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Research in THE ALOHA SYSTEM under Contract Number NAS2-6700 is divided 

into two major tasks; (1) to study and develop advanced foims of computer- 

comnunications networks using random-access packet switching methods (Task I), 

and (2) to conduct general studies of multiprocessor system organization 

centered on the development of the BCC 500 computer (Task II). 
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I. TASK I 

1.0 OBJECTIVES 

The work o£ Task I concerned the study and development of THE ALOHA SYSTEM 

and its extension to advanced form? of computer communications networks. Its 

objectives were to perform theoretical studies on and experimental tests of 

radio linked ALOHA type networks. The principal subtasks of this part were: 

(a) To perform theoretical and simulation studies of ALOHA typt radio 
channels for use in packet switched communications networks. 

Cb) To experimentally test improved versions of the ALOHA communications 
techniques and its extensions. A principal subtask was to design 
and develop a packet radio repeater suitable for use with THE ALOHA 
SYSTEM operational network. 

Both of these subtasks were successfully completed and the results 

obtained are explained in detail in section I of this report. In 

addition, the results have been reported in detail in numerous external 

publications, ALOHA SYSTEM reports and internal documents. Task I 

publications for the period covered by Contract NAS2-6700 are given at the 

end of this section (4.0). 
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2.0 BACKGROUND 

Developments in remote access computing during the latter part of the 

1960's have resulted in increasing importance of remote time-sharing, 

remote job entry and networking for large infonration processing systems. 

The present generation of computer-communication systems is based on the use 

of leased or dial-up common carrier facilities, primarily wire connections. 

Under many conditions such communication facilities offer the best possible 

conmunications option to the overall system designer of a large computer- 

communication facility. In other circumstances, however, the organization 

of common carrier data communications systems seriously limits the design 

of a large information processing system. 

When the constraint of data communications by wire is eliminated a 

number of options for different methods of organizing data communications 

within a computer-communications net arc made available to the system designer. 

THE ALOHA SYSTEM project has investigated the use of new foms of random 

access communications for computer-coimunication networks; the first links in 

THE ALOHA SYSTEM UHF radio-linked computer system were set up in 1971. 

Since that time THE ALOHA SYSTEM has been in continuous operation. The 

ALOHANET uses two channels at 407.350 MHz and at 413.475 MHz in the UHF 

band. Tliese channels are now operated at 9600 baud. ALOHA uses packet communi- 

cation techniques similar to that employed by the ARPANET in conjunction with 

a novel form of random-access radio-channel multiplexing. The radio channel, 

when used in a burst random-access mode, has come to be known as an ALOHA 

channel. The ALOHA technique, first described in a paper published in 1970, 

has opened up the entire field of paaket broadoastinn of which the ALOHANET, 

the ARPANET Satellite System, and the Packet Radio System are three examples. 

.     L ~ **m***^iM&fäi&mi»*iiMt***ym i..»^.».^ «^ i «tea ■■■^-^"■^■WttfiiMinkr-Vif Trrrr' ■•■■■■.■■-■■■■-iftVm'Nii -- ■■- —- ^^W-LJM^I ...^-^^^        „. ^..^^.w^-.j..^^..^^^ :.-.■.■--. ^.^a. Aj),,..,^ , .:.,,...^..i 



^^mmmm*m*mmmm*imm.. wan i      < <     « »         i   M    u      i   i     n i    i    ■      i   ■■HUMU  mil 

Perhaps the most significant and promising application of the ALOIL\ 

technique is in satellite packet broadcasting. The design of the ARPA 

Satellite System uses a variation of the pure ALOHA technique to make 

feasible the sharing of a single satellite channel or transponder among a 

large number of users on a random access basis. The satellite channel can 

be regarded as a resource which can be shared by many users, and it is 

this resource-sharing that promises to significantly lower the cost of data 

transmission when the new U.S. domestic satellites become operational in 

the next few years. 

The satellite broadcasting field is still new and largely untested. 

The satellite IMP (SIMP) developed by Bolt, Beranek and Nevman is scheduled 

to go into field operation sometime in 1974. At present, however, TIE 

ALOHA SYSTEM has the only burst-mode packet broadcasting satellite channel 

in operation Cemploying the NASA satellite ATS-1). 

During the three years that THE ALOHA SYSTEM has been supported by ARPA 

through Contract NAS2-6700, Task I lias developed an operational ground radio 

network; an important integrated version of the terminal control unit (TCU); 

an advanced coimiunications controller/multiplexer including a network "gateway"; 

a packet repeater; a packet broadcasting satellite system using ATS-1 and a 

multiprocessor system simulation facility. During this period, ALOHA's contri- 

bution in the theoretical areas have been highlighted by a considerable number 

of ARPANET Satellite System Notes and studies for the ARPA Packet Radio System. 

