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IT FD>'S , ec..earch 7 roram 

1. INTRODUCTION 

This 	is the second nuarterly pro7ress report 	rep,- red on 
the Georia Tech Research mronram 	in 	Fully 	flistriOuted 
Processing Systems (FDPS). 

a. Program Description. 

The r, eornia Tech Research Pror -Am in molly ''istrinutc-
Processinl Systems is a comprehensive investie,ation of 
data nrocessin ,  systems in which both the Physicol and 
logical comorents are extremely Loosely courier 
operating 	with 	a 	tilh do , r•e of control autonomy at 
the component level. 	The definition of 	the 	scecific 
class of multiple co'nuter syst e ms :ein 	investi ate,'' 
and 	the 	o:lerational 	characteristics and features of 
those systems is motivated by 	re ire 	t o 	advance 
the 	state-of-the-art 	for 	that class of systems ti - ! .t 
rill 	deliver 	a 	hi -)h 	proportion 	of 	the 	benefits 
currently 	heina 	claimed 	for 	distributed crocessin -1 
systems. 	The 	scope 	of 	individual 	tooics 	neinc, 
investigated 	un:er 	this 	_r. o7ram 	 from formal 
modelin 	and 	theoretical 	studiesto 
examinations 	of 	rrototvre 	systems 	and 	c.imulation 
models. 	.else included within the scone of the , roir,T 
are areas such as the utilization of r:_'"s ,Ind 	their 
interaction with many cement operations and structure. 

b. Program Support. 

The 	principle 	support 	for the proram is a `' . elected 
Research Opportunity contract from the Office of Naval 
Pesearch1 however, there are a numbr of other sources 
of funding which also support the proram. A complete 
list of these is iiven 

Title: 	"Research on Fully -,istri', u -ted 	rrecessie- 
ysters" 

Funding Arzency: 	r-ffice of 	c'esearcn 
Contract Number: 	lv, :i'01.4-7r.--2-C 73 
IT r-ro 4 ect 	f= 7 "-(4' 

Principle Investigator: 	Phitir, 

Title: 	"Research on Distribute+ CoetroL" 
Fun! inc Aneocy: 	U. S . Air Force 'omt.. 	Air 	evelenment 

Center (7- AnC) 
Contract Nu )er: 	r30602-7 0 -'-01,-'n 
(;IT - rn .'ect 'e.: 	C) 7 -C4r' 

Investigator: 	 slow, 
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Title: 	"AlreemPnt Fy and ', etweer I 	an 	rI" 
FunHin-, 	 International 	Du ,;in€ss 

General 'vstems ^ivisirn (T) 
Contract 	 r-Sn Areer, ent "um' Pr 
IT Project 	umbor: 

Principle Investinator: 	rbiLi;\ H. Frsiow, 	r. 

Title: 	"roundations of 	Peterministic 	ochueulin 	of 
cesses for Parallel - xecution" 

Funding Alency: 	-ational Science roundotion 
Contract \!umber: 

(Hniv. of jsc. subcontract nuTher: 	144-l 7 "-') 
IT Project ;Himr: 

rrjncjple Investi'ator: 	"icHarri A. ^emillo 

Title: 	"Theory 	of 	Systems 	of Asynchronous r ‘ralLrl 
- rocessors" 

Funcin- ''cncy 	U.. army rese-rc 	- ffice (PO) 
Contract '1.mer: 	nAAr,2°-70-C-01 S 
GIT Project Number: 
r'rincirle Invoctioator: 	Nancy LYnC 

Title: 	"Subbort of 	I LnER C[O 	, te Storeae - nr, cs,1" 
runHin ,  A , :ency: 	U.. army Tnstitutt for 	L7 esearcrl 	in 

mandoement 	Tn'crm tion 	and Compute  
Science (''IT - S) 

Contract Numiner: 	DAAK70-7-35' 7  
PIT '--'roject Number: 	Gp_,-- 1.,47 
Principle Investiator: 	P.'. Jese- 

c. Administrative Changes 

Thrino this 	Quarters 	aceitional 	research 	co , iracts 
support in 	the 	rflPc,; 	prora- 	hove 	been 	awarded. 
c'uocificatly, these are the ,, A9C, T' - , ""'F, 	;, PC, 	and 
ATP"TOC 	contracts 	cescribed 	anovt. ALso -urir , ° this 
e,uarter 	the 	final 	rerr, rt 	an 	one 	contract 	was 
publishe -1, comptotin: that project. 

