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1. ABSTRACT 

A distributed microcomputing network operates in the Bubble Chamber Research Group Scanning 
Laboratory at the Rutherford and Appleton Laboratories. A microcomputer at each digitising 
table buffers information, controls the functioning of the table and enhances the 
machine/operator interface. The system consists of fourteen microcomputers together with 
a VAX 11/780 computer used for data analysis. These are inter-connected via a packet 
switched network. This paper will describe the features of the combined system, including 
the distributed computing architecture and the packet switched method of communication. 
This paper will also describe in detail a high speed packet switching controller used as 
a central node of the network. This controller is a multiprocessor microcomputer system 
with eighteen central processor units, thirty-four direct memory access channels and 
thirty-four prioritorised and vectored interrupt channels. This microcomputer is of 
general interest as a communications controller due to its totally programmable nature. 

2. INTRODUCTION 

The Bubble Chamber Research Group of the Rutherford Laboratory is involved in the study of 
elementary particles. The output of a bubble chamber experiment is a series of films of 
the tracks of particles travelling through a bubble chamber. A useful photograph is 
usually one where a particle has interacted in some way in the bubble chamber i.e. an 
event. 

The physics analysis requires that the event described by one collision be recreated in 
"three dimensional" space such that the direction of the outgoing tracks be precisely 
known relative to the incident track. The curvature of the tracks has also to be known, 
since this enables the momentum of the particles to be established. 

Typically, an experiment produces several hundred thousand pictures of events in the 
chamber, each event photographed from 3 to 4 views. An essential step in the analysis is 
the measurement of the tracks in the different views. Part of this is performed by 
operators using digitising tables. See Figure 1. 

It is desirable to have a computing system connected to the digitising tables in order to:-
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1) Instruct the operator on which view/event/track etc to measure, 

2) Collect, organise and store the coordinate data from all tables, 

3) Monitor the measurements for inconsistencies and inaccuracies and instruct the 
operator to remeasure if necessary, 

4) At operator's request, provide on-line geometrical reconstruction, 

5) Control digitising machine, i.e. change magnification, move stage, advance film etc. 

To obtain these features we have designed and implemented a distributed microcomputer 
system. 

3. SYSTEM ARCHITECTURE 

The overall architecture is shown in Figure 2. 

All digitising tables are equipped with a microcomputer used for data collection from, and 

control of, the tables. 

These microcomputers buffer information and when required, transfer it to other units 
across a packet switched network (to be described later). 

The network connects up to 16 microcomputers (13 in operation at present) and a VAX 11/780 
computer. It is configured in a star around a central node microcomputer and operates 
asynchronously at 9.6K baud over serial balanced lines. 

The VAX 11/780 performs analysis of the digitising data to reconstruct events and label 
tracks with momenta, energy, masses etc. It can then communicate this back to the 
operator and request remeasurements if necessary. 

Although normal communication is from microcomputer to VAX and vice versa, any element of 
the network may talk to any other. The operator communicates with the microcomputer 
through a V.D.U. and keyboard. Specific buttons and counters associated with the 
digitising tables also act as inputs to the microcomputers. 

4. THE DISTRIBUTED INTELLIGENCE 

4.1 The Microcomputers 

The function of the microcomputers at the tables is to act as an intelligent interface 
between tables, operators and network. The microcomputers are based on the INTEL 8080A 
eight bit microprocessor. The computer hardware is constructed in a modular fashion with 
separate plug in modules for various functions such as C.P.U., I/O and memory. 
Communication between modules is via a Printed Circuit Board back plane forming a bus. The 
unit, including power supplies, fits into one free standing 19 inch case with illuminated 
front panel display. The unit can accept up to 14 modules. See Figure 3. 

Each unit contains: 

1) A Central Processing Unit Module, 
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2) 16K bytes of E.P.R.O.M. (Non-volatile memory), 

3) 16K bytes of R.A.M. (Volatile memory), 

4) A U.S.A.R.T. (buffered by a 32 byte first in first out memory on input) for 
communication to the network, 

5) A timer for use by the packet switching protocol routines of the network control 
program, 

6) Two 8 bit parallel communication channels, one for debugging and testing, one for 

operator interface, 

7) An interrupt structure, with up to eight vectored and prioritorised interrupts, to 
signal asynchronous events such as communication requests, time outs etc., 

8) Two specialised modules to interface to the specific digitising table. 

The microcomputers are controlled by two distinct programs:-

a) The Network Control Program which handles all problems of interfacing with the 
network and with the V.D.U.'s used for operator dialogue. This program is resident in 
E.P.R.O.M. and is instantly available on power up. 

b) The Application Program which controls and monitors the measurements and buffers the 
data. This program is resident in Random Access Memory (R.A.M.) and is loaded via the 
network from the VAX 11/780. Each experiment can have its own application programme. 

For a fuller description of the microcomputers see Reference 1. 

