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Editor's 
Introduction 

This issue presents papers on di1·erse 

computing topics-the Internet, 

modern Fortran language extensions 

fix parallel computing, and perf(Jr­

mance measurement of A ipluServer 

64-bit !USC systems-each repre­
senting an area of engineering 
strength for Digital. Also in the issue 

is <1 thought-prm·oking paper on the 

p 1-cscn·ation of historical computers. 
The opening paper on the Internet 

Protocol 1·ersion 6 examines the status 

of todav's Internet and looks toward 
its future. Digital is one of several 
companies participating in the work­

ing groups of the Internet Engineer ­

ing Task Force on the transition to 
a new protocol. Dan H arrington, 
Jim Bound, Jack McCmn, and Matt 

Thomas 1-eport what they ha1·c learned 

ti-om designing an IP1·6 prototvpc, 
and compare and contrast the ne11· 
version with the existing protocol, 
!Pv4. The most import<ll1t difkrence 

between the versions-one th<lt will 

rel ieve the strain on the Internet-is 

the increase in lPv6 of address size 

fi·om 32 bits to 128 bits. The authors 
conclude with a look :Jt futme work 

in such areas as securitv and daulink 
interfaces for ATM. 

Om next paper-an unusual one 

not only for the issue but f(Jr this 

Journal-temporarily moves the dis­

cussion from computing's fi.mm: ro 
its past. Max Burnet and Bob Supnik 

argue that an understanding of com­

puting 's past is vital to irs future. The 
<luthors present two computer preser­

,·arion techniques: restOI·ation and 
simulation. To exempli�· issues in 

restoration, they review the status of 

<1 project to restore a large UNIBUS­

based PDP-11 svstem. The section 

Digit<li Teehnical Journ<li 

on simulation describes the tvpes and 
purposes ofsimuLuors <md presents a 
case study ofSIM, <l simulator imple­

mented inC for the �rudy of historical 

computer architectures. 
In a paper on modern fortr:m, Bill 

Celmaster demonstrates th<H todav's 

Fortran is a viable mainstrcun lan­

guage for parallel computing. Since 

irs de1·eJopment more than 40 vcars 
ago, Fortran h;ls been extended bv 

language designers to meet the needs 

of users, particularlv the needs of 

scientific/technical users who require 
mathematical expressivity :md code 
optimization. Bill reviews key features 

of Fortran 90, recent effiJrts to stan­
dardize parallel extensions to Fortran, 

and shared-memorv p<H<lllelism. He 
includes three c1se studies that illus­
trate the data par<lllel and single­

program-multiple-dat<l styles of 

programmmg. 
Two papers describe resting 

methodologies that resulted in lead­
ership system perform: mce under 
the TPC-C: bcnclml<lrk t(>r <l cluster 

system and fcJr a sing le-node svstem. 
The first paper presents the evalua­

tion of an AlphaServer 8400 5/350 

TruCiuster configur<Hion support­
ing the Oracle Parallel Server data­
base. Judy Pi:u1tedosi, Archana 
Sathaye, and John Sh< lkshober dis­

cuss the system tuning and the record­

setting results of their work. The sec­

ond paper, by TJrcef Kawaf� John 

Shakshober, and D<we Stanley, looks 
at two optimiza tion techniques­

locking intrinsics <lnd OM profile­

based optimization-applied to a 
large d:nabase program running in 
the very large memorv (VLM) envi­
ronment on an AlphaServcr 8400 
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wstem. The results of these optimi­
zations arc significmt increases in 
throughput and database-cache hit 

ratios. 
The deve lopment of AltaVista 

Forum is the subject of our final 
paper. Unlike other groupware prod­

ucts, AluVista forum uses the World 
\Vide 'Web as <111 infi·astructure to 

facilitate the rapid development of 

collaboration applications for NT and 

U�IX systems . Dah Ming Chiu and 
Dave Griffin explain this design deci­

sion and slure their experiences with 

usability studies, an interpretive lan­
guJge (Tel) f()r building the toolkit, 
and the inclusion of an indexing and 
search engi nc. 

The next issue of the.fourna/ will 
feature the ne11 AI phaSen·er 4100 
high-performance midrange sen-er 
system, a new implementation of 

MEMORY CHANNEL, and large­
database techno logies in the VLM 
environment. 

�&4_ 
Jane C. Blake 
,\/anaginp, f:'ditnr 



Foreword 

Alan G. Nemeth 
CiJ/pumll' Ccmsultanl 
1 IN! X Architecture om/ 'Ji!chno/o;.:y 

"The Internet is dying. " l reel quite 

confident you will regularlv sec artic les 

with this mess:�ge in the industrv :md 

general press m·er the next t(:,,. ve;lrs . 

The message won't be as nn,· as rhe 

authors of the articles might bclie1·e, 

and the work ro 1-cmm·e the most 
ri·equenrly identified problems 11·as 

begun VG1rS :�go 11 ithin the Internet 
Engineering T:�sk force (I ETr). 

Internet Protocol 1·ersion 6 (I P1 6) 

is a large bmilv of protocols th;H 

form the basis of the I ETF response 

ro a set of problems identiried in the 
early 1 990s and till· which the need 
is accelerated by the explosion of 
fnterner usage. 