Titi 	":nterr_rocess 	Communicitior 	n 	"ilhly 
r"listribuled 	vstems" (A 	orkshor) 

Funoino A , ency: 	U.. 	rmv ''esearch Office 
Contr a ct ' , umoer: 	PAAr2:4 -7c—C-0010 
GIT Profert 	030-632 

Tnvestjm. ator 	Philip P. c- rtslo41 Jr. 
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2. ORGANIZATION AND STAFFING 

Faculty  

The following members 	of 	the 	TCS 	Faculty 	have 	been 
identified as sarticinants in the FflPS Research Pro ram. 

Qhilli--Assistant rrefoss ,, r 
flemillo, Pich)r-.! 	 Professor 
Fnslooil rhili ,  H. Jr.-- P rofessor 
C, riffeth, 'ancy--P, ssistant professor 
Lelanc, 	 ,.r3fe , c.or 
Livesey, Jon--'ssistant Professor 

(effective 'e:,Iterner, 
Lynch, rlanry--:sscciate rr-sfecnr 

Most 	of 	these 	individuals 	are 	presently 	workini 	on 
specific 	rrojects 	in 	the 	pro•rm, 	while 	others 	are 
completing other work already in Drogress. 

Staff 

Jensen, Alton P.--Princ. Res. Frit-
mcConell, (3haron--F,r. "7,ecv. 
myers, Jeanette--Res. scientist 
Pinion, 'Fancy--Part-time Secy. 

Students 

There 	are 30 students working on various projects in the 
FDPS Research Prooram. 	Of these, 12 	are 	in 	the 	Ph.. 
prooram 	and F,  are rreharine their 'IS Thesis on  tor-.ics in 
FPPS. 

3. EURRENT RESEARCH PREJECTI 

The specific rPsearch projects have been or7anizeo 	into 
the major areas identified in the basic orooram prepos31. 

A. Theoretical and F2rmal  Siggigs. 

A.1 Studies of the Theory of Asynchronous 7:rocessors 
Decemnosition of Parallel Systems 

A.3 Reliable Systems 
A.4 Time Performance of flistrituted Systems 
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A.5 Audit CSI  .lorithms 
Ticket Systems 

A.? Synchronous Simulation 
A.9 Distributed Resource ALLoctier 

B. Physical Interconnection and Networking 

Heterogeneous rsJetworkin , 1 
r7,.2 LocA 	!' , etworkino in Fully Distributed E'rocessin ,:; 

Systems 

C. Distributed Operating  Systgms 

C.1 Decentralized and 'istributer - ontrol 
C.' Resource Allocation and - ork 9istri:ution 	in 	, n 

C.3 Fully 	Distributed 	° peratirt.o 	System 
Considerations 

C.4 Tb,", (Distributed rler;)tin- r_ystems) 
process Su p port in "istriute0 
'on-Homo ,Tenecus - beratin ,,  eysteTs 

C.7 F")'`-" - ireliminry Tmplementtion c udies 

D. Distributed Data Bases 

9.1 Implementation of Distributed flatahase c.;yster ,,, s 
T2 Support of "ILPERCEN Data '''Aore Concept 

E. Fault-Tglerance  

F. Special Hardware t2  Su22ori FDPS 

G. Ag2lisation of Ostributed Procelsing 

H. System Design Methodologies 

H.1 F ,.)PS RecuireTents rnyineerin 	Techniues 
H.2 Coordintin-7 Large E'ro ,. -tramminc, Projectf-: 