4.2 Communication Network 

The communication network employs U.S.A.R.T.'s in the microcomputers driving serial 
balanced lines asynchronously at 9.6K baud in full duplex. These lines all terminate in a 
central node with a set of similar U.S.A.R.T.'s. An identical channel operates to the 
VAX 11/780. 

Communication within the network is by a packet switching technique. Large volumes of data 
to be transmitted through the network are broken up into a set of messages which in turn 
are broken into a set of packets. See Figure 4. Packets themselves are divided into three 
regions :-

a) A header region which acts as a packet identifier and which carries sufficient 
information to route the packet through the network (length 16 bytes). 

b) Data region (length typically 84 bytes). 

c) Checksum. 

The flow of packets through the central node is controlled by three basic processes which 
initiate packet output, route packets, handle packet input and look after the various 
levels of protocol. 

The protocol used to control packet flow in the network is based upon that described by 
Davies and Barber (Reference 2) and operates between adjacent nodes in the network. Each 
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packet transmitted requires an acknowledgement in return. If an acknowledgement is not 
received after a certain time out period, the packet is re-transmitted. Any number of 
packets up to a given maximum can be transmitted without waiting for acknowledgements. 
Transmission then ceases until acknowledgements start to arrive again. Errors in 
transmission are checked at the receiving node by a simple Checksum technique. If an error 
is detected, the receiving node simply ignores the packet thereby forcing the sender to 
re-transmit. Complete loss of acknowledgements, indicating a line down condition, causes 
a special re-connect request packet to be issued - recovery is then automatic at packet 
level when the line is re-established. 

A higher protocol controls the transmission of messages through the network. This 
protocol applies across the network between sender and destination. A message is held on 
a special hold queue at the sender node until a message acknowledgement is received from 
the final destination. Only one message can be transmitted until the acknowledgement is 
received. If a message acknowledgement is not received after a given time out period, it 
is re-transmitted. If, after a given number of re-transmissions, an acknowledgement has 
still not been received, it is assumed that either the destination node is out of action 
or the distant link is down. In this case, the message protocol is re-initialised and the 
same message is repeatedly transmitted until normal conditions are restored. During idle 
periods, each table node periodically issues a "Hello" message to the VAX 11/780, whilst 
every minute the VAX 11/780 issues a message containing the time of day to each table node. 
The time is displayed on each V.D.U. terminal. It is immediately obvious when/if the 
network is functioning normally. 

The highest level of protocol is the block protocol. This consists merely of the exchange 
of special messages within blocks to inform the sender to output a further message within 
the block or to indicate the end of block transmission. 

5. THE CENTRAL COMMUNICATION CONTROLLER 

This section discusses the central node of the star, which controls the routing of packets 

around the network. Figure 2. 

5.1 

Originally the central node was a microcomputer similar to the microcomputers on the tables 
but with more I/O modules and different programming. Each incoming byte from the network 
causes an interrupt to the main C.P.U.. It was found that as the number of microcomputers 
on the network built up, the C.P.U. capacity of the central node and the line to the VAX 
became overloaded. 

A specialised microcomputer which speeds up transmission across the network was designed to 
overcome these problems. It efficiently handles the peak situation when many channels 
require attention at the same time. This microcomputer is discussed in detail in Reference 3. 

5.2 Processes operating in the Central Node 

Essentially, the functions of the Central Node may be split into:-
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1) The input of bytes, assembly of bytes into packets and checking if the packets are 
error free. 

2) Studying the packet and finding what acknowledgements need to be sent and where the 
packet should be routed. This is called the Packet Switching Executive. 

3) Output the bytes of the packet to the correct destination and addition of error 
checking information. 

In a conventional microcomputer structure, functions 1 and 3 would be achieved by an Input/ 
Output device interrupting the C.P.U. at every byte transfer. The C.P.U. would then be 
driven into a sub-routine to service the I/O device and perform the functions of 1 and 3. 

5.3 The New System (Figure 5) 

5.3.1 Tasks 1 and 3 (above) are now handled by separate hardware. The Packet Switching 
Executive is performed by a central microcomputer (an INTEL 8085). This allocation 
of work as we shall see produces a fast high throughput structure. The central 
8085 processor is used efficiently performing only the high level functions, i.e. 
routing packets between I/O processes. 

Considering each function in more detail: 

1) A byte is input serially and converted to parallel form. Bytes are buffered and 
transferred to memory via a Direct Memory Access technique, and the Checksum is 
accumulated. When a packet terminator is recognised, the accumulated Checksum 
is compared with the Checksum on the packet and if they match, a valid packet 
signal is sent to the 8085 along with an end of input packet signal. 

2) Packet Switched Executive similar to before i.e. routing and acknowledging. 

3) Bytes are taken from 8085 memory, again by a D.M.A. technique. A Checksum is 
accumulated. Bytes are output serially when a packet terminator is recognised, 
accumulated Checksum is output before terminator is output. An end of output 
packet signal is sent to the 8085. 