One of"the major concerns about 
the current Internet is the limited 
amount or· address space. The under­

lying address r(Jr I P endpoints is 32 
bits wide, permitting;\ total of4 bil­

l ion distinct addresses . Although this 

number seC!llS large (and it seemed 
truly gig:llltic in the earl y 1970s when 

the width was selected), it is currently 

a real, practical barrier to current 
dep loyment p::�tterns. Large users 

of Internet addresses can no longer 
get the address space thev need t(.Jr 
assignments. Because the Internet 

h::�s run as a decentralized organization 

over the years, there is no effective 

central administration to support com­

petition for scarce resources such as 

address space. Instead, the response of 

the community is to provide resources 

sufricicnt to keep allocation as a low­
overhead activity. So 1Pv6 defines an 

Jddress space of 128 bits. This cur­

rmrly seems like a gigantic number 1 

Bur limited address space is hard to 

build into a persuasive case for change. 

End users arc much more likely to be 

conc erned about the local p roblem 

or· getting just "one more address," 

rather th::�n the problems of keep 

ing the Internet as a whole ali1·e and 

li.mcrioning. So the 1Pv6 design dclib­

<.:r;Hclv i ncorporates a set of fimc­

tionalitl' impro1·emcnts tlut pro1·icle 
attractive end-user capabilities. IP16 

includes much easier schemes tor 
;\ssigning addresses, which will reduce 

the administrative burden for users 

;md their nct\I'Ork managers . IJ\·6 

provides ;\ better rl·amework for 
encrvption and an expectation that 

it ll'ill be ll 'idely available and used. 

And I Pv6 provides some systematic 

m.:ch,misms for describing requests 
r(Jr specific quality levels in the service 
ofkred by the transport provider. 

These capabilities will address some 

very r eal, practica l probl ems that 
do aHlict individual end users of the 

Internet. 

However, there is no expectation 

tlut it is acceptable to switch the set 

of Internet users to IPv6 either simul­

taneously or even over an extended 

time period. IPv6 must interopcrate 
11 ith the current installed IPv4 pro­
tocols rcJr an indetinitc period. This 

implies scn·ices that translate between 

the dif rerenr ::�ddresses (and address 

assignment approKhes that eJsc 

mechanical derii'<Hion of I Pv6 

addresses ti·om ll'v4 addresses), 

dual protocol stacks to permit com­

munication with both protocols 

depending on the capabilities of the 

participants in the conversJtion, and 

schemes to accommodate security 

mechanisms and quality of service 
requests. 

The entirety of I Pv6 represems 
a large implementation effort to 

be undertaken by many different 

organizations. The Internet repre ­

sents the largest example I knoll' ot' J 

distributed comput<ltion rhat h;�s sur­

,·ived r(x 27 vcars. (I dare ri-om 1969 
when the ri rsr ARPANET f Advanced 

Research Projects Agcncv Network] 
nodes ll 'erc inst<lilccl.) With a kll' 

notable exceptions, this computarion 

has run continu;lllv, despite constant 
changes in hardll' ;lrc, software, imple­

mentcrs, ;md oper;ltors. I r Ius sur ­

,.i,·ed explosi1·e growth tar bevond 

the designs of irs originators. It h;�s 

done so with a volunteer organiz ;l­

tion driving the development direc­

tion. The community spirit has been 
crucial w ma king rhis work. I Pv6 

is ;m exampk ofrhat community 

at work; no one organization c1n 

implement it all, either at J product 

level or at a dcploymenr level. 

The I Pv6 p<lpcr in this issue 
describes the technical design needed 
to build Jn I Pv6 irnplemenr:�tion 

for the core protocols under the 

Digital UNIX operJting system . 

Digital has been one of the leading 
prototvpc builders of the design spec­

i rications as thev ha\'C evolved in the 

industrv debates. At the time the 

Internet Protocol Next (;enerJtion 

(IPng) Directorate ofticiallv adopted 

Digit�! Tcchniol Journal Vol. 7 J:-.io. 3 l996 3 
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kcv clements oftbe protocol, 
Digital's implementation 11as 

the on!\· one running to demonstrate 
that the design was indeed feasible. 

But we don't bclie1·e tbat \I'C can 

implemcm Jll the pieces of ll\·6 <lS a 

single company. Theretore we choose 
to share the implementation experi­

ence through this paper to aid others 

in their eHorts to deal with the imple­
mentation problems. We also don't 
cl,lim completeness; the fi.J!I suite of 
specitications ror !Pv6 is evolving, :�nd 

the software to implement it is large. 

We fullv expect that portions of our 
ultimate product ot1erings will be 

dc1-clopcd b1· others in the industrv. 

The long-term e1·olution of the 
Internet captured in the IP1·6 implc­
ment•ltion paper is but one example 

in this issue of the extent to which 
computing now has a history that 

gives us much insight into the fi.1ture. 
Certainly the paper by Supnik and 

Burnet is Jll explicit trip through 

computing histon·. The re-creation, 
both physical and logical, ofcompur­

i ng S\'Stcrns of the past on on II- he! p 

remind us that the artif:Kts 11·c crcuc 
ha,·c a longer lire than we anticipate. 
As our programmers write new code, 
or our hardw:H"C designers produce 
new architectural approaches, or our 
storage designers push the bound­

aries on new media technologies, do 

they consider the imponderables of 
running these systems 25 or more 
\'cars in the future? The view ofarchi­
l'ists tn•ing to preserve this historv 
reminds us of the difticultv of prcscr­
,·ation after the fact and of the am.lz­
ing duration of design decisions. 

The paper on tbe e1·olution of' 
r:orrran is vet another example of the 
rich historv of computing. Here we 

Digirol Tcchniul Joumal 

sec clearlv the C\'Oiution of a kcv 

Lmguagc to accommodate the ch<lng­
ing patterns of's\'stem architectur.ll 

dcsi)2,11S and parallel program CO!l­

cepts. The computer industrv rl-c­

qucntlv develops commercially 
import•ll1t programs by evolution­

the 100,000-line program that 10 
years later h<lS become 10 million 

lines of code in an assortment of 

languages and computing stvles. 

