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ABSTRACT

Trainers with a centralized architecture have inherent limitations on expandability,
reconfigurability and ease of integration. The motivation for this project stems from the
inability of the centralized architecture to address the complexity of individual, subteam,
and team communication requirements for future trainers. HWith recent advances in commercial
implementations of local area network technologies, trainer systems can be designed to
overcome these limitations and offer other advantages. This paper discloses the research,
selection, integration and demonstration of a distributed bus architecture for trainer
systems. First in the paper, an analysis of top-level trainer system requirements is given
from which specific bus performance characteristics are derived. An in-depth discussion of
the network selection process includes an explianation of the network selection criteria
along with the specific characteristics of several comparable local area networks. MNext, a
description is given of the implementation of a commercial fiber optic ETHERNET network.
The upper layers of network protocol software are presented. This bus system was

demonstrated as a validation of research findings.

Data throughput rates, derived from both

theoretical predictions and laboratory measurements, are disciosed for typical trainer
configurations. A performance model written in BASIC, which allows predictions of the bus
performance based upon user inpuf of trainer configuration, is described and will be

distributed to interested parties.

COMPARISONS OF CENTRALIZED AND
DISTRIBUTED ARCHITECTURES

Dverview of Existing Architectures

Trainer system architectures have been
experiencing an evolutionary change from
centralized processing designs to distributed
processing designs. Past and current trainer
systems have had a rigid architecture sized to
the particular application. Trainers which use
the distributed bus architecture are the next
step in trainer evolution and will complete
modularization of the individual functicnal
areas, such as student station and instructor
station processing, within the system. This
approach will give military customers a cost
effective trainer requiring minimum interfacing
between functions. The improved trainer is .
flexible enough to incorporate the communication
for additional functions after the system is
initiaily integrated.

Figure 1 illustrates a centralized trainer
architecture. Hith this approatch, expandability
is limited because of the system's complicated
and rigid interface design. Figure 2 represents
a trainer design using the distributed bus
architecture. OQptions, including instructor
stations, additicnal student stations, and
peripherals, can be easily added to the trainer
after system integration and installation.

Expandability

One advantage of the distributed approach is
expandability of architecture. In the traditional
schemes, the number of student stations which

could exist in a training system was determined
by the upper limits of the processing speed,
memory capacity, and I/0 capability of the
céntral processor. Since this rigid config- :
uration of student stations had to be established
early in the system design phase, expansion of
the trainer to include even one more student
station was impractical after delivery of the
system to the customer. The new approach par-
titions each student station into a subsystem
containing both hardware and software elements.
Expansion after the original system integration
is easily accomplished by adding student station
subsystems onto the local communications net-
work. The communications nefwerk should be a
high speed interface which supports a large

numher of nodes, on the order of one hundred.
Training peripherals such as voice synthesizers
and video discs can alsc be added easily after
system integration using the modular approach,
since each peripheral would have its own internal
processor and network interface.

Reconfigurability

In the centralized design, functions for
each node must be established in advance. Using
the distributed approach, since there are no
central nodes, functions may be changed on line.
For example, should an instructor station fail
under the distributed approach, another node may
be dynamically ailocated to perform that
function. 1In the centralized approach, commu-
nications from one student statfon to another
must go through the central processor adding
overhead which slows down the whole system. When
a bus is used, each node is fully interconnected
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Figure 1. Centralized Trainer Architecture. This design utilizes
a central operational processor to direct all activities within the
system,

to every other node eliminating overhead and
speeding up transmisston times. An additional
advantage of the distributed approach is that
peripheral nodes, such as speech synthesizers,
can be shared by all other nodes without incur-
ring the overhead of going through a central
processor.

Relfability

Another problem of the centralized archi~
tecture is its central point of failure. In this
design, the system reliability greatly depends on_
the Mean-Time-Between-Failure (MTBF) of the
central processor (typically one thousand
hours). The only common element in the distri-
buted approach is a passive bus which has a MTBF
which is several orders of magnitude higher than
that of the central processor. System testing
with a failed central processor is impossible in
the centralized approach, whereas student-to-
student interfaces may still be tested in the
distributed approach.

