 11,793 29.703 319
2008 10.279 10.929 296
. 3008 11.141 208.509 271 e
i 4800 11.288 15,955 308
5000 12.874 38.182 381
6060 12.642 38.958 380
7808 39,577 12.759 305
8608 11.488 18.373 318
9008 11.683 22.459 292

|
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The following tables are lhe processing delay of type 4 packets in 1

center node). The packet generation rate was about 7 packets/10 ms. C

)

shown. The histogram shows a wider spread of dzlay distribution than th

for packet generation rate of .6 packet/ms.

nade 2 (Histogram of type 4 packet counts)
time put into input queue to tine sent out by line
time | 8 - | 18- | 28- | 38- | 48~ | 58- | €8- | 78- | $§e-

[ 96~ | 182 |
| (ms) | 18 128 138 140 150 (66 170 18 192 | 188 [ up | tota
; o 94 149 83 18 8 ¢ 8 ) ¢ 0 8 342
A 16080 86 178 . 74 3 8 ) 0 0 ¢ g 0 339
2600 Ly R S R 4 6 0 3 ° I 8 357
3908 i s s T 2 6 8 e ¢ B L
4099 $04° 125 38 ke 27 7 1 8 3 e 8 347
‘\ 5000 a5 4B 74 2 8 8 g 8 8 6 g 338
i 66000 17 (en88fe SR e [ Bhe e TS 30 3 & 0 g 391
7008 79 183 68 29 12 11 8 ¢ ) o e 302
2060 g3 . 1330 620 BELN 1T 7 8 @ ] ) 8 372
9000 85 S ZEg LiNes 4 8 0 0 ¢ e 6 g8 3863
TOTRL 837 1489 723 282 93 68 33 33 A ¢ 8 3454
L}
CORRESPONDING % HISTOCRAN
time | & = 1 18- 1. 26— 1 36- 1 48- [ 59~ V.68~ | 70— 1 88- | 80— [ 188 |
(ms) | 18 120 138 1486 1650 166 (78 |8 1928 | 1881 up |
0 27.5 43.6 26.86 2.9 6.6 6.8 0.0 9.6 9.8 0.8 8.8
| 1666  25.4 51.5 21.8 6.9 6.8 o@.¢ 0.8 6.6 &8 6.8 8.0
- 2008 24.4 31.9 29.1 13.4 4.1 8.6 6.8 6.0 6.8 0.8 8.0
_ 3068 . 22.4 50.4 23.3 3.2 6.6 B¢ 8.0 8.0 8.8 0.8 8.8
& 480g 42,9 6.8 Jlr.0 U5 B:3 2.8 @3 0.0 8.0 0.8 . 8.0
(o1 (S N (S 8 87 - R T SR (R B R o SR S
Geon §.3 2007 28:7 214.3 . 8.7 1N« 9.7 - 8.6 1.0 0.8 . 6.9
7608 6.7 3kl 22.% 9.6 ‘4.8 3.4 &0 0.0 ‘8.8 0.8° 8.8
1 8eoe  25.9 35.8 16.7 16.1 4.6 1.9 8.6 0.0 0.0 6.8 0.8
9¢6¢  26.2 %8.1 14.6 1.1 8.8 .8 6.8 6.8 6.8 0.8 @.0
TOTAL 76,8 48,2 . 29.7 8.8 2.8 18 LB 69 et 6. e
.
TYPE 4 PACKET (time put into node to time sent out of node)
TINE MERN VAR COUNT
e 15.371 £0.004 342
1000 14.676 45,447 339
2600 19.106  103.353 357
3000 15.295 48.379 343
4000 18.355 165. 143 347
5000 16.574 92.241 338
6660  37.830  437.109 391
7000 19.045 150,383 302
8000 19.620  159.819 372
A 9008 13.474 36.759 363
-

m-57.

e e

PR
dy O

wade 2 (the

ngestion did

not occur and the mean delay is not high. However, sign of near congestion was
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The following tables are the processing delay of type 4 packets in node 2 (the
center node). The packet generation rate was about 7 packels/10 ms. No congestion
occurred but sign of near congestion wes <hiown in the histoegrams below as the

distribution of type 4 packet delay spread.

node 2 (Histogram of tyre 4 packet counts)
| time put into input queus to tire sent out by line
| time | @ - | 18- | 28- | 38~ | 48- | 56- | €0~ | 78- | &B- | S8- {-188 |
{ (ms) | 18 1 28 138 146 156 168 (78 1388 | & 186t wup | total
! 8 84 93 71 33 28 20 4 8 0 ] 8 333
[ 1008 $2 172 98 31 5 6 0 8 0 (4 8 358
! 2000 187 160 48 17 7 6 8 8 8 e 6 329
2000 83 165 G4 14 1 8 a 4 g 4} e 333
4000 181 136 34 16 26 4 2 3 5 o 8 323
5008 26 63 71 73 56 33 52 6 6 ] 8  3a0
6008 126 175 49 8 8 0 8 8 0 6 8 348
\ 7000 66 139 69 z7 23 38 12 8 0 C] 6  3E6
' 8060 96 144 64 39 ie 8 0 6 6 4 8 353
geee 116 136 72 16 2 6 ¢ e 8 8 8 342
TOTARL 861 1383 648 266 158 87 78 15 5 e 8 3485

' CORRESPONDING 7 HISTOGRAM .
time | 6 - | 16- | 28- | 38- | 40— i 53- 1| 60~ | 76- | 88- | 98- | i60 |
(ms) | B 1 28 136 T 40 t 56 60 179 | 8% 186 .1 188 | up i

¢} 25.2 2789 213 8.9 84 . 6.8 .2 1 g.e . 0.8 5.0 8.8

1680 4.5 48.8 27.4 B.7 V.4 6.8 6.8 8.6 8.8 6.8 0.8

2000 316 47.2 14.2 5.8 2.1 &8 8.0 9.8 8.8 8.8 0.9

) 3000 267 439.5 [19:2 4.2 6.3 6.¢ @.8 @.¢ @&8.8 6.0 0.8
i 4008 38.3 49.8& 10.2 4.8 7.8 1.2 @.6. 27 1.5 @.8 6.8

g | 5000 6.8  16.6. 187 18,2 .0 87 137 L6 6.8 8.8 6.8
e 6000 35.6 58.3 14,1 o.2 0.8 6.6 6.9 9.0 6.¢ 0.8 8.0
7008 i8.8: 38.6 18.9 7.4 6.3 8,2 3.3 6.8 9.8 8.0 0.8

8800 27.2 4.8 18.1 11.6 2.8 6.6 8.0 6.6 6.0 0.0 0.8

9668 33.9 39.8 21.4 4.7 6.6 6.0 8.0 0.6 6.8 6.8 0.8

A TO0TAL 24.7 39.7 184 7.6 45 2.5 2.6 8.4 9.1 €8 0.8

TYPE 4 PRCKET (time put into node to time sent out of node)

> TIME HEAN VAR COUNT

] 22.488 214.488 333

1800 18.504 83.257 358

2008 14.622 68.434 339

| 3008 15.608 59,185 333

| 4008 26.136 369,373 333

‘ 5000 36.266 329.587 380

I 66800 12.788 28.204 348

| . 7000 23.361 255.066 366

k 8000 17.395 99.117 353

3 9800 14,938 67.770 342

L

’~. 3

l]l—5§
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ine todowing labies are ne processing delay of type 4 packels in node 2 (i

center node). The packet generation rale was about & packets/10 ms. Congestion

occurred and 33 7 of {ype 4 packels experienced delay larger than 100 rs.