Here the vencr.1ble Fortran (tirst 

intmduced in 19541) adds support 
f(Jr some of· the latest appw:1ches to 
bst S\'Stcm interconnect represented 
lw t\lElvlORY CHA;-..J;-..iEL and the 

fXlLlllcl architectures of clusters of 

SM P S\'Stems. 
iVlE!vlORY CHANNEL reaf1fXars in 

the paper about TPC-C perr()rmancc 
on TruC:Iuster systems. This paper, 
one o�-a pair on the issues of tuning 
a commercially important benchm,lrk, 
prcscms an attractive model for the 

benefits in ped(>rmance that can he 
dcri1·cd ti-om a I'Crl' bst intnconnecr 
,md sofr11arc srructu1·es ro m.ltch. 

·rhe pcrr(>rm•wce Je,·cls •Khic,·ed 
sh,lttcr 11 orld records on a bench­
mark that Ius l1ad exrensi1·e atten­
tion .md ll'ork. 

The other p<lper on TPC:-C pn­
r(mnancc with very large mcmorv 
(VI.M) illustrates the truth of,m old 

design maxim, "If memory is get­

ting cheaper, use more ofit1" When 
Digital rirst built a 2-gigabytc (GB) 

mcmon- bo•1rd, it took more than 
a million dollars' worth of-DRAM 
chips to populate the initial instance. 
Howc1·cr, nJemOI"\' prices 11:1\'C con­
rinucd to drop sharplv, and roda1· 
o1·er 40 percent of the AJphaSen·cr 
8400 S\'stems ship with 2GB or more 
of'mcmon·. The memon· prices 11 iII 
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continue to come down, and the 

insights o�"kred in this paper 11 ill help 

in understanding where additional 
memon· can pro1·ide real benetits to 

customer 11·orkloads. 
The rinal paper in the collection is 

on the AltaVista Forum approach to 
collabor<Jtion arnong groups exploit­
ing the Internet and WWW technolo­

gies and brings us back around to the 
initial thoughts in this foreword. The 
ubiquitous nature of the Internet per­
mits and encourages tools such as this 

that utilize computer S\'Stcms in new 

11 •1\'S. This approach builds on the 
E1bric that we emphasized in the I Pv6 
paper but sees the Internet as a tool 

and a component ot'a larger solution 
and shows how to exploit these clpa­
bilitics to allow new ways of working. 
Using imagination and building on 
the work of others are characteristic 
of the :�pproach taken by those who 
•1rc cu:tlysts in the industry. The 
p•1pcr demonstrates how easv it is to 

build J S\'Stem that would ha1·c been 
•1 111ajo1- f)rojccr just fin: vc11·s <�go. 
This case of construction is a bcnctit 
of the programming techniques and 
infi·,lstructurc im·estments and J spur 
to keep doing more of it. 



Internet Protocol 
Version 6 and the Digital 
UNIX Implementation 
Experience 

In the early 1990s, the Internet com munity rec­

ognized that the current TCP/IP architecture was 

not capable of sustaining the explosive g rowth 

of the Internet. In July 1994, the Internet Protocol 

next generation (IPng) directorate responded to 

the problem with the Internet Protocol version 6 

(1Pv6) as the replacement network layer proto­

col. Working g roups of the Internet Engineering 

Task Force (IETF) then began to build specifications 

that would add ress the needs for an expanded 

Internet add ress space, an increase in router table 

size, and new tech nology features. As a contrib­

utor to these efforts, Digital has implemented 

1Pv6 on the Digital UNIX platform. The primary 

goal of Digital's efforts has been to evaluate the 

technical feasibility of the proposed architecture 

and provide critical feedback to the standards 

development process in the IETF. The secondary 

goal has been to evaluate system design alter­

natives to gain the experience needed to al low 

Digital to incorporate this new architecture i nto 

existing products. 

I 
Daniel T. Harrington 
James P. Bound 
John J. MeCum 
Matt Thomas 

As one of its ongoing advanced development efforts in 
nenvorking technology, Digital h as built an Internet 
Protocol version 6 ( I Pv6 ) prototype tor the Digital 
UNIX operating system. I n  this paper, we describe the 
design of the Digital UNIX I Pv6 prototype and its h is­
tory relevant to the I nternet Protocol next generation 
(!Png) eftort in the Internet Engineering Task Force 
(IETF). We also compare its relationship with the 

existing Transmission Control Protocol/Internet 
Protocol (TCP /IP) suite. We emphasize techniques 
and technologies t hat were deve.loped to accommo­
d ate particular aspects of the IPv6 arch itecture and 
issues t hat required further d iscussion in the IETF. In 

particular, we d iscuss the moditications to the trans­
port l ayer modules to use two distinct network layer 
protocols, along with the i m plications to the UNIX 

socket layer and applications. In addition, we describe 
the new IPv6 and Internet Control Message Protocol 
(ICMP) nenvork layer modu les, including t heir i n ter­
actions with both the data l ink layer and the IPv4 
protoco l .  \Ve review the new Neighbor Discovery 
Protocol and its a lgorithms and give dt:tai ls  of its 
i mplementation. 