I. aystIm UtiliLatign 

T.1 t Lan -wage for Distributed Prorammin ,4 
I.2 System Implementation Lan -luaoe Development 

J. Security  

J.I ProcesF, Structures 

K. System Management 

Pa c -4- 
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L. Evaluation and Comparison 

M. FDPS Testbed 

".1 Establishment of FOPS Testhed Tzcitity 
Remote Load Fmulator 
Fully 	Distributed 	eratin 	1ystem 
Testbed 

4. SUMMARY 2F PROGRESS 

A.1 Studies of the Theory of Asynchronous Processors 
(Lynch, Fischer, Lamport, Lazowska, Sch8nhage, 
Arjomandi) 

Jork 	continues 	in 	the 	develc,;. 	 , oJeLs, 
decomposition 	technimues. 	and 	c;,-nlexity 	analysts 
techniques 	for 	distriute 	syst-rs. 	Visitors t h is 
ou ,irter have 	iecluced 	Ri cher, 	1 „7,mport. 

'-',chnhade. 	and 	Arjomandi. 	r'rcent work h ,, s insired 

projects A.2, 	P.3, 	A.4, 	pf- 1 	A.'. 	A.7. 	A.';" 
described below. 

A.2 Decomposition of Parallel Systems (Lynch, Fischer) 

Synchronization 	aL , orit1- ms 	are decompose' usini t,o 
stage 	models, 	with 	simul-Ition 	used 	to 	eliminate 
initial 	simplifications, such as rentrAizer control 
an 	multiele shared variables. 

A.3 Retiabte Systems (Lynch, Fischer, Lamport) 

.:Pc'und -drcy 	is 	used 	to 	,,wlleviPt , 	the 	effects 	of 
"shutdown". 	"death; ", 	and 	"malicious 	fr, ilure" 	of 
or -)cesses. 	Agreement with faulty innutc; i.s ( 4 ifficult 
and 	slow. 	requiring 	11 +1 	"rounds" 	of 	information 
exchande 	to protect a , ,linst 	to 	 (:veci 
cases are bein ,) considered. 

	

A.4 Time Performance of Distributed Systems 	(Lynch, 
Fischer, Lazowska, Schonhage) 

Anolic-,4tion 	of complexity theory in develc , bin- tools 
to measure worst-case and exected perf:rmance of 
distributel 	syste-, s 	under 	spe citied 	oreratind 
conditions. 	Analysis of 	arbiter 	erobless 	includes 
work 	on 	Lower (time) bounds, wiU restricted access 
to communication variables. 
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A.5 Audit Algorithms (Griffeth, Fischer, Lynch) 

r-leveloprent of 3loorithP's 	for 	oucitir. 	- istr nuted 
assets 	without 	delayino 	trancactiers% 	or 
contradicting ; 	information 	erohaq,,teH 	thrc , ur 
system 	ny 	ohtainino 	balance that could not have 
existed at any roint in time. 

A.6 Ticket Systems (Lynch, Fischer, Griffeth) 

Desion 	and 	analysis 	of 	aliorithms 	for 	ticket 
distribution, 	including 	careful 	statement 	-> -f 
correctness and performance requirements. 

A.7 Synchronous Simulation (Lynch, Fischer, Arjomandi) 

Develop m ent anq.  analysis of tecrniques for converting 
synchronous, 	nratlet. 	at. 'arithms 	into 	eouivatent 
asynchronous 	alnorithms, by devisina protocols.which 
insure preoress 	of 	each 	,Drocess 	without 	actually 
stnopinq romoutation to achieve synchronization. 

A.8 Distributed Resource Allocation (Lynch) 

evelopment 	of 	a 	simple nut realistic model of the 
resource allocation problem, 	a 	fst 	solution, 	and 
time analysis of the solution. 