)
| node 2 (Histogram of tupe & packet counts)
time put into input queue to tire sent out by lina
B time | 8 -~ | 18~ | 28- 1) 308- | 490< | 56 | BB~ | 7€~ ) B8~ | 98- | 188 1
: tms) | 18 128 138 140 |55 (62 178 188 188 [ 180 1 up | total
g 8 53 57 €8 72 38 a7 i® 14 0 8 368
; 1605 24 g 1] 8 @ i 8. 48 51 65 158 351
: 2000 e 8 8 ¢ e g 20 51 66 138 165 3865
| 3000 0 e 8 0 g o 6 77 115 76 274
4800 0 & 8 0 ] 6 e 7 a7 78 71 193 A
, 5000 8 6 8 8 i ¢ () ¢ 17 58 142 215 -
: 6e0o i g e ¢ 0 8 7 27 82 88 204
7080 i ) 0 ¢ 6 @ @ 2 17 41 148 2838 :
: 8809 8 y 8 e 0 0 e 4 41 94 55 194 ¥
3906 8 ¢ 0 e 6 0 2 38 81 38 189
\ ‘ YOTAL 33 £3 57 68 72 38 53 178 399 758 858 2561
1
CORRESPONDING % HISTOGRAM
time | © - | 16~ | 28~ | 38~ | &8~ | 58—~ ) 6B~ { 78~ | 80~ | 98- | 168 {
(ms) | 18 26 1 38 146 158 (60 172 (8 {99 | 1081 up!l
i | @ 2.5 14,5 15.6 8.6 13.7 (6.4 f8.1 4.9 3.8 6.8 8.0
’ 1000 6.8 6.6 8.6 8.8 8.8 2.8 2.3 12.8 14.5 18.5 45.8
| 2846 0.0 8.8 6.6 .o 8.¢ 86.¢ 9.5 ¥4.8 | E8.1 37.8 . 29,8
| 3600 8.8 8.9 - 8.0 0,8 .8 L ee 0.0 2.2 2801 .0
[ ‘ i 4850 8.8 8.8 @8 0.0 8.8 B0 0.8 3.6 19.2 ‘
| 5000 8.8 8.5 06.¢ 8.0 -8.8 8.6 8.8 0.8
: 6060 g0 - 8.8 ;a8 88 B0 8.8l 3
7600 g.86 - 9.8 .05 ~e.8 8.0 88 BE 1.0
, | 8600 e.8 8.8 8.6 8.t 6,8 @.86 8.8 2.1
- | °nes 8.4 9.6 @9.¢ 8.0 -88 8.6 3.8 15.1 ¥
i TOTAL 13 240 B2 027 28 ks 2l 6.6
' 3
[ 1 ! TYPE 4 PRACKET (time put into noda to time sent out of node)
i ‘ TINE MEAN VAR COUNT
. ' 8 41.805 403,758 366
i ; 1008 92.898 865,317 351
; ! 2600  94.523  130.163 365
i g 3000  95.687 65.499 274
’ 4008 93,261 114,987 193
5000  183.475 86.0877 215
, 6008 98.935 167.644 204
| 7000  184.667 114.513 200 :
8600 96.139 66.312 194
9000 96.716 111.597 199
::"’ ’.r
o 11-59
=
1 .
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[ The following tables are"the processing delay of type 4 packets in node 2 (the
center nade). The packet generation rate was about 8 packets/10 ms. Congestion
occurred and 92 7 of type packels experienced delay of more than 100 ms in this
experiment.

node 2 (Histogram of type 4 packel counts)
time put into input gqueua to tima sent out by line
time | 8 - | 18- 1| 26- | 30— | 40~ | 58~ | 68~ | 70- 1 &8- | 9¢- | 180 |
(ms) ¢ 18 | 286 138 146 158 68 78 (:88 ©98 | 188 1 wp 1 total

L

0 20 7 5 3 9 1 g GA 3514 B2 TES g
1008 0 0 8 0 @ @ 0 ] 8 g 271 288 4

2608 8 8 0 ] 0 0 ) ¢ 8 g8 267 217

30006 8 [¢] (¢} 8 2] G 8 (4 6 [t} 185 88

3 4000 ] ] ) @ 8 8 0 0 8 ¢ 186 188

5000 e 8 ) i 9 8 ) 6 8 6 286 206

\ 6008 8 ] 6 6 ] 0 8 0 0 8 261 26l

R 7000 8 0 ] ) 0 8 0 ¢ 0 6 196 282

; geng e 8 0 e 8 0 @ e ° 1 188 181

9008 e 8 e ] ] ¢ 8 e 8 8 173 179

_;, TOTAL 20 7 5 3 9 1 9 3 3 78 1986 2157

CORRESPONDING % HISTOGRAN
time | @ - | 18- 1 28~ | 36- ) 48- | 5¢- | 66~ | 78~ | 806~ 1 98- | 1e8 |
(ms) t 18 | 2 138 |46 156 168 (78 |86 | 98 | 186 | wp |

i} A GRS I S i (A T P [ . (R ke S U ) G s el e

1088 .6 6.6 .6 6.6 6.6 0.6 8.8 0.6 6.8 3.2 96.8

! 2000 g.6 8.6 8.6 8.0 6.5 6.8 8.8 0.6 8.0 9.8 166.8

' 3600 e.8° @.¢ 0.8 @6.¢ -8, 0.6 6.8 @©8.86 6.8 6.0 188.8

’ 4808 e.¢ 6.6 6.6 6.9 ©.86 8.0 6.0 6.8 6.0 9.0 168.8

< 5000 6.6 6.6 e¢.¢ 6.0 0.6 6.6 8.6 6.6 6.8 0.6 160.8
6008 6.6 6.6 6.6 0.6 0.6 6.6 6.6 0.6 8.8 0.8 108.8

7008 6.0 8.8 .86 0.6 8.6 6.6 6.8 &0 0.8 3.8 97.0

4 8008 6.6 0.6 6.6 6.6 0.6 6.6 6.8 3.6 0.8 8.6 99.4
3 2 9008 6.0 6.6 8.6 .0 ‘8.0 0.6 8.6 6.8 0.8 6.0 160.8
i T0TAL g.9 0.3 6.2 6,1 6.4 -8.8 0.4 W1 A7 3.6 92.1

TYPE 4 PACKET (time put into node to time sent out of node)