To accommodate the dynamic nature of fi.Jture net­
works, IPv6 includes mechan isms to do both stateless 
and stateful add ress configuration, as well as router 
discovery; we expla in the design of a user-mode 
process that implements these functions. The paper 
includes a discussion of enhancements to wel l -known 
IPv4 services , such as dynamic updates to the domain 
naming service (DNS), as well as general techniq ues 
to support the transition of �::xisting applications. The 
paper concludes with an overview of what we have 
learned in this project and su mmarizes our curren t  sta­
tus and future work, including efforts in nonbroadc:tst 
m u l ti p le access (NBJ'v1.A) data l ink technologies such as 
asynchonous transfer mode ( ATlvi) and resource reser­
vation protocols. 

Internet Protocol Next Generation 

In the early 1990s, the members of the I n ternet com­
m unity realized that the address space and certain 
aspects of the current TCP/IP architecture were not 
capable of sustai n ing the explosive growth of the 
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I n ternet .  Within the I ETr, sC\-cral efforts were u n der­
taken to both studv and impro,·e the usc of the 3 2 - b i t  
I nternct Protocol ( r r,-4 ) add resses , JS we l l JS  to i d c n ­
ti t\' :� nd rep l ace protocols and sen·ices t hat wou l d l i m i t  
grmnh . The 3 2 - bit ad d ress ing architecture i n  the nct­
\\'Ork l a\-cr ,,·:�s qu ickh· d etermined to be the crux of 
the problem,  with both hard,,·are and hum:111 l i m i ts 
appro:�ching funtbment:�l bound arics . 1  l J),·4 add resses 
arc uneven ly :�! located i n  blocks that  arc o ften too 
large or roo sma l l ;  they :�re a lso d i ffi c u l t  ro c hange 
within any ex isti ng network .  

W h e n  the l ETF cJi led tor rep lace mcn r  proposa ls , 
D igit:� ! p:� rtic i patcd in this ind ustry -w ide cft(m by 
s u bm i tti ng wh i te papers ou t l i n i ng issues and by de,·c l ­
op i ng and eva l uati ng prototvpes of the various pro­
pos:� Is .  D igi ta l a lso participated in the l ETr working 
groups a nd in the I Png d i rectorate , which had the 
respons i bi l ity tc>r m :�king the ultimate decision . I n  J u ly 
1 994, the 1 Png d i rectorate selected the I nternet 
Protocol \'CI'Sion 6 ( l l"·6 ) as the repbcemcn t n ct\\'ork 
J a,·er protoco l , Jnd I ETF \\'orking groups began to 
b u i l d  spec i fications . "The Recom m e nd ation t( >r the 
I P  Next Generation Protocol" su mmarizes the c1 11d i ­
datcs �md cxpb i ns the selection of this protoco l . ' 

Digital UNIX Prototype 

Th e c u rrc l lt D ig it:� I U N I X  1 Pv6 prototype project is 
D igi ta l 's most recent add ition to an ongoing cHc>rt to 
deve lop and eva l uate the competing I Png proposa ls . 
This began with the S i m pl e Internet Protocol ( S I P ) ,  
which used e ight octet ad d resses . S I P  was later melded 
with another early proposa l and became known as 
S i mp l e I n ternet Protocol Plus ( S J P P ) ,  the d i rect 
a ntecedent of ! Pv6 . '  The pri mary goa l of D igi ta l 's 
cftC>rts has been to ev:� l u ate the technica l  feasi b i l i ty of 
the proposed :� rch itcct u re and pro,·id e ked bac k to the 
I ETr \\'Or ki ng groups .  This is critical to the st:� n dards 
dC\ e lopmellt  process in the IETF, ,,·bich requ ires mul ­
tiple i ndependent �md interoperable implcmenutions 
of �1 spccitic:�tion bdore it  ma\' become an I nternet 
standard . An add itional goal has been to e,·�1 l u arc svs ­
rcm design :� l te rnativcs to ga in the experience needed 
to a l low D i gi ta l to i ncorporate t h is nc,,· :� rc h itccru rc 
i mo ex isti ng prod ucts . D igita l h :�s made the prototype 
Jva ibb lc to rcsc::1rchers with i n  the company as �1 source 

V E RSION I P R I O R ITY I 
PAYLOAD LENGTH I 

code d istri b u tion and more reccnth· has  begu n to su p­
p l y  binar\ '  kits t(Jr earl v  ad opters and e\'a luators in the 
I mernct com mu n it\'. As the I P\'6 protocol �md �1 rch i ­
tccturc matu res, \\ 'e ha,·e be gu n t o  toc us on ho\\' to 
best integrate the code i nto the D igita l U N I X  prod uct . 

/Pv6 Overview 

To u nderstand the svstem-\\' ide impact of I P,·6 , \\ C 
rn·ic\\' some of its new tCatu res and contrast them \\' ith 
the I P\'4 mod e l . I P\ 6  is  both a com p l etcl v nc\\' 
nct\\'ork l ave r protocol and a major revision of the 
I nternet architecture .  At both levels ,  i t  bui lds upon 
and i ncorporntcs experiences ga ined with 1 1"4. 

f igu re 1 s hows the evol ution of the pJcket t(mnat 
into the new I Pv6 hender. It  retai ns some tic lds  ( ver­
sion , source, and d estination add ress ) ,  cbri tics the role 
o f  others ( [or e xample, the Time To Live [TTL] ticld 
is rcn:� med the Hop Lim i t ) ,  and i n trod uces new ones 
(such as Flo\\' l D )  wi t h  as vet u n tapped potcm ia l . The 
ne xt hudcr ticld ai iO\\'S for mod u lar construction of 
complex p�1c kets : d i fferent header t\vcs em he ch �1 i 1 1cd 
together to pro,· ide specia l ized tu nctiona l irv, i n c l u d ­
ing securit\' a n d  source routing. hna.l l v, a l l  hc:�dcrs arc 
structured to a l lo\\' 64 - bit  al ignment, \\'hich shou l d  
a l l ow opti m :d p rocessing both at  source and desti n a ­
tion systems, as \\'ell as i n  transit ' 