B.1 Heterogeneous 	Networking 	(Crews, 	Bray, Greene, 
Tuberville) 

The If"' Series/1 	has 	been 	connected 	to 	the 	FPrc' 
test-bed 	(r- R1" 	P-400 4  s) 	throuq 	a unirirectionA 
communication bath. 	This ,-ath has 	facilitate: 	file 
transfer 	from 	the 	testhe'l 	to 	the 	'erirs/11 	and 
consequently has provided neces s ary software to 
initiate work on the common command lan:ua , e facility 
and software tools. At the sa-e time, a link hrr 
been 	established 	between 	the 	5.,Jries/1 	and 	CY ,  
system, and work is underway to est,tlit,h an 
interf , ce at the ohysical codes operatin -t systems and 
proorammino lar•lua,le level. 

B.2 Local Networking in FDPSs (Enstow) 

P. survey of the 	state-of-the--rt 	in 	local. 	--twork 
technola-y 	 equipment 	has 	been 	initiate'. 	It 
jn ears 	th,rt 	the 	primary 	weaknesses 	of 	syste-s 
currently 	available 	nr -1.ror, osPc are in the areas of 
host 	intera-ction 	with 	the 	local 	net work:and 
h ost-to-host interaction. 
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C.1 Decentralized 	and 	Distributed 
	

Control 	(Enslow, 
LeBlanc, Crews, Saponas, Wice) 

The first oval 	f this broject IS 	c-racieri - e and 

analyze 	models 	of 	distributes 	nd 	derentr , lizer 
control 	siprlicable tr 	distributed syst--s. 
major 	prohlem 	facing 	the 	research 	tear- 	iG 	the 
develonrrent 	of 	a 	teci-ninue 	er 	frame w ork by ..:h is 
various 	contrnl 	 be 	described 	and 
catato . lued. 	The 	erincirie 	effort thus f:.r in this 
project 	has 	been 	focuser) 	on 	if'entifyirr 	various 
possible 	models 	an'-! 	comnarir, 	nd Jraly7in -  these 
models with the -loal of 	develooin- 	a 	basis 	for 	a 
comolete taxonomy. 	 proress has been rode in 
this first steno and a raL-, er is beinu ererared for 
Presentation at the TrEr Cb-mouter `society r'nYrCO% in 
c'eoteTner. V10 0. 

C.2 Resource Allocation and Work Distribution in an FOPS 
(Enslow, Sharp) 

Activity lurin- this period has focused on r'evelnninc, 
a descriptive 	framework 	suitable 	for 	prerar;r1 -: 
taxonomy of allocation one distribution morels. The 
anaroach taken has been to rre ,, cre descriptions of as 
many models as nessible anc then tc work oTckwards to 
develop tke framework. ^n initial framework_ has been 
erecar ,, d and is be inn refined. 

C.3 FDOS - Initial Considerations 	(Enslow, 	LeBlanc, 
Crews, Akin, Flinn, Forsyth, Fukuoka, Myers, Pitts, 
Saponas, Skowbo, Spafford, Wice) 

The oranization and 	outline 	for 	the 	corolete 
specification of an FDOS is bein^s Fre ared. 

C.4 TBA - Distributed Operating Systems (Livesey) 

", c) activity this quarter. 

C.5 Process 	Support 	in Distributed Systems 	(Enslow, 
Skowbo) 

survey and analysis of communication 	ro ocolc 	has 
been 	initiated 	to 	isolate 	essential 	features for 
su -)bort of distributed 	crocesses. 	Trolictions 	of 
tr , nsoort 	nrotocols 	for tl-,e TPC inter face are nein- 
studied. 
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Quarter ly Pr - 	ort 

C.6 Non -Homogeneous Operating Systems (Ratzel) 

No significant activity 	this 	Quarter. 	rojeCt 	is 
still in nroliminary sta t es. 

C.7 FDOS - Preliminary Implementation Studies (Myers, 
Enslow, Gaither, L. Newell, S. Newell, Mice) 

The design and imnlementati'mn of the 	F fl 	has 	been 
initiated. 	The 	aproach 	 taken 	is to first 
address 	those 	areas 	on 	,hieh 	there 	is 	, cner , L 
agreement 	as 	to the functionality recuirec/ct-siroo. 
The first area bein- desilne , ' 	is 	that 	of 	" , essa,'e 
tr , nsoort". 