TIME HERAN VAR COUNT
8 92.128 1086.802 323
16080 124.745 119.296 280
2000 127.998 82.372 217
3000 128.778 58.573 188
40008 148,069 152,968 180
5000 128.663 38.500 286
y g i 6000 120.831 68.486 201
’ i 7609 128.239 217.787 202
8000 121.484 99.672 181
9800  137.447 120. 140 179
.\‘ |
-~

i nm-6Q | '
|
|
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! The following tables are {he processing delay ol typs 4 packets in noc
! center node). The packets generation rate was about 9 packets/10 ms. Congestion
occurred and 100 7 of type 4 packets experience delay preater than 100 ms during
the laler period of simulation.
e node 2 (Histogram of 1 4 packet counts)
timae put into input quedl t out T T
time | 8 — | 16~ | 20~ | 39- | 40~ | 50- | 68- | 78- | 88- | 98- | 1895 |
(ms) | 18 [ 20 1386 (48 159 |68 178 1|88 {90 1 188 | up | 1otal
¢ 23 i8 3 h i & 11 24 b 4 224 323
1600 0 ] (4 & 0 ¢ [t} 2 5} ¢ 186 186
- 2009 g e e 6 g 4 0 e g &} 285 285
3eee <] o 8 4] a 6 ¢ e g 4 L5 145
4600 8 & 4 0 e G G g ¢ g 146 144,
5000 8 & 8 & 8 L1} ] e 4 8 140 140
! 6C00 e ¢ @ 5 4 a e [ 8 8 82 62
, 7080 [} ¢ g 8 e e 14 g g & 185 185
\ 8060 8 g [} %} 8 4 ) 4 (] 8 & &
[ 08¢ 0 4 6 Y 2 5 (¢ 4 ¢ e 155 158
- TOTAL 23 18 3 4 1 & 11 24 g 4 1484 15880

CORRESPONDING ¥ HISTOGRAM
i time | 8 - | 18- | 28- | 36~ | 46— | 50~ | 69~ | 76- | 80~ | 98- | 108 |
(ms) | 186 1 20 1 36 | 48 156 168 |78 186 |98 | 188 1 up |

6 2ol BUE 8.8 IV 4.9 205 gl ES g.e 4.5 8.8
i 1066 6.8 @.8 9.8 8.8 6.8 9.0 8.8 6.8 8.8 0.0 180.8
i 2090 . 5.8 8.8 8.6 8.8 80 6.6 8.8 0.8 8.8 180.0
i 300 8.8 0.6 9.6 0.6 0.6 6,86 0.0 0.8 9.8 6.0 108.8
{ 40805 8.8 ©8.86 0.8 8.8 8.6 9.6 8.8 0.6 0.0 8.0 180.8
5086 8.8 9.8 ©.8 0.¢ 8.8 6.6 0.8 6.6 6.8 0.0 188.6
6000 6.6 0.8 8.5 8.6 0.8 9.6 6.0 @8 8.8 8.8 198.0
r 7080 8.0 @9 8.8 6.6 80 @.8. 00 0.0 8.5 8.8 1p0.0 3
8000 8.6 @.a 9.8 0.8 8.8 9.6 0.0 8.8 6.8 8.0 180.0 4
90080 2.0 @88 ©.@8 0.8 ©.8 0.8 80 B8 ©.8 8.0 100.8 !
: TOTAL oS Eal 082 R 05 0.L eSS 8.7 L5 i@ 0.3 939 "
1 !
TYPE 4 PACKET (time put Into node to time sent cut of noda)
4 TINE MERN VAR COUNT
, e 98.065  17G9.517 320
' by 1666 162.891  223.252 186
2000 144,823 131.531 205
s 300¢  136.455 36.657 145
4008 144,116 297.199 146
5080  141.777 252.546 140
6000  142.708 136.123 82
7000 145,606 102.036 195
8ee0 182,322 54.509 8
9000  166.761 166.239 155
\\.
>
g 11-61
-
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The following tables are th2 processing delay of lype 4 packeis in node (the center

-

node). The packet generation rate was about 9 packels/10 ms (data file :- dsd30.99)

node 2 (Histogram of tuype & packet counts)

time put into input queus {o time sent out by line
time | 8 - | 10~ | 26~ | 38~ | 46- | 50~ | €8 | 70~
(ms) | 18 1 20 138 | 406 (156 166 |78 | 88
6 S 4
1008
2060
3800
4009
5800
6080
7088
8008
9060
TOTAL

—
w
o,
—
—

O W
(]
)

(o R~ -~ B~ -~ I~ I~ Y-~ i~ B o~ B @3]
dgooooooooawu
WO oo o0
(5~ <~ T~ B~~~ I~ i« ~ i~ )
OO0
‘Q@QQDQQQ.
DD ODODODDDODDD
NODSOoOOLOLCOODIOOO N
DO IO EO®D

—
S

CORRESPONDING 7 HISTOGRAI

time | 8 - | 18- | 28- | 30- | 40~ | 58~ | 60~ | 78- | &3~ | S8~ | 108 |

(msy } 18 |1 28 1.386 (48 f58 LS68 |78 | 8 |88 | 1681 wp !
4 6.0 1.8  1.d L8 | 1.9 1.5 8.8 @8.7 2.2 4.1 789
1000 8.8 ¢€.¢ @8 8.8 8.8 6.8 6.6 86 8.0 8.5 188,
2008 8.6 8.8 8.6 ¢.6 6.6 8.6 9.6 8.6 8.8 0.8 186.
2000 g.6 .6 5.8 8.0 8.8 @©.8 6.8 6.8 6.8 0.8 168
4600 6.6 6.6 6.6 6.6 0.6 6.8 8.6 8.6 8.8 8.8 108,
5080 6.0 6.6 6.6 8.0 .06 8.6 6.8 6.8 0.8 8.6 108.
6000 6.6 ¢.8 0.9 6.8 8.6 6.8 8.8 6.8 8.8 0.6 100,
7068 8.8 6.6 8.6 6.6 6.6 6.8 0.0 8.6 8.6 8.8 168.
800e .6 6.6 8.0 6.0° 8.6 8.8 6.6 8.0 0.0 9.0 108
9060 6.6 ©.6 6.6 ©.,6 6.6 6.0 8.6 8.8 0.0 8.8 108.
TOTAL Y0¥ SBe3 Bad 9.2 8.3 8.3 G086l BlE . 87 86

TYPE 4 PRACKET (time put into node to time sent out of node)

TINE MERN VAR COUNT
8 113.822 1724.700 267
1600 148.152 115.336 189
2600 135.393 91,176 139
3000 143,294 157.0821 135
4000 131.349 72.789 96
5000 127.975 65.906 216
6000 124.978 58.584 144
7000 149.342 95.553 137
8000 132.879 231.457 175
90060 140.854 145.315 64

11-62

8- | 98- | 18§ |
98 F 188 1 up )
212
14} 189
C 139
5} 135
e 36
g 216
2} 144
g 137
0 175
g G4
1 15@7

4
4
8
8
4
8
a

[Sa B~ R - B~

total
267
189
133
135
36
216
144
137
175
64
1582
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5.1. Congestion with Limiled Storege
: Tie network used is as shown in figure 5.3. Node 3 was more realistic
level of storage. Some background traffic was generated by node 1 and 2 in this ca
E ( total of about .2 packets per ms). FHence, congestion occurred when node 3 had
packel generation rate of about .5 fo .6 packets per ms, as node 2 is abie to hand!s

about 7 packets per 10ms.