The most str i ki ng departu re ti-om I l'v4 is the 
:�dd rcss s it.c : i t  has i nc reased from 32 bits to 1 28 bits. 
The J P\'6 ad d ressi ng arch itecture is ric h ,  with p re fi xes 
t(Jr m u lticast addresses and prcdctincd scopes rcJr both 
u nicast and m u l ticast addresses. One spec ia l type of 
u nicast �1d d ress is tl1e l ink - loca l  add ress , which perm its 
comm un ications \\'i th  on ly those systems d i rect ly con­
nected on the same l i n k .  Th is a l l ows a stan(brd boot­
strappi ng mecb:�nism, so that S\'Stcms can lc�1rn about 
ne igh bo rs and scn·ices before a rou r:� b lc :�dd rcss i s  
�1ssigned to an i n terrace . Various ad d ress :.�ss i gn mcn t 
options h�1\'C been defi ned , i n cl ud i ng hier:�rchica l  
models based u pon regional 1-cgisrries �1 nd sen·ice 
prm· id cr idcnt itiers .' n  I n  each case, care h:�s been ta ken 
to ensure proper mu te aggregation , \\ hich \\'i l l  help 
vic ki more effi ci ent b:�ckbone router pcrt(mn�mcc . 

M u ltip le mc:�ns of acq u iri ng add resses have been 
dctincd t(Jr J P, 6  add ressing, wit h  the go:� ls ofal lo\\'i ng 
tlcx ib i l i t\' th rough different admin istrative po l ic ies 
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and , perhaps more importJ ilt , o F  demJnding that net­
work add ress reassign me n t  be supported throughout 
the an: h i  tectu re . The two new :1dd rcssi ng services are 
Stateless Add ress Aurocon tigu ration and the statefu l ,  
transaction - b:.1scd Dynamic Host Configu ration P ro­
tocol version 6 ( D H C P,·6 ) . c s  I n  the stateless mod e l ,  
add ress prefixes arc learned lw l i stening for rou ter 
ad\-ertisemcnt packers . Add resses an: t(Jrmcd bv com­

bi n ing the prefi x  ,,· i th a l i n k-specific token such as the 
48-b i t  Ethernet hardware address . I n  the stateful pro­
ccd ure, hosts ma\' req uest Jdd resses, con figu ration 
i n formation, and services tl·om ded icated configura ­
tion sen·ers, with routers potemia l l y sen·ing a s  rel ay 
stations d u ring the i n i ti�1! phase . I n  both cases, the 
result ing add n:sses have associated l i fe ti mes, and sys­
tems m ust be prepared to both learn new add resses 
and release expi red add resses. Combi ned with the 
a bi l i ty to register updated add ress i n formation with 
DNS servers, these mechanisms provide a path toward 
network ren u m bering, a goal thJt has proved d i ffic u l t  
t o  achieve i n  t h e  l l'v4 world . 

Final ly, the I nternet Contro l MessJgc Protocol ver­
sion 6 ( ICMPv6 ) >vas developed ." This specification 

aimed to merge the functions of two d istinct I Pv4 pro­
tocols tor report ing errors and status, I C M P  tor u n i ­
cast packet transm ission a n d  t h e  I nternet Group 
Message Protocol ( I G M P )  tor m u lticast traffic . 

The messages ddi ned i n  this protocol arc catego­
rized JS either error or i n t(mnational , with a fam i ly of 
messages i n  the second group used to provide the 
Neighbor DiscO\·erv P rotocol . ' " Neigh bor d iscovery 
serves m u lt ipl c p u rposes with the O\'crJ ! I  theme of 
prm·i d ing a system \\' i th topological and e nviron me n ­
tal h i ms .  F o r  e xamp l e , l i n k- l aver Jdd rcss resol u tion,  
rou ter d iscovcrv, d esti nation add ress red i rection , and 
:�ddrcss auroconfigu r:�rion mecha nisms arc :� I I  spec ified 
usi ng neighbor d iscO\·erv packet  tvpes. 

Although the network layer did experience the largest 
Jmoum of change, Figure 2 shows that the  effects of 
this work touch nearly all aspects of the Digital U N IX 
system .  We point out examples ofdccisions nude d ue to 
our fu ndament: tl  des ign phi losophy, which is based 
upon imcgration with the U N  IX system trJmcwork , 

mod u lar Jlld extensible sofuv:1rc, su pport tor mu ltiple 
operatjonal policies, and J desire to take advantage of 
the Alpha plattcmn without compromising portabil ity. 

I n  the t(J!Jowing sections, we study these topics in  
depth , beginning with the network layer, then cover­

ing the transport layer rnod i ticJtions and the new 
neighbor discovery algorithms.  Alter that,  we d i scuss 
Jdd ress au tocontigurJtion mechanisms and their  
effects u pon the svstem .  We concl ude wi th services 

thJt will be afft:ctcd by the transition tl·om I Pv4 to 
lPv6 such as the socket Jppl icnion program m in g  
i ntcrfJce ( A P I )  a nd D N S .  
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Network Layer 