0.1 Implementation 	of 	Distributed 	Database Systems 
(Griffeth) 

This project is nlanne 	to commence in dune. 

D.2 Support of MILPERCEN Data Storage Concept (Jensen, 
Doyle, Gehl, Bingham) 

1^licable literature and reference documentation has 
been 	collected. 	A 	site 	visit 	to 	the U.F. 	P.r-y 
militry Personnel Center, 	 "ir ini-. 	has 
been made, durinn which briefings 	ortsented and 
interviews held. 

H.1 FDPS Requirements Engineering Techniques (Underwood, 
Corley) 

No significant activity this Quarter. 

H.2 Coordinating 	Large Programming Projects (Enslow, 
Smith) 

A questionnaire to be utilized to 	'ather 	historical 
information 	and maraoeres rercentinn of the problems 
and oossirlr solutions has been prearei. 	This drift 
nuestionnaire has been circulated 	to a 	number 	of 
individuals 	for 	comment 	and 	recommendations 	on a 

bobultion to survey. 

I.1 A Language for Distributed Programming (LeBlanc, 
Maccabe, Forsyth) 

Existing l=mnuaces with features related to our .owls 
are 	currently 	hein7 	studied. 	this 	includes 	the 
imolementtion of multi-process ore ,r-ems 	in 
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in 	order 	to 	rain 	experience 	with 	intr,roco!...s 
communication 	;:rohlems. 	To 	ore : ; , ration 	for 
lanluaoe 	c'esLn 	work. 	desion 	:oals 	f- avc 	reto 
identified and a comnutational 	model 	on 	,hiL 	the 
lan -!ua3c will be based has been established. 
entitled 	"A 	Llnrluamie 	"ociel 	for 	rully 	istrinutoo 
systems" Fas been suhritted to CO -°C3N Fall. 
Another saner is he inn oremare: for suc) - ission + -I the 
AC" n—lcific *",) Conference, which has 2istrioutod 
arocessina as its theme. 

	

1.2 System Implementation Language Development 	(LeBlanc, 
Akin, Strickland) 

Uu-nascal 	is beiml transported to the PP1"--- -400 with 
extensions 	to 	surwort 	the 	F7:;PS 	development. 
significant oro ress this otiarter. 

J.1 Process Structures (DeMillo, Lipton, Miller, Davida) 

Investi cation 	several 	s ects 	of 	r.,, rallel and 
distributed 	system 	desiln. 	 multilevel 
security, 	models 	of synchronization, and efficiency 
of interrrecess communication. 

M.1 Establishment of FDPS Testbed 	Facility 	(Myers, 
Elshoff, 	Gaither, Howe, Flinn, L. Newell, S. Newell, 
Wice) 

The subroutines comorisinl the 'rir- enet 	inter p rocess 
communication 	facility 	are hoino used and tested DV 

student oro-rammers, and dill be 	used 	in the 	near 
future 	to 	implement 	rressaae 	transport -nd mossao 
handlin. 

M.2 Remote Load Emulator (Myers, Enslow, Forsyth, Howe) 

Programmable "scripts" have been devised to describe 
a 	variety 	of 	Loads. 	Student 	oreoramrers 	have 
completed a lexical analyzer and parser to 	translate 
scrints frr fast intereretation. 

M.3 FOOS Simulation Testbed (LeBlanc, Gaither, Maccabe, 
Myers, S. Newell, Wice) 

The 	FflPS 	simulation 	testhed 	will 	orovic'e 
environment 	for 	the initial testing and analysis of 
oneratinq 	system 	alcl-oritF'ms 	currently 	heind 
developed. 	The 	overall 	desiTn is comnlPte; 	more 
detailed desion is nein7 	written, 	utilizimo 
constructs, and is in its final str ,  les. 
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5. TRAVEL RELATED TO THE FDPS PROGRAM 

Pates of Trio: 	1 February, 1 " >=0 
Tnlividuals Tr .,4velLino: 	James 'fro , o. Steve ovekl 
Itinerary: 	Atl , nt -1, Sear i. 
Puranse: 	ttend 	PCv sponsorel Pr ,-rfeFsion 	-cvelooment 
Seminar - Distributed 	rocessin 	c'-ystP^s 

Dates of Trio: 	1 4 	ehrt , arv, 

Itinerary: 	Atl)nta, r'eoroia 
r'urnos ,, : 	.resent briefinr,  on FIrR 	rim 	r-th,r 
research projects. 