The behavior of the network on the threshold of congestion was studied. It was
1 found that ( Figure 55 & 5.6) packets delay fluctuated at the threshold of congestion.
\ For some short period the delay was about the delay of no congestion, Average delay

for a short period of a few minutes would not be usefu! in determining the leve! of
congestion, but with longer period the delay may be useful in formulzaling a flow

€ (124

coniroi decision. The 7 rejeciion could also be a good measure of congestion.

{
|
|
|
|
)
B .

-6




./

AD=-AO40 S84 CARNEGIE-MELLON UNIV PITTSBURGH PA DEPT OF COMPUTER =--ETC F/6 17/2
THE SIMULATION OF AN INTEGRATED VOICE/DATA COMMUNICATIONS NETWO==ETC(U)
MAY 77 M R BARBACCI DCAI.OO-?G-C-OOSB

UNCLASSIFIED DCA=100=76=C=0058

END
rl--ll:rl
T=77




4_—

i 2 f2s

o

e
== ¢ 3 g
L

—  ka
2 llis s

MICROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU OF STANDARDS-1963-A




DCA100-76-C-0058 May 30, 1977

0. Kouling lnetliciency

A Sample Simulation to Demonstrate the Inefficiency of the Present Routing Scheme

A simple network was used {o demonstrate one of the inefficiencies of the present
scheme. The network configuration is as shown in figure 6.1, interesting aspect of {he
traffic flow could be found on figure 6.2 & figure 6.3,

In this example node 3 and node 5 generale most of the traffic {o node 1. Node 2

and nede 4 acts as intermediate nodes. Here due {o heavy traffic, if node 3 and 5 send

their packels via the same route, eventually congestion would occur, Adaplive routing

was fast enough to swilch their routes to prevent congestion but it was not intelligent
enough to switch one 'of the route only. Hence, the near congestion condition oscillates
between node 2 and node 4. The {raffic delay was low when the two nodes were nct
using the same route but increased when they used the same routle.

For example, initially the two nodes (5 & 3) chose node # 2 as the prime
intermediate node ar'nd hence packet transmission delay from source to destination (5
or 3 to node 1) was around 40 ms. The routing algorithm was able to switch the
routes fast enough during the 500 to 2500 ms interval to keep the delay low.
However, during the interval of 3000 ms to 3500 ms, node # 4 was heavily used as the
prime route by both nodes (while 2 had a relatively low traffic) a spike increase in
delay (up to 64 ms) resulted. Similarly during the period of 4000 ms to 4500 ms,
route 2 was too heavily used and it produced a spike in mcan delay. A better strategy
would keep the two nodes from using the same route and thus preventing unnecessary

delay.
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Appendix A: Figures
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Packet
Ceount

Interncde Traffic Density
100 ¥ .

of a Fully Connecled Network of
Three Nodes with a link failure.
Traffic from Node 2 to Node 3

An increase in trafiic to node 2 was
observed after link failure was delected
at 1225ms.

A A A A N N
400 800 1200 1600 2000

Simulation time in ms
Figure 4.2 Test Case SHOW1.A - Internode Traffic Density

-




Packet
Count
100 ™ Internode Traffic Density

of a Fully Connected Network of 2 nodes
\With Link Failure
Traffic from Node 1 to Node 2
An increass in traffic to node 2
was observed after link failure was
detected.

A A A A A A A A A JAY
1000 1500 2000 2500

Simulation time in ms
Figure 4.3 Test Case SHOW1.A - Internode Traffic Density
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b , Packet L
bt . ' Count g
. Internode Traffic Histogram
A Three Node Straight Line Network with
& i Link Failure

1 Traffic from Nede 1 (o Node 3
o

h : 30 1
I : 25 1
A 20

}

;
| i 4 Disconnection of Node 3
! , informed at 1240ms
- ; _
’ !

10 &
b 1
i &
o
1
R . 5 1
| < el WEEES Ty VR
b 400 800 1200 1600 2000

; Sie : Simulation time in ms
Dy Figure 4.5 Error Control Experiment - SHOW1.B
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i 10

| : No Traffic Due to

. ‘ : 4 Congestion
: 5 B \l,
¥ \ A - R A A
0 . 400 800 1200 1600 2000
Simulation time in ms
. : Fig. 4.6 Error Control Experiment - SHOW1.B
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Internode Traffic Histogram
A Feur Node Straight Line Network
with Link Failure Disconnecting the -
Netweis into Tweo Halves

Sk T RN Sl 1 R WS 1
Packets Genererated by Node 1

[ "o , ~y
Y to Node 3

Reduced Traffic
due to Congesticn

|

Failure of Node 3
Informed

!

A A A A A
600 1200 1800 2400 3000

Simulalion time in ms

Figure 4.8 Error Control Experiment - SHOW1.C
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Failure of Node 3
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|
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Figure 4.9 Error Control Experiment - SHOW1.C
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Packet
| Count
Internode Traffic Histogram
A Four Node Sauare Network
with Link Failures Disconnecting the
Network into Two Halves

ts Gene rated o nNo de 2 by Node |
23S wenergleq (o Node ¢ Dy iNoge

Pack

&

30 T

,\ 25

' 20 ; ;

10 ™ Failure of Nede 3
Infermed :

|

: 5 1> ;

A A A A ) A A
0 600 1200 2400 3000

‘i ‘ Simulation time in ms
Figure 4.11 Error Control Experiment - SHOW1.D
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, Node Failure
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. | | )

Traffic from Naoda 1 To Node 3

30 T
E A 25 T
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o e sl oy

' ‘ 15

10 s

Node Failure Informed
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5 v A A A A A : i
0 400 800 1200 1600 2000 :

S

Simulation time in ms
- : Figure 4.14 Error Control Experiment - Show?2
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Processing delay of type 4 packets in node 2.
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1. Packetized Voice/Dala Network

The initial idea for the investigation of a packetized voice and data network comes
from research currently active at MIT Lincoln Laboratory. The paper by Forgie and
Nemeth [For76] describes a PVC, Packelized Virtual Circuit, integrated comraunication
network. The research being reporfed here covers a segment of the original PVC
concept, initial investigation and simulation experiments of a similar network. The
areas not covered _here are the Sfatistical Flow Control routing scheme, and a
theoretical model analysis. '

This report will discuss: Packetized Voice/Data (PVD) network concept and
motivations for initial study; expected capabilities of such a network; the techniques

and input used in the simulation experiments; analysis and conclusions from this work.

1.1. Overview

The approach to a digitized voice/data network scheme described here differs from
most other proposals. In the SENET scheme described by Coviello [Cov75]), voice
traffic is treated in a circuit switched fashion, and data -traffic in a packet switched
fashion. The method here is to treat both types of traffic in a similar way: packet
switched. The concept described by Forgie utilizes a packetized virtual circuit scheme,
in which a source to destination path is first established, and the link is used only
when data is required to be transferred. The PVD scheme utilizes a dynamic routing in
which packets are handled and routed on an individual basis, dependent on the state of
the network. The possibility of having a network using a combination of both these

routing methods is discussed later.