In this section , we rn·icw the p rocessing req uirements 
of the I Pv6 m od u les , inc lud ing I C: M Pv6, extension 
header options , and ti·Jgmcntation . An early d esign 
decision was made to base the networking su bsystem 
on the Berkeley StJmiJrd D istri b u tion ( B S D )  4 .4 
model  and code base , which J ! !ows great tlcx i bi l iry i n  
deal ing with m u lt iple  network layers . 1 1  ·rhis  ::dso h::1s 
the ad\'an tage of provid ing support tc)r vJri�lb lc -bit ­

length net masks ( also known as Cl DR -stvlc nctmasks , 

from Classless I n tcr- DomJin Rou ti n g ) ,  which �1re 
appropriate to both  I p, 4 Jnd I p,·6 . "  We ha,·e :� I  so 
tried to take mJx i m u m  ad,·antage of the 64 - bi t  AlphJ 
architecture when i mplementing I p,·6 , whi l e  ma ki ng 
certain that this i m p lementation \\'Ou!d run on 3 2 - bit  
CPUs as wel l .  For cxJmplc,  the checksum rou ti nes 
operate on 3 2 - bit q u a n tities ( a l lowing the GI ITV ro 
overflow i nto the upper 32 bi ts of J 64 - bit  registe r ) .  
T h e  checks u m  rout ine i s  a lso designed t o  a l low i t  t o  b e  
issued t o  m u l t ip le  A l p h a  execu tion un its,  which 
remains a topic tor fu rther investigation . 

Adaptations to Existing IP and ICMP Routines 

The 1Pv6 and I C M Pv6 rou ti nes Jrc completely 
independent of the correspond i ng 1 Pv4 and I C M Pv4 
ro utines , and the processi ng styles have d istinct d i fkr­
ences . In l Pv6, the incom ing packet is treated as be i ng 
read -on ly, while the B S D  1 Pv4 code manipu!Jtcs fields 
wi th i n the lPv4 header. We also avoid u n neccsS:Jrv usc 
of the m_p u l lup routine (which consol iLbtes ch;i ncd 
memory buffers into a single l a rge b u fkr) bccJusc this  
could cause the packet to be necd lcsslv lost. F ina l lv  
instead of passing n u merous clrgu ment� when ca l l in

·� 
from function to nmction, a COI111110n cbtJ structure is 
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used to store ncccssarv dJt:l and poin te rs ;  r(Jr most 
rl.1 nction ca l l s ,  i t  is o n l y  necessary to p�1ss a poi n te r  
t o  t h i s  structure.  T h i s  red u ces the stack overhead and 
a l so \ ' ic lds  mod u lar  <1 11d cas ih ·  extensi ble su brout ines .  

I P,·6 has a ded icated interrupt processi n g  th read , 
and rccci,·cd 1 1".·6 packets J rc p l :�ccd onto the ir  own 
i nterrace i n p u t  q u e u e  ( i fl1 ucuc ) .  When an l P\ 6  packet 
is taken off the i f(] u c u c ,  basic ,·a l i d itv tests are done; 
onlv  afi:er pass ing them is the packet tested to see i f  i t  
is d i rected to <l u n icast or �1 m u l ticast <1d d rcss. 

If the p:�ckct is  to <1 m u l ticast �1dd rcss, the d est in a ­
tion is compared t o  t h e  enabled I !\ 6 m u l ticasts ror t h e  
i nt c r r:\Cc m·er w h i c h  t h e  p<lckct was rccci,-cd . I f  t h e  
d esti nation matches,  t h e  packet is  passed up t o  normal 
packet process ing;  otherwise, a copv of the packet is  
p�1SSCd to the m u l ticast ri.lr\\'ardcr. 

S imi larlv, u n iust p�1ckcts �1 rc c hecked to sec that the 
d estination matches one of the svstcm 's add resses.  I n  
the spec ia l  case of the packet being t<1 rgctcd to a l i n k­
local address, on ly  the l i n k- local �1d d rcss r(Jr the receiv­
ing i ntcrbcc is  comp<1 rcd . If there is  a n  exact match, 
the  packet is p rocessed n ormal ly ;  otherwise, it  i s  
passed to the u n icast packet r(Jrward i n g  routi ne .  

Header Processing 

A fter a packet has been matched to a loca l add ress, the 
I Pv6 headers m u st be p rocessed,  independently of 
whether the packet  is m u l ticast or u n iG!st. This pro­
cessi ng is  done in a common rout ine that handles a l l  
tvpcs of 1 Pv6 headers. A nl l lnber of actions mav res u l t  
ti·om the \'C rit[cation a n d  :1 11:1 lvsis p h ase,  i nc l u d i n g  an 
I C : !Y\ Pv6 p<K kct  being sent bJck to the source, the 
packet being s i lcntlv d ropped , or being ftlrwardcd to 
another node d u e  to J sou rce route . If  none o f  these 
possi b i l i ties occurs, the next [ !',·6 header in the packet 
is processed . 

I f  the header is a kn0\\'11 I I\·6 header tvpe , the 
<1 ppropriatc rou ti n e  is ca l l e d .  If  not, this packet is  
prolx1blv destined t(n another protocol module su c h  
a s  TC P ,  r h c  User Datagra m Protocol ( U D P ) ,  o r  
I C : Jv! P,·6 .  T h e  hc1der type is  looked u p  i n  t h e  l i s t  o f  
active protocols and passed t o  t h e  mJtch i n g  protocol 
i n p u t  rou ti n e .  If no entry is  t(Jund,  <1 11 I C M Pv6 e rror 
may be sent back .  

Header Options 

Since the hop-by-hop and destination node head ers 
have the S<1mc t(nmat, a common rou ti n e  processes 
both types .  As the routine processes each option ,  
i t  val id �ncs the optio n .  I f  this hi ls ,  i t  checks whether 
an 1 C:M Pv6 parameter problem error should be 
sent, whether the packet shou l d  be d iscarded,  or  the 
option ignored . 