Dates of Trig: 	 rehruary, 1n 
Individuals Travellino: 	rkilli 	Crews 
Itinerary: 	San c"rar, cisco, 
Purnose: 	attend Cn n7.)`" 4 c'r 

Dates of Tria: 	27-2P rehruary, 17 ,11 
Individuals 	Travellino: 	A.c". Jensen, 	John 	Gehl, 	Jim 
Doyle 
Itinerary: 	Alexandria, Vir:ini 
Purpnse: 	rite survey of "ILrrkr:flt Data 

6. VISITORS 

Dates of Visit: 	1 January - 31 "arck, 	C 
Visitor: 	Michael Fischer 
PurLose: 	Research Collaboration 
Individual Contacted 	Nancy Lync h 

Dates of Visit: 	11 January, 1"— n 
Visitor: 	R.J. 	Linton 
FurErse: 	"zesearch ''ollaboraticn 
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• 	A. Statement of the Problem Studied 

I studied the problem of formal modelling and analysis of distributed algorithms. 

B. Summary of the Most Important Results 

'Ire was a very large amount of interesting work which resulted from this grant. The specific 

results have been described in detail in the earlier progress reports. Here, I include a brief overall 

review which describes the general results of the project. 

The earliest work focussed on mutual exclusion and other distributed resource allocation problems. 

These problems had previously been studied informally, but there had been little work which was 

rigorous enough to allow correctness proofs, formal complexity analysis, or proof of impossibility 

results. Our work provided this area with a rigorous basis, and proved several interesting complexity 

results. In particular, we proved tight upper and lower bounds for shared space (bandwidth) 

requirements for implementing various resource allocation problems. (We included treatment of 

fault•tolerance properties.) 

Our experience with formal modelling of concurrent resource allocation systems led us to develop a 

general model for asynchronous parallel computing, suitable for formal description of arbitrary 

asynchronous algorithms. We proved basic results about this model, such as a fundamental 

difference in complexity between synchronous and asynchronous parallel systems. 

After developing our model for asynchronous computing, we proceeded to study several typical 

distributed problems within the model. Among the first of the problem areas we examined was 

distributed database concurrency control. We considered sources of performance problems. In 

particular, we devised two ways of generalizing the usual strategies for concurrency control in 

distributed databases, allowing fast processing of read-only transactions, and weakening the usual 

notion of serializability. We carried out extensive studies of the nested transaction model for 

concurrent computing. 

We worked on distributed network resource allocation algorithms, devising interesting algorithms 

which had running time which was independent of the size of the distributed network. Algorithms 

were devised for special cases of the general network resource allocation problem: one in which 

resource requirements are predeclared, resources are all distinct and are returned after use (e.g. 

computing resources in a local area network), and one in which resources are all identical and are 

not returned (e.g. tickets to a sporting event). The algorithms themselves appear to be of practical 

value. The analysis techniques also appear to be new and interesting. 
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We studied the very important problem of distributed consensus (in an error•prone environment), 

obtaining some very interesting and important results. The most important was a very fundamental 

limitation of the asynchronous computational model its inability to solve the basic problem of 

distributed consensus in the presence of even a single faulty process. This fundamental result has 

alrepdy led to a fair amount of related work of other researchers, in trying to understand its 

ramifications. Other results include upper and lower bounds on time and communication 

requirements to solve the problem in a synchronous system. 

Work in progress includes software clock synchronization, computing in a model that uses time 

explicitly, theory of specification of distributed systems, and fault-tolerance. 
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