The motivation for this system building has been Cl) to demonstrate 

the feasibility of the ALOHA multiplexing technique in a variety of situations, 

and (2) to gain insight at a practical level into the problems of the design 

and use of such a system. We believe that innovations in the architecture 

of computer-communication networks we have developed and the results obtained 

in our theoretical investigations have amply justified this work. 
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3.0 SPECIFIC ACCO^LISIIMEOTS 

3.1 Theoretical Results 

Researchers in THE ALOHA SYSTEM have provided much of the tapetus for 

the theoretical interest in multi-user channels which now exists in the U.S. 

The first multiple user channel designed specifically for computer-communication 

networks was the ALOHA channel and a good deal of work has gone into an 

examination of the properties of this channel under Contract NAS2-6700. Among 

the results obtained were those dealing with different data rate users and 

how they affect the channel in a multi-access mode. Results were obtained 

for both the unslotted case (where it was shorn that a mixture of packet 

lengths tend to degrade the channel) and for the slotted case (where it was 

shown that a mixture of users with different transmission probabilities could 

lead to higher efficiency - or "excess capacity"). Both of these results 

were nnportant in obtaining an understanding of this new form of data coMi- 

cations. 

Additional theoretical results were obtained dealing with the spatial 

capacity of an ALOHA channel, or how such a channel performs in the presence 

of strong signal capture effects. In Packet Radio Temporary Note 49, we 

analyzed the reception of packets in the presence of capture. We were able to 

show that when the central receiver is surrounded by a unifom density popu- 

lation of packet transmitting tenninals, there exists a radius r0 such that 

any packet transmitted from a teminal located within r0 will be received 

correctly with probability one (after a finite number of retransmissions) 

while the expected number of retransmissions required for a packet transmitted 

from a terminal further from the center than r0 will be unbounded. Thus 

there exists a natural circle of radius r,, such that tenninals transmitted 

from within this circle can get their packets into the central receiver. 
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vMle terminals transmitting from outside this circle spend all of their time 

retransmitting their patkets in vain. We have called r0 the Sisyphus  distance 

of the ALOHA channel. N.T. Gaarder extended the Sisyphus result to the case 

of two sinks, both vrth perfect capture. He found that the capacity of that 

system was twice the capacity of a single terminal, and furthemore, it was 

independent of the actual throughput distribution. Thus the two ALOHA terminals 

automatically distribute the throughput so that each operates at peak efficiency. 

Ronald Ibaraki, undei the guidance of Professor Gaarder, produced a report 

"A Dynamic Analysis of ALOHA Systems with Blocking and Carrier Sense" analyzing 

some simple properties of dynamic ALOHA channels for the first time. From 

his mathematical model he obtained a system of first order differential equa- 

tions which describe the dynajiiic behavior of an ALOHA channel. In this model 

attempts to send new packets and blocked packets form a Poisson poinf process. 

FrcTi the solutions, Ibaraki found that the throughput may approach l/i  but in 

the operation condition, the average delay approaches Nx and the user? are 

blocked most of the time. By reducing throughput, the average delay and 

average number of blocked users can be reduced. 

3'2 System Lcvelopment and Experiments 

The principal Task I subtask in this part of THE ALOHA SYSTEM contract during 

the period covered by this report was the design and development of an ALOJ'A 

repeater suitable for use with our two frequency random access communication 

network. Since the transmission scheme of the operational ALOHAMLT is 

by line-of-sight, repeaters are necessary to operate in an environment such 

as Honolulu where a diversity of terrain (mountains, high-rise buildings, 

heavy foliage, etc.) severely lints the radio range. An ALOHA repeater was 

initially built for testing purposes with simple hard-wired logic, similar to 

 .   ■ 
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the integrated ALOHA TCU's built in 1972. 

Preliminary tests on Oahu indicated that the repeater functioned as 

designed and in January 1974, tests were made successfully from Mount Halcakala 

on Maul to test the range of the repeater and the effects of radio interference 

upon its operation. After the radio portion was tested on this repeater a 

more versatile programmable ALOHA repeater was constructed using an INTEL 8080 

microprocessor chip. The repeaters now available will allow the investigation 

of routing algorithms with multiple repeater paths for a simple network of the 

sort in operation. 