/CMPv6 Processing and Checksums 

Upon receipt o L m  I C:M J',·6 packet ri·om <l node i n  the 
network report ing :�n error or other i n r(mnation, i t  is  

\'oi . K  :-:o. 3 1 996 

first val idated for correct packet r(m11Jt :� nd checks u m .  
The packet is t h e n  rL! rthcr processed b�1scd u pon i ts 
I CiV!Pv6 type val ue .  I f i t  has an I C : M l\·6 error type ( i .e . ,  
tvpe v a l u e  J ess t h a n  1 2 8 ) ,  t h e  appropriate notifications 
are sent to the a fkcted protocol .  Neigh bor d iscovcn· 
packets, which arc al l i n r(mnati o na l ,  hJ\'C a n u m ber of 
addition<1 1  consistency checks, and the packet is 
d ropped if it h i l s  the m .  Afi:er the I C : M P,·6 packet has 
been processed, i t  is a lso sent to am· I C: M  1',·6 raw sock­
ets that h a\'C req uested reception of that tvpc . The 
exception to this ru le  is  �111 I C : M l',·6 echo req u est 
packet, which is  not copied to the L1\\' sockets. 

vVhen an ! C M !\ 6  echo request is rccci,·cd :md 
\'J l idatcd, the I C.\11\ ·6 echo response packet is pre­
pared . I n  the typicd c:�sc , i t  is  i d c mica l  to the echo 
req uest except r( Jr the I CM I',·6 tvpc and c hecks u m  
va l u e .  The exception wou l d  b e  a n  echo req uest se nt  to 
a m u lticast address, in which usc a source address 
m u st a l so be sel ected . R<nhcr than compu ting the 
checks u m  on the new packet, the received checksum is 
s i m p l y  adj usted d own by I ,  s ince  the sole d i fkrcncc 
between t h e  two pJckcts is the va l ue of the I CM Pv6 
type fields,  a n d  I CM Pv6 echo request Jnd echo 
response types d i ftcr bv l .  

IPv6 req u i res a l l  nodes to su pport m u l ticasti ng, 
specif[callv level  2 :�s ddincd in "Host Exte nsions tcJr 
I P  Mu lticasting. " ' '  Although this w�1s written tcJr l l'' 4,  

the same genera l a l gorithms arc used t(Jr  ! Pv6 .  One 
notable exception to this is that  the m u l tic:Jst add resses 
used k1r n ei gh bor sol ic it ions and the prcddincd l i n k­
local  m u l ticasts such as a l l - nodes and a l l - rou ters do 
not req u i re period ic  st:ltus report s .  

Path Maximum Transmission Unit Discovery 

One of the s igniricam d i fkrcnccs be t\\ ccn I p,·4 and 
I l\·6 concerns fragmenution.  I n  I 1'' 6 ,  r!·agmcmation 
mav be done onlv lw the node ti·om ,,·h icb a packet 
origi n ates . Forw:micrs, which nu\' be rou ters or hosts 
acring upon sou rce m u ting hcJJcrs ,  Jrc nor permi tted 
to fi-agment packets. The b u rd e n  is on the origi nating 
node to send packets that a rc smal l  enough to ri t 
t h rough a l l  the l i n ks <1 1ong the paths to the ir  dest ina­
t ions,  where each l i n k  type may h �wc a d i ffe rent maxi­
mum transmission unit  ( MTU ) .  To c�1sc this burd e n ,  
T P,·6 d efi n es a m i n i m u m  l i n k  M T U  o f  576 bytes. A 
node may usc this as the upper l i m i t  on p:1ckct size and 
be assured that its packets a rc s u Hicicnt lv smal l  to 
reach their  d estinations.  

The minim u m  JV!TU o F  a l l  the l i n ks in a path 
between two nodes is referred to as the p�nh MTU . ' ;  I n  
manv cJses, the path MTU wi l l  exceed 5 76 bytes, :md i t  
is  d esirable to send the largest possi ble packets. I l'v6 
pro,·icks a mechanism bv which a node 111 �1v d iscm·er 
a path's MTU 1' \;\/hen <1 rt)J' \\'ardcr CJnnot r(Jrward a 
packer because the p:lckct is roo l a rge r(Jr the next hop's 
l i n k  Jv\TU, i t  sends m l C JYI Pv6 Packet Too Big ( l'T B )  
message back to t h e  sou rce or· the  packet .  The PTB 



message contJins the MTU of the constricting l i n k .  
The sou rce node adju sts i ts packer size t o  fir through 
this l ink .  

Path MTU i n formation is kept on a per-destination 
basis and is stored in the routing table entry tor a given 
destination . Packets sent on that route will be si zed 
according to the path MTU value .  When J PTI3 mes­
sage is  received , the appropriate rou te is updated to 
contain the new path MTU val u e  as reported in the 
PTJ3 message, and a rimer i s  started . When the timer 
expires, the path MTU val u e  is i n c reased to the 
( k nown ) MTU of the first hop l i n k . This al lows the 
node to detect i ncreases in the path MTU. 

Switches arc provided to disa ble path MTU d iscov­
ery system-wide, on a per-desti nation basis and on 
a per-socket basis. When path J\llTU d iscovery is dis­
abled , packets are l im ited to 576 bytes. 