Ease of Integration

The system architecture using the cen-
tralized approach contains complicated hier-
archical connections in the central node. For
example, there may be priority problems depending
on the relative positions or jumper config-
urations of the interface cards connecting the
student stations. The distributed approach is
simple to integrate because no node has more than
one interface to the rest of the system. In
addition, there are no hierarchies of commu-
nications paths, since each node is directly
connected to a shared communications medium.

VYendor Interfaces

It is difficult to connect devices from
different vendors in the centralized design
because of their often differing interface
protocols. Protocols which have been stand-
ardized, such as RS232, are too slow for most
trainer interfaces. High speed Direct Memory
Access (DMA) interfaces between different
vendor's equipment are Timited in number. By
comparison, under the distributed approach,
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Figure 2. Distributed Bus Architecture. Decentralized
processing nodes are utilized to achieve a flexible system
architecture.

hundreds of vendors support local area network
standards and offer interfaces to main frames,
minicomputers, microcomputers, graphics systems,
terminals, and other peripherals.

Team Interconnection

In the centralized approach, i1t is difficuit
to mix simulation of different prime systems or
several teams within the same trainer because the
hierarchical structure does not allow efficient
communication among all elements. By comparison,
the distributed bus architecture offers the
unique capability of interfacing different groups
of nodes through intelligent addressing, direct
communication, and the lack of any central node
overhead.

Cost

The central processor requires much greater
processing capability because of the overhead
incurred with the communieations monttoring and
control function. Using the distributed -
approach, however, no processing is required
within the computer for communication due to the
intelligence contained within the interface to-
each node. This distributed approach interface,
which is similar in cost to the centralized
approach interface, eliminates the need for eéxtra
processing capability in the central processor.

A comparison of the number of interfaces required
for each design shows that for one instructor
station and N student stations, there is a
requirement for 2N interfaces using the central-
ized approach. Only N + 1 interfaces are
required for the distributed approach.

In the centralized design, the central
operattonal processor is typically different from
the other processars in the system. This
requires logistics for at least two sets of
technical manuals, additional training, main-
tenance support, and spares. There is a greater
chance that all distributed processors will be of
the same type, thereby saving half of the logis-
tics costs. A final point is that the vendor-
specific point-to-point interfaces of the
centralized architecture have gone up in price
over the years. Meanwhile, industry stand-
ardization and heightened competition have driven



down the prices of distributed bus products, and
have contributed towards providing higher quality
and greater capability.

REQUIREMENTS ANALYSIS

Architectural Considerations

Local communications networks can be divided
into five classes: (a) point-to-point, (b) star,
{c) shared memory, {d> ring, and (e) global bus.
Their configuration and characteristics are
itlustrated in Figure 3 and described below.

a. The point-to-point architecture pro-
vides for complete interconnection of
all processors. Although this
architecture provides high data
throughput, it is very expensive to
implement due to the very large number
of hardware elements; it is difficult
and expensive to expand; and its
complexity makes it more prone to
failure and difficult to repair.

b. The star architecture is
to implement. This is a good archi-
tecture for systems with a central
processing unit with several other
processors slaved to it. But for
training systems we want the capability
for each node to communicate directly
with any other node. The data
throughput between nodes not directly
connected is low, and the processor in
the center of the star is a potential
single point of failure. This approach
is also difficult to expand because
each added node requires additional
hardware in the central node.

more practical

Shared memory is good for a small
number of processors with clesely
coupled applications, but this config-
uration is impractical and expensive
for typically more than four pro-
cessors. Also, the shared memory is a
single point of failure.

Ring structures are easy to expand.
But, this architecture requires that
data be passed through each node
between the source and destination
node, resulting in low throughput.
Also, since each node must handie all
the data, each node is a potential
singTe point of failure.