Another project which was strongly emphasized during the period of 

this contract was the design of an integrated or programmable terminal control 

unit (PCU) which is the major communication module at. the terminal end of 

the ALOHANET. Existing hard-wire versions of the terminal control unit 

(TCU) were felt to be too bulky and expensive. Thus we concentrated on the 

development of two new TCU's involving an 1NTLL 8008 microcomputer and then 

an INTEL 8080 microcomputer on a single integrated circuit chip. The ECU 

enabled the system to respond to a variety of different transmission protocols, 

including variable length packets and character-by-character transmission. 

Two versions of the PCU were completed during the period covered by this 

report and the software has been successfully debugged. The job is an ongoing 

project and many of the experimental protocols possible with a PCU are yet 

to be implemented. 

The establishment of the Lockheed SUE minicomputer facility was another 

system development of the ALOHAW during the period of this contract. 

This stand-alone computer was successfully integrated into the existing radio 

network and put into use as a stand-alone computing facility, an ALOHA simu- 

lation facility and a source of file traffic for the network. 

 —-.^,1...-...^..  - — —  i i   . ,—^_^^. 
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In addition to work on the AL0I1ANET. satellite experiments in packet 

broadcasting have been conducted on the NASA ATS-1 satellite. The initial 

experiments were conducted with NASA designed modems and interface hardware. 

TTie equipment supplied by NASA/AMES (other than the radio) consists primarily 

of a PCM Bit Synchronizer, a NASA-built Formatter/Synchronizer, and a 

Convolutional Coder/Decoder. This equipment, taken together, represents an 

investment in the order of $10,000,00. By going to a block code and implement- 

ing the error correction function in software, the cost of the stand alone 

coder/decoder could be saved. A standard 9.6K bps ALOHA modem was modified 

for rapid burst acquisition and low false-alam rate. Minor modifications were 

made to the ATS-1 radio to interface the AlßHA modem and a simple interface 

unit was built to go between the modem and the radio. Tests to date have 

indicated the ALOHA modem arrangement to have about the same error rate capa- 

bility as the NASA designed system. Tlierefore, the use of the cheaper ALOHA 

system appears quite feasible. The cost of the ALOHA modem should be no more 

than $500.00 

Efforts were directed toward investigation of the ATS-1 channel character- 

istics, development of bit error analysis software, of teminal acknowledgement 

capability in the MENEHUNE for use on ATS-1, and investigations of an improved 

modem design for use on the ATS-1 channel. 

Measurements of bit-errors per packet and packet throughput using both 

the ALOHA and the NASA modems at various data rates were conducted. Prelimi- 

nary measurements indicated that the ALOHA modem had superior packet through- 

put at a 9600 bps rate in comparison to the NASA-supplied equipment. No 

comparisons are available at other bit rates since the ALOHA modem was not 

operated at any other bit rate. In general, we found the ALOHA modem to 

have a throughput of 80 to 90 percent of all its packets without any errors. 

■   •■ ■•   -■-  MMMMMlMaMMflHMIiMHMMaHiito 
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These .easuremonts «re taken with the satellite operating m the full power 

.ode. With the satellite in the low power mcde (6 dB less) the throughput 

«as seriously degraded for both systems to the order of about 10 percent 

packet throughput without errors. The above .easurements were mde on the 

basis of receiving a signal level of about one microvolt at the receiver 

preamp with the satellite in the full power mode. 

in addition to the hardware syst™ development reported above, considerable 

effort during the period of this contract was devoted to software development. 

Work was completed on the NCP and TELNET programs required to interface THE 

ALOHA SYSTEM to ARPANET. 

The AMHA-NCP program which supports ARPANET connections has been 

operational since dune 1974. It is presently Itaited to half-duplex Itae-by-line 

termtaal support, which has limited its use by project personnel. Character- 

b-character support is expected to be in operation at a later date for newer 

(programmable) TCU's. The use of ARPANET hosts with ALOHA terminals also 

created some problems which did not exist when using the UH360, such as the 

need for carriage return padding and a more sophisticated methcd of screen-size 

control for CRT displays. Solutions to these problems were subsequently 

implemented in the NWHME. Additions to the NCP progr» to support Server- 

lELNET connections and provide appropriate flow control for file transfers 

were made and detailed doc-entatlon was completed for the present NCP version. 

During this period a number of significant additions were made to the 

original AlOiA SYSM protocols. Ttase consisted of new packet fomrts to 

support character-by-character *,  variable le^th packets, provisions for 

text transparency and flow-control signalling, and special protocols to 

accomplish automatic loading of progr^ble TCU's. The latter were required 

for support of SRPs portable T^ to be tested with our systOT, and also for 

.^-^ -^-- .„., tarn 
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use with the Dm 80B0 TCU's.    These protocds tave been ^lmmud in 

the mmm mi dxmented.  A signlficant m of effm ^ ^ 

expended in MENEHUNE progranming support of ATS-1. 
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II.    TASK II 

1.0 INTRODUCTION 

This section covers the activities of Task II during the period from 

November 1, 1971 through October 1_, 1974. Task II, Research in Multi- 

processor Computing Systems, was formed under Contract NAS2-6700 and added 

to TIE ALOHA SYSTEM in late 1971 to investigate multiprocessing system tech- 

niques and make possible the transfer of technology incorporated in the 

BCC 500 computing system to the general computing community and to specific 

ARPA-supported endeavors. 