The ability of a PVC/PVD network to utilize characteristics of conversational voice
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communication to an advam:zt;e, which a SENET netlwork could not, was an important
motivation for this initial study at CMU. The silenl gaps in ordinary speech are
unnecessarily transmitted in a circuit switched network, particutarly SENET. But during
these gaps in a PVD network, other data may be transmitted; there appears to be an
increase in the useful bandwidth of a node to node link. For a circuit switched
network to approach this would be expensive; the tables containing data on the
switched paths would need to be redefined, or data may be inserted in an available
channel. This would require that a data pécket fit and that the network know it is not

voice data.

1.2. Class I Voice/Real Time Data Transmission

In the PVD network concept all voice and real time data are in packetized form. For
each active call, the source node accepts data from the locel host and a network
packet is created. The packet contains header information: destination, call number,
etc. In the case of voice traffic, when a silenl gap is detected by the vocording
device, no packet is. created, allowing otherldata to proceed. For incoming Class I
traffic, the packets are processed in order of arrival; a lack of packets for a particular

call would indicate silence. The possibility of packets arriving out of sequence has not

been studied. The problem might become evident in iarger networks and as network

traffic increase to such an extent that the routing algorithm decides to select another
path with a shorter delay.

At all times Class I packets are given priority over Class llland Il packets by the
node processor. Class | packets are not acknowledged as they are received.

A PVD network has the ability to accommodate real time devices which generate
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data at various periodic time intervals. The regquirement that new data appear every
L)

10 milliseconds, as in SENET, is not made.

1.2.1 Silent Gaps in Speech

The statistics on silent periods in conversational speech are presented in [Bra6bl.
A speech detector and recorder device is used to measure the duration of talk-spurts
and silent gaps. Silent periods of less than 200 milliseconds are not considered gaps
and are considered 2 part of talk-spurts. The detector is designed to trigger at a
listener understandable level.

The results indicate that a person talks 44.37 of the time, silent 55.77Z. The mean
length of talkspurts and pauses is .75 seconds; the median about 1.5 seconds. The
paper indicates this is .in agreement with similar, unpublished measurements. The
paper is quick lo point out that the conversations used may >not be typical of all
telephone conversations.

The conclusion frorr; this report which is applicable to the PVD study is the ability to
a!low a voice call te request, say, a 10 kbps channel, b'ut to assume that, on the
average, it will be used to only 44.37 of capacity. For a large number of calls, 50 -

100, this advantage can be used safely.

1.2.2 Consequences of Utilizing Speech Gaps

While taking advantage of thesé speech gaps, the possibility of almost all
conversationists talking at the same time and overloading the system becomes
apparent. When operating at nearly full capacity and this condition arises, without any
escape procedures, thé end to end delays in the voice calls may become intolerable;

the internal node memory would overflow, losing data haphazardly.
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The PVC proposed solulion is to drop half the packets within the node. 1t is
expected that this will happen infrequently enough so that the effects will be minimal,
the probability being 17.

An alternative to this method is to utilize a dynamic routing scheme in the network.
When a particular node determines an increase in traffic it is handling, routing control
data can be transmitted before a deadly threshold is reached. This plan is contingent
on the network’s ability to handle congestion and routing; this is not discussed here.

A second alternative is to modify individual voice packets. By shortening some
packets it might be possible to continue throughpul. The capability of decreasing the
size of an arbitrary voice packet in the network is dependent on the lechnique used to
generate the packet. If the representation is such that dropping bits off a voice
packet merely increases distortion in the end, and does not make the packel useless,

then this scheme is worth investigating.

1.3. Ciass II and III Data and Network Control Traffic

Data traffic is handled in the same fashion as in‘the SENET concept. Data packets
are acknowledged node-to-node as they pass though the netwérk, and end-to-end
when the packet’s destination is reached. For each data packet transmitted, an
acknowledgement packet of zbout 100 bits is created. This type of traffic will be
discussed.

The processing requirem.ents for a PVD network seem to be greater than for a
SENET network. In SENET the voice slois for each call do not invoke much processing;
the slots are copied' iﬁto the appropriate output queue area according to the local

Class | mapping table. For the PVD node, each packet’s header must be scanned, and

IV-4u
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: then the appropriate m:.iionhtaken. This greater requirement is ofiset by the greater
link utilization obtained.
1.4. Additions to the Command Lenguage Interpreter
Ei The PVD network simulator is the SENET simulalor described in Part 1 with

i appropriate modifications.

For the PVD experiments, these comiands are valid.

1.4.1 VSPECIFY
! The VSPECIFY command takes the following form:
, : VSPECIFY <type>/L:<argl> Ri<arg2> Si<arg3>
The VSPECIFY command specifies a particular type of Class 1 (voice) transmission
¥ i | modev. Up to 4 modes may be defined. All voice calls in an experiment are of one of

these modes. There are no default values.

<type> Specifies the name of this mode. It is an integer in the range 1:4.
: ,argl> : Defines the length, in bits, of the packets generated in this mode.
’ /:arg2> Defines the {otal transmission rate, in bits per second, for a call of this
type.
5 <arg3> Defines the percentage of ti.ese voice packets generated which are silent.

| . 1.42 VGENERATE
The VGENERATE command takes the following form:
VGENERATE <node>/T<type> /D<nodel>:<argl> /D<node2>:<arg2> ...
The VGENERATE command defines the voice traffic generated by the host attached

to this node to other nodes in the network. There are no default values, and all nodes

referred to must have been previously defined.




for the calls specified in this command line.
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| i
1 ‘
<node> Defines the source node for the cails detined by this instance cf the
A command,
; <type> Defines the transmission mode type, as defined by the VSPECIFY command,
i

<nodel>:<argl> Specifies a destination node and defines the number of calls to be
allocated.

i‘ 1.43 MODE
4 To activate the PVD simulation seclions of the Nelwork Simulator, the MODE
command must be specified as:

Rl MODE X

1.4.4 HELP

| The HELP command contains assistancé on the VSPECIFY and VGENERATE commands.

.45 SHOW

The SHOW command will display the setting of the VSPECIFY and VGENERATE

network parameters.

1.46 Irrelevent Commands ;
The following commands and their parameters have no bearing on a PVD simulation
experiment:

. FRAMETIME, ALLOC, VFRACTION, VRATE, VDIST

1.5. Additions to the Tracing Facilities

1.5.1 NEW VIHOST

The NEW VIHOST initialization tracing entries have the following form:

<time> NEW VIHOST <node>
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!
| ' The NEW VIHOST endry (i:?;;uribz;~s the initialization ¢f a node PVD voice generator
'f ' host.

1.5.2 - CREAT VPKT
\ The CREAT VPKT packet tracing entries have the foliowing forim:

<time> CREAT VPKT <packel> <source> <dest> <type> <length>
The <type> parameter identifies the transmission mode type, as specified in the

command language. The other parameters are the same used in the CREATE PKT entry.
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2. Packetized Voice/Data Experiments

The experiments involve a 2 node network, with a 2-way link connection. The
parameters were defined to be similar to those in the PVC [For76] report to attempt

to verify results.

2.1. Assumpiions
1 The link transmission rate is 1544 kbits/second.

2 Voice packets (Class 1) contain 128 bits, of which 96 bils are actual
data and 32 bits network overhead. Calls are assighed before the
i simulation has started, none are initialized during simulation. For
‘ each call established, packets are injected inlo the network with
: probability 0.45; ctherwise they are assumed to be silent, and are
not created. The vocording technique is 16 kbits/second CVSD; this
will generate a packet every 6 milliseconds, for each call. With the

32 bits/packet overhead the total is 21.3 kbils/second.