The global bus provides efficient
interprocessor communication since any
node can communicate directly with any
other node. Expansion is accomplished
by placing another node on the inter-
face medium, which is typically passive
cabling. This architecture is less
prone to failure than the other four
described above.

The global bus architecture was chosen
because of its expandabiTity (new nodes simply
tap into the communications cabie), reliability
{simple interface and message flow), and
throughput (messages are sent from the source
node directly to the destination node).

Detailed Requirements.

The next step was to define the desirable
characteristics of the global bus. The most
obvious characteristic s whether data is
transferred by a serial or parallel bus. Typi-
cally, serial buses require that extra control
bits be placed at the beginning and end of a
message, whereas parallel buses have control
lines in paraliel with data lines. However,
serial data buses transmit data in a stream of
self clocking bits while parallel buses require a
handshake with each message that is transferred.
The result is that in some cases a parallel bus
will have a higher throughput over relatively
short distances. But, as the physical trans-
mission distance increases, the data rate
decreases. This is because the transfer of a
message on a parallel bus requires that the
handshake signals make a couple of round trips on
the bus.
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Figure 3. Comparison of Five Basic Local Communication Network Architectures. Although the global bus
does not have the highest throughput, it has the best overall characteristics and is the architecture selected

for the distribuced bus architecture,
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Serial buses provide a higher degree of
reliability than parallel buses since, effec-
tively, only one signal 1ine is required to
support the communications network. This fact
and the degraded performance characteristics and
increased cost of paralilel buses with increasing
bus length are the reasons why it is preferable
to use a serial glebal bus.

For the frainer applications studied, the
physical bandwidth of the bus should be on the
order of 10 Mbps. However, the physical
bandwidth of & bus should not be confused with
its data throughput. Generally, it takes more
time to gain control of a bus and connect it with
the destination than it does to send the data.
The bus access scheme and the message addressing
scheme have as great an impact on data throughput
as the physical bandwidth of the bus. These two
features are described below.

Bus access schemes fall into hasically two
categories: demand access and poliing. Demand
access is a scheme in which any node can transmit
data on the bus when it detects that the bus is
not busy. If two or more nodes attempt to
transmit data simultaneously, interference
results (referred to as a collision), the nodes
detect the coilision, then terminate their trans-
missions. Each node sustains a time delay
(randomly determined or predefined) before
retransmitting.

Under demand access, as the offered lcad .
from each node approaches the physical bandwidth
of the bus the number of pending transfers
increases, ingreasing the number of collisions
and decreasing the throughput of the bus. The
loads offered in typical trainer systems,
however, do not even approach this overload
point. Another problem with this scheme is that
there is no guarantee of access to the bus
{(within a very short time span). However, based
on the performance of the test bed bus and as
predicted through simulation, all nodes in a
typical trainer receive sufficient access with
over 80% of the bus capacity available as spare.
Finally, a transmission using a demand access
scheme has to be long enough to fill the entire
bus so that a node can be certain its trans-
mission was not interfered with. This means that
the demand access scheme is inefficient at
transferring smatl messages.

Polling involves checking with each node on
the bus in some predefined order. MWhen a node is
found that has data to transmit, it is granted
access to the bus. On parallel buses, polling is
implemented by special control lines. On serial
buses, polling is accoemplished by passing a
special control word (called a token} between
nodes. The node possessing the token is allowed
to transmit data.

The disadvantages of polling are that it
requirgs more circuitry to implement and, in some
cases, tts control is centralized in cne node.

It is preferable to have the control of bus
access distributed among the nodes, avoiding a
potential single point of failure, but
introducing complex recovery procedures should
the controlliing node fail. Based upon the
described advantages and disadvantages of the
polling and demand access schemes above, it was
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decided that either a demand access or a polling
bus access scheme with distributed control was
the best approach.

The message addressing scheme {(destination
of a message) is usually defined by an address
preceding the data . Some buses have addresses
physically assigned to nodes, and only the
addressed node will receive the message. Other
buses have multicast addressing in which an
address can specify any combination of nodes as
the destination. Broadcast addressing is a
special case of multicast addressing in which all
nodes are selected as the destination. Multicast
addressing is a desirable and important feafure.
If one node wanted to send the same data to ten
destinations, a bus without multicast addressing
would require ten times longer to transfer the
data than would a similar bus with multicast
addressing.