As circuit speeds become limited by that of light and by packaging 

considerations, some form of concurrency in processing is the only alterna- 

tive for cost/performance improvements. The large "super computers" rely 

on the programmer's ability to organize his data such that a single machine 

instruction can direct a number of arithmetic units to do similar computa- 

tions simultaneously (as in ILLIAC IV), or on the engineer's ability to 

design hardware to execute a nunber of instructions simultaneously (as in 

STAR or the TI machine). Many jobs do not lend themselves to these approaches, 

however, especially those which interact with persons at remote terminals. 

Systems having more than one processor are not new to the computer scene, 

nor are those running independent jobs directed from interactive terminals 

(time-sharing). Most such systems use the additional processors either in 

the identical role of the main processor or to do system I/O. The system of 

Berkeley Computer Corporation was the first serious attempt to distribute the 

functions of system management (the operating system) over several simpler, 

dedicated processors in the rigorous environment of interactive computing. 
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Tlie BCC 500 system was designed at Berkeley Computer Corporation in 

1969 using principles and philosophies of multiprocessor systems developed 

by researchers at Project GENIE of the University of California at Berkeley. 

A number of these individuals helped form the company upon leaving the 

Project. In the new environment all of the development work--detailed design, 

fabrication and testing--was done both in hardware and software areas, and 

the Project teclmology thus moved from the realm of theory to that of 

practice. BCC was forced, however, by financial difficulties to terminate 

operations in early 1971 after constructing a working prototype. Thus the 

opportunity existed to bring to Hawaii all of BCC's equipment and designs and 

a number of former BCC personnel to set up and operate the system, publish 

aspects of it, consult with ARPA contractors having multiprocessor systems, 

and establish a basis for doing further research into multiprocessor systems. 

A proposal to this effect was submitted in mid-1971 for a three-year effort 

beginning in September. The proposal was accepted, although a two-year 

contract (NAS2-6700) was given. 

During the period of proposal evaluation and contract negotiations, 

however, a slippage in completion of new facilities to house the Task occurred, 

delaying the Task's effective starting date some five months. In February 1972 

the equipment was moved from Berkeley to Honolulu and placed in the new Holmes 

Hall, still under construction. Work began on the system's installation and 

refurbisliment (it had deteriorated somewhat during its period of storage) in 

March. Software work began in May. In February 1973 the system first ran 

using a temporary CPU. This permitted software activities to enter the 

checkout phase. 

,, ,   ^ 
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Safety Interlocks 

Experience with equipment of this nature has shown that its reliability 

is greatly impaired when it is switched on and off frequently. To operate 

the equipment in the absence of personnel, however, without requisite inter- 

locks is clearly dangerous. Thus, the room was equipped with a number of 

safety circuits designed to totally shut down the room automatically in the 

event of air conditioning failure, or a power failure, and manually by 

pressing a single button located at each entry to the room. 

2.1.2 Hardware Renovation 

Each of the major units of the BCC 500 system was renovated as pre- 

viously discussed. 

Microscheduler 

The microscheduler was initially set up in a test arrangement and served 

as the model for analysis of the basic microprocessor design. In this way, 

a number of timing bottlenecks and logic design flaws were discovered and 

corrected. The microscheduler was then completely refurbished and installed 

in the cabinets. The processor was provided with RDM parity and a number of 

other new features. 

CHIP 

In the same manner the CIIIO was refurbished and installed in the 

cabinets. The microcode was modified to permit concurrent operation of the 

CHIO and the common test processor (CTP), a portion of microcode emulating 

the instruction set of a processor similar to the Xerox 940. This 

capability permits software to be executed on the CHIO on a time-shared 

basis with its other activities to facilitate handling the ARP\ network 
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Watcr Chiller 

The disk file required a 5-ton water chiller for envirorunental control. 

This water chiller was installed in a utility area on a floor above at the 

time the disk was installed. 

MPMBM (Microprocessor Memory Bus Multiplexer) 

The MPMBM was deemed to be in such poor condition that it was not 

worth renovation. Consequently, a completely new unit was designed, 

constructed, and checked out. 