3 Data packels are of various lengths; for each packet 32 bits are for
network overhead.

4 For each data packet sent from node to node, a control packet is
| generaled and sent in the opposite direction to acknowledge receipt.
These control packets are 100 bits long, and have priority under

voice packets, but over data packets.

5 Each node is simulated by 1 to 4 processors, as specified in the

results. These operate in parallel on the traffic stream. Packets are

Y ; handled by the processors at the rate of 5 microseconds per 16 bit
! word.

i . 6 The delay time as reported in the results is the total time the packet
* , remains in the network - from the time the packet is created by the
source host until the destination node host receives the packet.

74 The maximum data traffic is what is available after voice and control
is aliocated. The link utilization is the ratio of the total simulated
traffic to the link cepacity.
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2.2. Resulis

2.2.1 Experiment la
Conditions:

voice packet size:

calls:

type:

activity:

data packet size:

number processors:
processor speed:

simulation duration:
maximum data traffic:

actual data traffic generated:

actual voice traffic generated: |

data header and control traffic:

voice header and control traffic:

utilization:
Results:

fotal voice packet delay:
variance:

data packet delay:
variance:

May 30, 1977

128 bits

100

16 kbps CVSD

457 total active talk, 557 silent
128 bits

1 per node

5 microseconds / 16 bit word
250 ms, statistics collected after 10 ms
245.89 kbps

243.75 kbps

720 kbps

335.148 kbps

239.985 kbps

.996

.25 ms
.02

8 ms
20

957 of data packets have delay under 17 ms

maximum node memory required:

2.2.2 Experiment 1b

8000 bits

Conditions as in experiment 1b except:

number processors:
Results:

total voice packet delay:
variance:

data packet delay:
variance:

4 per node

.15 ms
01

7.8 ms
15 ms

957 of data packets have delay under 16 ms

maximum node memory required:

6000 bits

V-9~
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2.2.3 Experiment 2
Conditions:

voice packet size:

calls:

type:

aclivity:

data packet size:

number processors:

processor spced:

simulation duration:

maximum data traffic:

actual data traffic generated:
actual voice traffic generated:
data header and control traffic:
voice header and control traffic:
utilization:

total voice packet delay:
variance:

data packet delay:
variance:

May 30, 1977

128 bils

100

16 kbps CVSD

457 total active talk, 557 silent
128 bits

1 per node

5 microseconds / 16 bit werd
250 ms, statistics collected after 10 ms
245.89 kbps

187.5 kbps

720 kbps

257.8 kbps

239.985 kbps

91

.25 ms
03875

2.3 ms
3

957 of data packets' have delay under 6 ms

maximum node memory required:

2.2.4 Experiment 3

Conditions:

voice packet size:

calls:

type:

activity: :

data packet size:

number processors:
processor speed:

simulation duration:

control packel size:

maximum data traffic:

actual data traffic generated:
actual voice traffic generated:
data header and control traffic:

4096 bits

128 bits

100

16 kbps CVSD

457 total active talk, 557 silent

128 bits

1 per node

5 microseconds / 16 bit word

250 ms, statistics coliected after 10 ms
32 bits (100 bits in other experiments)
373.76 kbps

337.5 kbps

720 kbps

225 kbps

IV-10
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voice header and controi traffic: 239.985 kbps
A

utilization: G&¢6

Results:

total voice packet delay: 4 s

variance: 025

data packet delay: 2.25 ms

variahce: 1.7

957 of data packets have delay under 5.5 s
maximum node memory required: 4096 bits

2.25 Experiment 4a

Conditions:

voice packet size: 128 bits

calls: 100

type: 16 kbps CVSD

activity: 457 total active falk, 557 siient
data packet size: 512 bits

number processors: 1 per node

processor speed: 5 microseconds [/ 16 bit word
simulation duration: 250 ms, statistics coliected after 50 ms
maximum data traffic: .458.04 kbps

actual data traffic: 44531 kbps

actual voice traffic: 720 kbps

data header and control traffic: 122.46 kbps
voice header and control traffic: 239.985 kbps
utilization: 989

Results:

This network configuration is not stable, it appears that the memory
required by the node constantly increases.

2.26 Experiment 4b

Conditions as in experiment (4a) except:

number processors: 4 per node
Results:
"

IV-11
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!
total voice packel delay: AVEE
variance: b .01
data packet delay: 10 mis

variance: 50
957 of data packets have delay under 25 ms
maximum node memory required: 15000 bits

2.2.7 Experiment 53

Conditions:
voice packet size: 128 bils
calls: 100 |
type: 16 kbps CVSD
activity: 457 tolal active talk, 557 silent
data packet size: 1024 bits
l number processors: 1 per node
1 processor speed: B microseconds / 16 bit word
simulation duration: 500 ms, statistics coliected after 50 s .
' maximum data traffic: 512.42 kbps g
actual data traffic: 508.59 |

e

aclual voice traffic:

726 kbps

data header and control traffic: 67.68 kbps '|
voice header and control traffic: 239.985 kbps |
! utilization: 9495 :
|
- Resulis: |
4 |
This network configuration is unstable, node memory requirements do "
not level off. "
|
' ‘i
2.2.8 Experiment 5b ;
i 1 |
1 Conditions as in experiment (5a) except: |
number processors: 4 per node ] ) ]
Results: }
voice packet delay: A ms . ;
g 4
5 variance: 05 ]
E-.- data packet delay: 20 ms 4
_ variance: 20 3
. : " ‘ ;
! IV-12 |
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957 of data packets have delay under 30 ms
maximum node memory required: 30000 bits

2.3. Example Simulation Siatistics Quiput

The following tables are the summary of the statlistics collu(,‘-.‘-‘fﬁ from the simulation
trace file. Packets are grouped into exactly similar lypes; for example, the first line is
a summary of all type 1 (voice) packets of subtype 2, (16 kbps CVSD as defined), for
calls from node 2 to node 1. The table also indicales the total number of packets
rejecled by the network (by node memory overflow, for example), total packet
measured of this type, average end-to-end delay, in milliseconds, and variance. The
last two columns indicate the average number of nodes these packets have passed
through since leaving the source nods, and the average length of packets of this type
(the possibility of having, say, data packels of various sizes was expacted).

Figure 2.1 through 2.8 depict the memory requirements as a function of simulation
time. The dala gives the total memory a node needs because of input/output queues

and holding queues for data packets during the time intervals.