Most buses perform some type of data vali-
dation that involves parity checking or use of a
check character. Either method is acceptable.
Check characters require less bus bandwidth on
Targe blocks of data. Parity checking is more
efficient on small amounts of data.

In summary it was decided that the global
bus should have serial data transfer (better
performance over longer distances than a parailel
bus), high speed {(physical bandwidth on the order
of 10 Mbps), low cost, distributed control, data
validation (parity or check characters), and
broadcast/multicast addressing (messages may be
simultaneously sent to multiple destinations).
The bus access scheme should be either demand
access or polling.

SELECTION OF A DISTRIBUTED BUS ARCHITECTURE

The industry was surveyed and eight global
buses were found which could potentially be used
for trainers. We limited the comparison to buses
which could support a minimum of 16 nodes over a
total distance of 100 meters, had some form of
data checking, were currently available or avail-
able in the near future, and had a bandwidth of
at Teast 1 Mbps. Figure 4 shows how the eight
buses studied compared to the criteria specified.

The ETHERNET local area network meets all of
the requirements and was chosen o be the
communications network for the distributed bus
architecture. ETHERMET is a 10 Mbps, demand
access, broadcast network aliowing up to 1000
nodes to communicate over 2-1/2 kilometers of
coaxial or fiber optics cable. ETHERNET is an
industry leader with Tow cost interfaces .
available for many computers. The IEEE 802.3
Committee and the European Computer Manufacturers
Association have developed local area network
standards that incorporate ETHERNET.

Six companies were found within the industry
which were producing ETHERNET interfaces:
Interlan, 3Com, DEC, Associated Computer Con-
sultants, Ungermann-Bass, and APH Consulting.

The Interlan products were found to have the best
combination of high performance, ready avail-
ability, low cost, and a direct computer
interface. They possess a high degree of onboard
intelligence and hardware resources which min-
imize the overhead imposed on the host computer.
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Figure 4. Comparison of Global Bus Characteristics

Five semiconductor companies are integrating many
of the ETHERNET interface board functions onto
VLSI controllers which is resulting in even lower
cost/higher performance products.

Since the initial survey, the ETHERNET/IEEE 802.3
network has become the dominant force in the
local area network market place. There are ftoday
over 25 companies building ETHERNET interfaces to
over 300 computer systems. Even if a dedicated
interface does not exist for a given device, the
device may be integrated into an ETHERNET network
using one of the ETHERNET-10-RS232 or ETHERNET-
to-8-bit-parallel type devices. Network protocol
and applications software packages are available
for many computers and are alsc becoming stand-
ardized. Refer to Appendix 1 for a partial
Tisting of the ETHERNET interfaces available
today.

IMPLEMENTATION OF A TEST BED PROTOTYPE

Hardware Configuration

For the test bed prototype two in-house
computers, a DEC MINC23 and a DEC PDP 11/24, were
integrated intc an ETHERNET network, as shown in
Figure 5. To connect a computer to the network,
an interface board, as shown in Figure &, is
plugged directly into the computer backplane
bus. The interface board, which is controlled by
a software driver, takes a message in the host
computer memory and transmits it onto the
network. Multiple receiver buffers and address
recognition capability ensure proper message
reception. A transceiver unit electrically
connects the interface board to the ETHERNET
cable. The ETHERNET cable may consist of coaxial
cable and/or fiber optics cable. A fiber optics
ETHERNET requires the addition of an optical star
coupler and the use of a different transceiver.
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The advantages of a fiber optic cable include
greater security, longer cable segments without

repeaters, and EMI/RFI immunity for about the
same cost as coaxial cable.