Fast Memory 

The fast memory is one of the more complex and critical portions of 

the system. It consists of four "quadrants" of electronics connected to 

a total of eight Ainpex core memory modules and serves to buffer and 

schedule memory requests from up to four conflicting sources over the eight 

core modules. It contains 32 registers of active storage, providing a 

modest look-behind capability. Various printed circuit boards of the unit 

were refurbished and a number of design faults were noted and corrected. 

This resulted in the necessity for reconstruction of a small number of 

printed circuit boards  The means by which the original fast mercry was 

connected to the varioub processors (i.e., the memory cabling) was considerably 

damaged during the disassembly. Because new cabling was required and because 

of the doubtful quality of the fast memory back plane it was decided to re- 

place the back plane. This was done utilizing programs which ran on the 

system itself with the original fast memory configuration connected temporari- 

ly. The system was then idled for about six weeks while the memory was 

reconfigured on the new back plane and with new cabling and connectors. 
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Core Memory 

The Task received 11 Ampex R-G core memory modules, each of 16 K by 

50-bit capacity, one microsecond cycle time. Several of these modules were 

not functional, as some deterioration of the electronics components had 

occurred. One had not yet been equipped with extensive modifications 

designed and installed by BCC on the others. This module was updated and 

all the modules were placed in working condition. 

An off-line testing facility for Ampex modules was designed and fabri- 

cated using a discarded BCC microprocessor prototype back panel and old 

printed circuit boards. This facility, equipped with a teletype interface, 

permits modules to be operated in test mode in a variety of ways while 

off-line, thus assuring a functional replacement should one of the active 

modules fail. 

CPU 1.5A 

This unit was refurbished and installed in the cabinets. It gave us a 

40% increase in computing power over the temporary CPU when it went into 

operation. The unit is implemented on a inicroprocc.ssor except that it Is 

provided with a hardware multiplier, instruction fetch unit, and a 12S-entry 

memory map. The processor was also equipped with ROM parity. As this has 

the first processor so equipped, it was necessary to produce, update, and 

fully verify the processor's microcode source language to include correct parity 

These procedures were then used to produce updated and verified microcode 

for all other processors, assuring fully documented microcode for all 

processors. 
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CPU 1..5B 

Tlie unit was refurbished and installed into the cabinets. This unit 

had never been completed by BCC and required slightly more work than its 

companion unit. It was the last processor to be placed in the system on- 

line and effectively doubled the system's computing capacity. 

2.1.5 System Integration 

Central Control 

This unit was redesigned and built to replace an older substandard BCC 

component. It contains clock generation and distribution and a number of 

circuits used in conjunction with the maintenance panel. 

Real Time Clock and Battery Charger 

The system real time clock was refurbished and installed in the cabinets. 

An accompanying power supply unit including a nickel cadmium batten' and 

charger was refurbished and installed. The battery serves to provide a 

continuous source of power for the system real time clock and a few other 

critical circuits. 

Console 

.An operating console consisting of switches, lights, and push-button? 

connected by a long cable to the system central control was designed and 

built to replace an obsolete unit. 

Maintenance Panel 

A special maintenance panel was built with a number of lights to indicate 

various error or abnormal conditions within the system and a number of 

switches to permit various actions related to hardware maintenance and system 

configuration. 
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2.1.4 Documentation 

Hie state of hardware documentation is good.* Accurate logic diagrams 

exist for all hardware. There are correctly narked Copies of Record which 

are kept in the machine room with the equipment, and back-up originals 

stored in a separate area. During the contract all microcode was verified 

and reconciled to old Copies of Record. During this effort several exist- 

ing microcode errors were located and corrected. The microcode source 

language for every processor was updated and recompiled. Finall: the 

recompiled microcode was checked against the Copies of Record and against 

the actual microcode boards themselves, During the contract a wirelisting 

program written for the Xerox 940 was obtained from Xerox PARC and modified 

slightly to be used with RCC style back panels. This program was then used 

to generate up-to-date v.lrelists for each of the back panels in the system. 

A number of other hardware documents were produced describing the hardware 

and various indicators and protection devices installed during the period of 

system integration. There also exists stated maintenance procedures to be 

followed for the various units of the system. 

2.2 Software Development 

The software accompanying the hardware was stored in symbolic and 

binary form in BCC 500 system files on a number of 7-track 556 bpi magnetic 

tapes. For compatibility with the University Computing Center machines, it 

No hardware documentation is included with list of Task II documentation 
at the end of Section II as it is considered overly specialized! The 
documentation consists of logic diagrams, microcode list Sgs'^nd detailed 
hardware operation descriptions. ^S*. ««" uetaiieü 
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