2.3.1 Experiment la

type subtype node to node
1 2 1
2 1 1 2
1 1 1 2
3 8 2 I
3 %) 1 Z
2 1 2 1

type pkts-rej tot-pkts avg-del var-del nds-thru avg-len
1 (%] 1784 2.354E-81 2,481E-82 1.608E+80 1.288E+82
2 8 687 5.871E-81 1.9938E-81 1.080L+60 1.00BE+82
1 %} 1798 2.60CE-B1 1.142E-02 1.800E488 1.288E+02
3 8 583 9.003t+68 3.824L+01 1.000E+80 1.280C+82

v-13"




DCA100-76-C-0058

N 2

typ

subtype

T~ IS S

pkits-rej

coscoes

pkts-re

et Statistics Summary ---

node to node

1 z

2 1

1 2

1 2

2 1

2 1
tot-pkts avg-dell var-—de|
1746 1.54EE-81 4.124F-83
1738 1.627E-81 1.238E-82
54z 8.554E+08 4.8U0C+81
533 7.875E-81 5.568E-01
552 6.87BE-81 2.198E-01
527 6.90G1E+B8 3.183E+01

node to node

1 2

2 1

1 74

2 1

2 1

1 4
tot-pkts avy-del var-del
472 2.683E488 64.135E+80
1728 3.022E-81 4.B36E-P2
1824 2.164E-81 3.532E-82
452 2.057E+88 2.4G3E400
482 6.20%E-81 2.697E-01
448 7.985L-81 3.9776-01

v-14

nds-thru
1.08006E+400
1.662E488
1.808E+88
1.008E+00
1.208E+08
1.808E+89

‘nds-thru
1.00PE+08
1.8805408
1.200t4008
1.888E488
1.800E488
1.8086+08

May 30, 1977

1.286E4802
1.8668E+62

ava-len
1.288£482
1.288E+82
. 28BE+B2
1.808E+482
1.88E+82

1.280E+62

ava-len
1.288E482
1,.288E482
1.286E+8B2
1.288E+482
1.8008E+82
1.808L+82
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2.3.4 Experiment 3
tupe sub type
, ‘ 1 1
i 1 1
t 3 8
2 I
3 e
2 1
tupe pkts-rej
1 ' %]
1 8
3 8
2 8
\ 3 :
2 8
¥ 2 : ,
} 2.3.5 Experiment 4a
type subtype
! 1
1
e 2
3
3
2
type pkts-rej
; | 1 (%]
- : 1 8
2 %]
3 (%]
3 8
2 e
|
" Py I
i

S

S

node

NN PN

tot-pkts
1762
1735

&61

867

735

797

node

NN === N

tot-pkts
1450
1435
223

192

175

231

tc node

N = = N0 N —

ava-del
.5390E-81
. 265E-01
Q785468
. 792E-81
1.822E--68
2.617¢-01

NN UT W

to nade

_ NN N =

avg-del
2.193E+01
2,359E+01
7.411E-01
2.858E+81
3.6006E+01

7.637E-81

IV-15

var-del
+349E-B2
3.195E-82
1.793E409
6.845E-82
1.609C+69
6.833:-82

var-del
1.344E482
1.568E+82
1.804E-061
1.578€+82

nds-thru
1.888E488
1.062E+460
1.8068E408
1.806E+22
1.888E+L8
1.8088E488

nds-thru
1.0880E4008
1.888E468
1.880E4 00
1.880E+00

May 20, 1977

ava-len
1.288E+82
1.288E+82
1.288E+82
3.288E+81
1.288E+B2
3.288E+61

avg-len
. 28BE+B2
. 28BE+82
. BBBE482
5.128E+82

— e

3.987E+02 1.800E+408 5.128E+02
2.241E-81 1.0088E+B8 1.808BE+B2

o
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2.3.6 Experimeni 4b

subtyn

2.3.7 Experiment 5a

tub

subtype

2.3.8 Experiment 5b

type
|

1
2

subtype
1
1
1

to

avg-del
2.475E-81
2.441E-81
5.978E-01
S.027E+68
6.693E-01
1.368E+81

to node

avg-del
7.833E+081
7.957E401

var-del
1.152E-82
1.849E-82
1.48B7E-B1
5.869E+83
2.857E-81
6.693E+@1

var-del
1.895E+83
2.81BE+03

nds-thiru
1.680E488
1.0880E488
1.8468E+84
1.008E+£2
1.886E+8¢
1.808E+68

nds-thru
1.0880E+00
1.0800E+80

1.355E+88 4,705E-81 1.BBGE+0C

1.887E+02
9.071E+081
1.28BE+80

2.971E483
2.185E+83
4.630E-01

1.088E+08
1.088E+20
1.PB0E+00

May 30, 1877

avg-len
1.288E+082
1.288E+82
1.882E402
5.1208E+82
1.8868E+82
5,128E+82

avg-len
1.28BE+82
1.280E+082
1.888E+82
1.824483
1.824E483
1.6068E+82
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3 ¢ i 2
3 8 meeZ 1
2 1 2 1

type pkis-rej tot-pkts avg-del var-del nds-thru avg-len
1 (5] 21395 4.517E-81 7.70PE-02 1.288E+82
1 8 2281 4.607E-81 4.B43E-082 1.288E+82
2 8 161 1.846E+488 5.986E-01 1.0028E+82
3 (4] 147 3.5230E+68 2.524E+481 1.824E+83
3 B 153 1.973E+81 1.878E+61 1.824E483
2 9] 147 1.044E40608 3.894E-61 1.880E+80 1.800E+02

2.4. Conclusions

The results of the simulation experiments indicate that a packetized voice/data
network is able to handle the traffic load efficiently, and with acceptable delays. With
the link utilization near 1, the variance in the voice traffic delay is low enough to be
comparable with the.SENET scheme.

Data traffic is handied acceptably; it is clear that as data packet size incroase-s, the
net amount of real data available is increased (since there is less network contro! data
generated). This increase in size causes an increase in the delay in the voice packels;
as a longer data packet is being transmitted, the next voice packet must wait. The
possibility of allowing various data packet lengths and the way the node processor
handles these requires investigation. .

The network control protocols need to be examined in order to determine an
efficient system. The effect of header and control packet size on the total usable data
is clear.

The processor capabilities within the node are critical in some experiments. Where

one processor is insufficient, 4 are adequate. The network in which nodes have more

IV-17a
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than one link would require _greater processing power per node than for the network
simulated here. Thk> detailed processor requirements are not discussed here; the
effect has been noticed.

A question remaining concerns the rouling and packet forwarding mechanism.
Whether the PVC flow control scheme is acceptable for large networks is not clear.
The dynamic routing for a PVD nelwork is not fully invesﬁgate}d. The possibility exists
of a point in between these two which allows data traffic to be dynamically routed,
while Class 1 traffic exists on virtual circuits. By limiting the total Class 1 traffic on a
link to the maximum physically possible the network could accommodate instantaneous
peaks without losses. Class II and Il data traffic would be temporarily suspended on

this link, and routed around on another path.

Iv-18



DCA100-76-C-0058 May 30, 1977

Appendix A Figures

e

T

':._

g.
b .
..1
) e |




Viam o

IAM.

A
2 e O

Lo st 2 A S

o . e e s W s e P a2 e e T 5 M ol G i B

G
Q

/40

/2000

.
T
s
<
M
N

- Joonr—

1 Iy » "
.
&.
AN
A5 i . L
|
i
1 |
s B/ 0 V0 O L 1 0
| | 14 |
| |
i
| |
i |
ERRRENEE
i
B0 98 55 160 O, I
L :
{ m $
. I
) |
AN ——if
| [ et b :
Q
SRR
Ny
i

,’é‘,ao.._. -
GOty

O IR NOERICY . NONAA M gl
‘L

-
250

/50 L00 2

/00

MSD

e

i

$ i
{
+ ¥
1

L ——
4

-
.