One additional
benefit resulting from the use of ETHERNET is
peripheral sharing - a single input/output or
mass storage device may be shared by many com-
puters over the network. The MINC23 was able to
access the high capacity disk drive, high speed
printer and mag tape unit on the PDP 11/24.

Network Interface Software

Next, the software necessary to Tnterface a
trainer system to ETHERNET was generated. This
software consisted of two parts. The first part
is a driver, provided by the LTHERNET contreller
vendor, which allows application programs running
on the host computer to make standard operating
system calls to control the operation of the
network interface board. The second part of the
network interface software alliows ftrainer system
users to access high Tevel network control
functions directly from the trainer system
software. The majority of the netwark control
functions are transparent to the user. Services
provided to the trainer system user include:
address managemenf, message prioritization, file
transfer, message formatting, flow control,
end-to-end data assurance, diagnostic functions
and device sharing.

A structured, hierarchical model for data
communications protocols has been developed by
the International Standards Organizatijon (ISO). _
However, commercial implementations of the entire
model are oriented to networks which have many
diverse devices spread out over a wide geographic
area on many individual local area networks. The
special reguirements of trainer systems caused
our network interface software design to be based
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Figure 5. ETHERNET Test Bed Block Diagram. Use of an
ETHERNET local communications network allows high speed,
low cost and low overliead data communications. The network
can span 500 meters of cable without repeaters and up to 2500
meters with repeaters, while still maintaining a 10 Mbps data
mate.

upon a subset of the IS0 model. Advantages
gained by this approach include higher perfor-
mance (less overhead on the host computer) and
the ability to implement special features like
team exerclise setup, exercise download and
message prioritization.

In order to support a high effective data
throughput and impose 1ittle overhead on the
exercise designer, instructor, or the trainer
system software, a carefully designed network
interface software package is being developed.
Trainer system users may access high Tevel
fetwork control functions through Fortran or
operating system calls. The services provided to
trainer system users are highlighted below.

® Address Management. Logical names
(Gunner #6, Instructor #2, Team #1, All
Maintenance Students, A1l Students,
etc.) provided by the user are mapped
ohto physical and multicast network
addresses.

] Message Transmission/Reception. Single
commands are used to request trans-
mission of messages assembled in memory
and to provide buffers for message
raception. Messages that are larger
than the maximum size permitted on the
network are automatically divided into
smaller pieces for transmission and are
reassembled at the recelving end.

. Message Prioritization. Users wishing
to transmit a high priority message may
request all other users to cease trans-
missions for a specified amount of time.
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Figure 6. Typical Fiber Optic ETHERMNET Components.
Fiber optic and/or coaxial ETHERNET cables may be used
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. File Transfer. Trainer data base,
exercises, and system software files
may be reliably transferred throughout
the network. Common data and software
may be maintained at a single lTocation
if desired.

. Flow Control. Should a node ever
experience a critical traffic load, it
will altocate additional buffers and/or
abort low priority messages, as neces-
sary. Similtarly, should the entire
network ever experience critical
traffic loads, low priority messages
will be gueved for later transmission.

[ End-to-End Data Assurance. Users are
guaranteed reliable fransmission of .
messages by a user-transparent system
of acknowledgements and automatic re-
transmission requests for messages
received with errors.

. Biagnostics. The network interface
boards coliect extensive network
statistics. Users may obtain the
cperational status of the entire
network or a particular node at any
time by the use of status requests,
loopback tests, and other maintenance
aids.

) Resource Sharing. Disk drives,
printers and other peripherals may be
accessed by any computer on the )
network, thus reducing trainer system
hardware costs.