5.3.2 Hardware 

The structure of the microcomputer is shown in Figure 6. This has the common 
structure of 8085 C.P.U., E.P.R.O.M., R.A.M. and V.D.U. interface modules on a bus. 
There is an attention port provided for a software requirement. The separate hard
ware for the I/O processes (5.3.1) are buffered from the bus and use Direct Memory 
Access transfers (D.M.A.) and interrupts to pass information around the system. 

The separate hardware consists of 17 identical channels. These are made up of a 
U.S.A.R.T. connected to an INTEL 8748 single chip microcomputer. The 8748 consists 
of a single chip containing a C.P.U. with 2K bytes E.P.R.O.M., 64 bytes of R.A.M. 
and 3 eight bit I/O ports. This is programmed with routines to perform the I/O 
functions 1 and 3. It passes information to and from the 8085's environment using 
D.M.A. to the global memory. The single chip microcomputer also communicates with 
the 8085 via status ports and interrupt lines. The 34 separate D.M.A. transfer 
paths (17 in 17 out) are controlled by a set of INTEL 8257 D.M.A. controllers. 
Arbitration between controllers is by further hardware. 
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5.3.3 Software 
The Central Node microcomputer system consists of 18 microcomputers all working 
independently. The basic philosophy of the software is that all tasks operating in 
all the microprocessors should be as independent as possible from other tasks in the 
same, or other microprocessors. To achieve this, all tasks operate asynchronously, 
loading information/data into buffers and then requesting service from other tasks. 
These then continue until the servicing task signals the requesting task that the 
required function has been satisfied. 

5.3.4 INTEL 8085 Operating Sequence 
The structure has been designed to minimize the work load on the 8085 in particular 
concerning the input or output of information. 

• The 8085 operating sequence is as follows :-

1) First the 8085 programs a D.M.A. controller with the start address in memory of a 
packet for output, or the base address of an area where it wants a packet loaded 
for input. 

2) It then signals the single chip micro, of the appropriate communication channel, 
that packet input or output may commence. 

The next the 8085 knows of the I/O operation is when the single chip micro initiates 
an interrupt back to signal that the packet has been output or input and whether the 
input packet is error free. 

5.3.5 INTEL 8748 Single Chip Micro Operating Sequence 
The single chip microcomputer has to perform the following four tasks. 

A) Input 
i) Receive and buffer information from the U.S.A.R.T. 

ii) Transmit the information via D.M.A. to the global memory. 

B) Output 
iii) Transfer information from the global memory to it's 8748 buffer using D.M.A. 
iv) Output the information to the U.S.A.R.T. 

At the saine time the 8748 processor must accumulate Checksums and watch for packet 
terminators. The 8748 is programmed to have a dynamic 32 byte cyclic buffer for the 
input stream. For output it has only a single register buffer. The method of 
sequencing the appropriate actions are shown in the timing diagrams in Figures 7 and 
8. 

5.3.6 Advantages of the Technique 
The efficient use of the 8085 can be seen from study of the time a packet would take 
to be transferred by normal I/O method and by this distributed processing method. 

A typical interrupt controlled I/O and buffering routine takes approximately 200 
microseconds to transfer one byte. Using the distributed processing technique with 
"n.M.A." transfer every byte uses approximately 2 microseconds of C.P.U. time. With 
our 9.6K baud lines, bytes arrive on each channel at approximately 1 millisecond 
intervals. If five channels were to require simultaneous servicing the C.P.U. would 
be completely I/O bound with the interrupt driven I/O technique. With the D.M.A. 
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technique if 17 D.M.A. channels require simultaneous servicing only 34 micro
seconds of every millisecond are lost to the C.P.U.. This leaves the 8085 C.P.U. 
time to perform its proper job of routing packets and running the higher packet 
switching protocols. The single chip microcomputer of each channel performs 
checksums and low level processsing of packets transparently. 

6. MAINTENANCE OF THE COMMUNICATION CONTROLLER 

The task of fault finding in a system with 18 microcomputers made it necessary to produce 
good diagnostic programs to detect and pinpoint errors. These programs run on the 8085 
and provide checks on R.A.M., P.R.O.M. and end to end checks of packet transfers when the 
serial output lines connected back onto the input lines. 

Run in conjunction with a Logic State Analyser, Timing Analyser and In Circuit Emulator 
Diagnostic Tools, the programs have proved invaluable in prototyping work. They are also 
very useful, if not essential, for maintenance of this very complex system. 

7. SUMMARY 

The distributed computer system as described is powerful, flexible and easy to expand at 
all levels. The microcomputers can be enhanced to increase their power thereby reducing 
even more the demands on the VAX 11/780. 

The architecture of the Central Node demonstrates that for very little cost, a small 
separate, intelligent I/O handler can relieve a microprocessor system of a time-consuming 
overhead. The intelligence of the I/O handler also allows different output devices to be 
handled in a standard way. 
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