;

{

H .

| |
SIS WO IR R B R A

V

i

| {

1

I

|

t,; u, \
&
)
~
=
5
< Lo
) w i
5 ~ "./
angr ey e
X ~ B
S AR \u&,
-— ~
. < LN
T
)
A \
P ei =
™
; &)
oS N
B N
- — 4 -

/.Lc‘ 0 0

: /Of)c"b =1

AR A |

10 000N NONMDA g b
«Jy

:'099-5 .

v
)

/oD

IR S

& 17777




:;;,

L8]

/0

&0

TIME (C/MTS)

/2 600 T

/0:}/\0—.—

w,.
3
;!

Q




A At

Sy A

OO T

/- OE00=

2
Feoot
Lovot -

WD TN HA

SEeo T

vz N yehod NONEW “}

SRS ARERE %) BN

061

.

o=

Q\Aﬂ‘. R e

v



g - - Y T P - T S A e A M Bl B i
Yo ! ! Py e s i L o i b o o b s V

} - Ol'.]‘s\m, -

S [ 5
/Il/.
4 |
H
A | ¢
._A R Tl o W s L O T 3 O ]
1 1 '
..
=L | iy
~ T~
& J./, l~ »
3 N, S
- iy >
~ ] ~
f.. \
. ~ -
N o 3
——— e - + - - ’4 ﬂ :
i £
) | %
, / i b g
: X N
\ |
Q
TR S ) S i, $--53 SEEEE|
. 3 N
s e
5_ w
e i
% '
~
N
4 Q
N - Ll . -~ " - .. P— S —
3 y e AL
g J .k !
.y \
: i
xS
oo L ERSRISRECS P B PL et ,U. Ll Lt
b % )
o © < o Q- Q
ok .ﬁ/{ I ; D ¥ 0 Q)
4, > N ) > ' Y NN 4 4
1 I 3 N O A
~ ~ N |
e
S ,
i 1
0§ NI T ONERDIoN NONNIA ¢ e )
0 o Mg 2y e P PESES N
, —— \ ~ ok
- 1
.
- - - - . e — - “ - . .v -




)

<
<D

LB

a0 P 500 O 51 58 B A O o 9 1201 pabo il

i
|
|
1
!
+
)

o LE L WS N 1 [ A = LI L S T SRS ST B S (ST S T A .

( X
/6
L
7

|

TR ONCRRoE NONUA

)z CALS )

5

JOO




o e Jeh b pedt jpivh +dia s ket i S, T 00 i vadey bk Ok 00 G A AL B Wl sl s W M ¢ PO ) S e Bl L A e s L e S
v i Ty ™ 1 Y Y
ki

EEEEEEEEEE
e N

1ONIEN0H NONSA “R
“« . o




]

1
Q.

|

|

T8I s TINCRRGE NONESA 3 Y
INIWSNGE NONS ¢
o




. [ DCA100-76-C-0058 May 30, 1977
I | %

Refererices




DCA100-76-C-0052 ' May 30, 1977

[ADC75]

[Bar76a)

[Bar76b]

[Bra65]

[Bur72]

[Cov75]

[Cro76]

[For75])

[For76]

[Fra73]

[Fra75]

[Ger75]

[Gor69]

[Hea70]

[Her76]

el e e TR i T z ey . [ T £ ATy . v
Advanded uala Lominunicalion Loinroe 1°re €S \ALWLI ), INOE]

Numbering. Pr&posed American MNalional Siendard. Fourth

978,

=4
bt
(ol P

Barbacci, MR. and JD. OQakley: "The Integration of Circuit and Packet
Switching Networks: Toward a SENET Implementation”. The 15th NBS-
ACM Annual Technicai Symposium, Gaithershurg, Md, June 1376.

Barbacci, MR. et al:A Multiprocessor Implementation of an Integrated
Switch. Report to the Defense Communications Agency frem the
Department of Computer Science, Carnegie-Mellon University. May 1976.

Brady, P.T.: "A Technique for Investigating On-Off Patterns of Speech".
Bell System Technical Journal, Vol. XL1V, No. 1, January 1965,

Burton, HO. and D.D. Sullivan: "Errors and Error Control”. Proceedings of

‘the IEEE, Vol. 60, No. 11, November 1972.

Coviello, G.J,, and P.A. Vena: “Integration of Circuit/Packet Switching in a
SENET (Slotted Envelope NETwork) Concept". National Telecommunications
Conference (NTC), New Orleans, December 1975.

Crowther, W.R. F.E. Heart, AA. WMckenzie, JM. Mcquillan, D.C. Walden:
“Issues in Packet Switching Network Design". AFIPS Proceedings, Vol. 44,
NCC 19765.

Forgie, JW.: "Speech Transmission in Packet Swilched Store-and-Forward
Networks". AFIPS Proceedings, Vol. 44, NCC 1975.

Forgie, JW. and A.G. Nemeth: "An Efficiéni Packetized Voice/Dala
Network Using Statistical Flow Control™. ?, 1976.

Frank, H. M. Gerla, W. Chou: “Issues in the Design of Large DBistributed
Computer Communication Networks". IEEE Nalional Telecommunication
Conference 1973.

Frank, H.: "Summary of Discussion Session". Symposium on Large Scale
Networks 75°, Network Analysis Corporation, Jan. 1975.

Gerla, M.: "Deterministic and Adaptive Routing Policies in Packet-Switching
Compuler Networks", Network Analysis Corporation, 3rd Dala
Communication 75°, ACM/IEEE.

Gordon, G. : Syslem Simulation, Prentice-Hall , Inc,, Englewood Cliffs, N.J.

Heart, F.H. et al: "The Interface Message Processors for the ARPA
Computer Network,". AFIPS Proceedings, Vol. 36, SJCC 1970.

Herrman, J.: "Flow Control in ARPA Network". Computer Networks, Vol. 1,
No. 1, 1976. ‘ :

L2

V-1




DCA100-76-C-0058 May 30, 1977

[Kah71]

[(Kle75]

[Kle76]

[Rob70]

[Syl76]

(Wul72]

Kahn, RE and W.R. Crowther, “Fiow Control in a Resource Sharing
Computer Netwdrk": 2nd Symposium on Problems in the QOptimization of
Data Comrmunication Systems 71°, ACM/IEEE.

Kleinrock, L. and W.E. Naylor, "On Measure Behavior of the ARPA
Network". AFIPS Proceedings, Vol. 43, NCC 1974.

Kleinrock, L.: Queueing System, VOL. 2, Computer Application, Wiley-
Interscience.

Roberts, L.G. and BD. Wessler: "Computer Network [svelopment to
Achieve Resource Sharing”. AFIPS Proceedings, Vol 36, SJCC 1970.

Sylvania  Corporation: @[SENET-DAX). Report to the Defence
Communications Agency, 1976.

Wulf, WA. and C.G. Bel:"C.mmp: A Multi-Mini-Processor”. AFIPS
Proceedings, Vol. 41,FJCC 1972

DMt A Gl T

:
" o
:
§