Testbed Network Performance Measurements

In order to determine the overhead and
throughput capabilities of our test bed network,
a timing study was performed. Using our
PDP 11/24 computer, a low-end minicomputer,
messages were transmitted onto the network con-
tinuously -- as fast as the operating system
(RSX-11M Vv4.0) and ETHERNET controller (Interlan
NI1010) wouild allow. The results are shown below:

Number of Effective
Data Messages Trans- Data
Bytes/Message mitted/Second Throughput
46 174 64,032 bits/Sec
200 N 159 254,400 bits/Sec
1500 86 1,032,000 bits/Sec

Note that these results are for a single
node transmitting onto the network. Full
utilization of the network occurs when many nodes
interieave their transmissions. The operating
system, CPU execution speed, and ETHERNET
controller processing speed 1imit the number of
messages that can be transmitted, as shown by the
46 data byte case (much less data yet only twice
as many messages as the 1500 byte case). Typical
trainer computers are medium-power minicomputers,
and thus are able to drive the network interface
at a much greater speed. In addition, most
effective use of the bus bandwidth is achieved by
combining smaller messages into larger messages.

The results of this study were fed into a
computer simulation of the ETHERNET Network, as
described in the following section.

PREDICTED PERFORMANCE QF A TYPICAL
TRAINER SYSTEM

In order to predict the performance of
future trainer system configurations and traffic
loads, a computer simulation program of ETHERMET
was designed and implemented. This simulation
program was written in BASIC and will be given to
interested parties. Program users enter traffic
load and response time characteristics for any
number of nodes, allowing trainer system desig-
ners to model the communications performance of .
any trainer configuration. Timing studies
performed on the ETHERNET testbed configuration
allowed validation and fine tuning of the model.

This simulation model was used to predict
the performance of a trainer consisting of 42
student stations and 10 instructor stations. The
following results point out the high performance
obtained from using an ETHERNET-hased trainer
system architecture:

] Exercise download of the training
programs to each student station was
accomplished in well under one minute.
This process takes into account the
assignment of exercises by ten dif-
ferent instructor stations.to their
respective students.

] Even during the busiest second in the
exercise, an effective data throughput
of over 1 Mbps was maintained.

. The maximum bus utilization was only
9.8% allowing over 90% of the bandwidth
available for future growth.

. The network traffic included one
built-in wraparound test from each
instructor station to each of the
respective student stations once per
minute.

] The data throughput alise included
integrated team data being exchanged
once per seccnd among each of the team
members.

SUMMARY

State-of-the-art approaches to implementing
local communications networks were investigated,
and the global bus archifecture was selected as
the best approach. The various characteristics
of global buses were studied, and the features
which would produce a high degree of reliability

“and a high effective data throughput were deter- -

mined. The characteristics desired in the hus
were compared with implementations currently
available or under development.

ETHERNET was selected as the best network
for the distributed bus architecture. An
ETHERNET network was implemented, allowing
network interface software development and
performance studies fo be done. The nefwork
interface software developed is a generic, highly
intelligent software package allowing the
exercise designer and instructor to fully utilize
the network capabilities with minimal overhead
and high performance. A model of ETHERNET was
developed allowing trainer system designers to
predict the communications performance of future
trainer systems. Based on thecoretical pre-
dictions and laboratory measurements, an
ETHERNET-based trainer system architecture allows
reliable, lTow-cost communications between all the
elements of a typical large-scale trainer system.

In conclusion, the expandability, recon-
figurabitity, retiability, ease of integration,
number of vendor interfaces, team intercon-
nection, and Tow costs of the distributed bus
architecture make this a desirable design for
both the develcper and the user.
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Appendix 1.

Commercially-Available Ethernet Interfaces

{Partial Listing)

Vendor
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MULTIBUS r X X X X
YMEBUS X X
VERSABUS X X
Gould/SEL X
IBM Channel X
IBM Bisync Devices
I8M PC, compatibles X X | X X
Data General MNova,
Eclipse, MY X
DEC Personal Computers X
9000, 150, 3000 X
S100 Bus X
Apple 11 X X
NCR Tower X
Xerox microcomputers,
word processors, work
stations, file servers,
print servers X
Fiber Qptic Ethernet X X
Bridge to Sytek
Broadband Net
AT&T 38 Series X
Honeywell DPS 6, 8, 88 X
RS232 port X X X
RS449, TEEE 488, B-16-32
bit parallel, V.35
interfaces X
X.25 X
8-bit Parallel ‘interface X X
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