Fragmentation 

A packet that is larger than the MTU of the path on 
which it is to be sent must be fragmented.  Unl ike IPv4, 
the I Pv6 header contains no fields to carry ti·agmenta· 
tion information . Instead, this i n formation is  carried 
in a special ized extension header, called the fragment 
beJl.ier. As shown in Figure 3, the fields in the ti·ag· 
ment header include an off�et, in eight octet u nits, and 
an identifier common to al l  ti·agments of the original 
packet. The M ( man;�ged ) fl ag is used to i nd icate inter· 
med i:ne fragmen ts; the te rminal fragment has the b i t  
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c leared . Note that the amount of dJta in <1 ti·Jgmenr 
packet is derived !Tom the total packer length . 

The tlrst step in the fi·agmentation process is 
to idcnrit)' the fragment:1ble and unti·agmentable  parts 
of the origi nal packet (see Figu re 4 ) .  The u n frag­
menrable part of the packer consists of the I Pv6 header 
and any exte nsion headers that must be processed by 
each node traversed by the packet ( e .g . ,  hop-by-hop 
header, rou ting heJder) .  The fragme nt header is  
a ppended to the u nfragmenrable part .  The rest of the 
p;Kket is d ivided i n to fi·agmen rs , and each fragment is 
appended to a copy of the unfi·agmentable part plus 
fragmen t  head er. 

When the fragment header is appended to the 
untragmentablc part, two fi elds in the u nti·agmentable 
part must be updated . First, the pJyload length tield in 
the ! Pv6 header must be updJted to rdlecr the length 
of rhe fragment packer. Secon d ,  the next header tie ld  
i n  the last header of the u n fragme n table part  must  be 
changed ro i n d icate that a h·agmenr header fo l lows. 

A copy of the u n tragme ntablc parr is created tor 
each fragmen t  packet. As :111 optimi zation,  DigitJI 
U N I X  a l lows portions ofJ packet to be sh;�red among 
copies of the packer, to avoid a n  actual data copy. As 
with I Pv4 , care mus t  be ta ken ro ensure that fields 
being updated are not contJined in sh;�rcd bu ft-C rs. 
This is typical ly Jccomplished by copying the portions 
that must be updated i nto a private memory bufte r 
( m b u f ) .  U n l i ke J Pv4, the u n tragmenrable pJrt may 
not fi r in a single mbut� and the 1Pv6 ti-agmentation 
code m ust be capable of hand l ing this case . 

To red uce the possibi l i ty of ti·agment l oss at the 
source node, a l l  the fragment packets arc b u i l t  be fore 
any is  passed to the data l i n k  tor transmission .  

A question that arises here i s  how big should 
the ti·agment packets be? Should they be sized accord ­
ing to the path MTU, or shou ld they be l im ited to 
576 bytes> The tormer yiel ds the desirable larger 

FRAGMENTABLE PART 
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p:1ckers , w h i l e  the l :mcr :1\'o ids undesi rable fragment 
loss (d ue ro the tr:1gmenr packet be ing too bi g ) . The 
D ig i ta l U N I X  1 Pv6 prototvpe su pports e ither choice 
on a s�·stem -wide ,  per-des rin:lt ion, or per-socket basi s .  
T h i s  is Jn  cx:1mpk of separJtion of mechJn i sm trom 
pol icy, J bJsic gu i de l i ne be ing used across th is  project. 

Reassembly 

The rcasscmblv process reconst ructs the origin a l 
packet ti·om tragmen r p�1c kets. Fragments belonging 
to the same p<1cket arc idcn ritied b\'  J combin:1tion of 
sou rce I P  Jdd rcss , not header tYpe (fi rs t  he:1dcr of the 
tragment•1b lc p:1rr) and ri·agmc nt identifier. I n d i ,· idml 
fi·Jgmcnts arc queued wi th i n the network l aver unti l  the 
orig inJ I  packer cJn be comple tc lv reassembled, at which 
point  i t  is  passed to the appropriate protoco l mod u le . 

\Nhen :1 l l  fragmems h�l\'e arrived , the origina l  packer 
can be n.:asse mbl cd .  A s i ngk copy of thc un tragmen r ­
Jble part is kept , Jnd the data from each ti·agmen t 
packet is appended . The p:1y lo:1d length fie ld of the I Pv6 
header is updated to rdkct the length of the reasscm­
bkd packet , and the next hc;�dcr ticld of the last header 
of the unti·agmcntablc part is restored to rdlect the fi rst 
header in  the ITagmcntJble pJrt . 

As with the ti·:lgmc ntJtion code, care must be ta ke n 
so thJt tie lds being uplhtcd arc not in bu ffers shared 
with other cop ies of the pJckct . 

When the ti rs r tl-:1gmcnt of J pJc kct arrives, J ti mer 
is star ted . I f  the rimer expires bdorc that pac ke t is  
com plete , the tr:1gmcnts Jre d isc;�rded . If  the othe r 
zero tragmcnr h :1s been rccci,Td, Jn I CM p,·6 error 
message is sent. 

Forwarding and Routing 

! fa  rcccin.:d pac ker docs nor m:nch one ofrhc S\'Stc m 's 
add resses Jnd the svstcm is not Jcting :\S a rou ter, the 
packet is s i lcnr lv d ropped . Othcn,·isc, an attempt is 
made to t()rW:lrd the packet. The �i rst step in torward ­
ing i� to do :1 lookup in the rou t ing t:tblc;  the tvpe of 
lookup depe nds on whether the pac ker contains a 
nonzero tlow bbcl .  I f  i t docs, the lookup is based on 
both the source :1d drcss Jnd the tlow label; otherwise 
the destination add ress is used. If the lookup succeeds 
and the lengt h of rhe p:1ckct tits within t he MTU of rhc 

resu lunt route and i n rcr�ace , the packer is trJns rn itred 
to rhc next hop :\S i nd iurcd by the route .  Otherwise 
an appropriate I C M Pv6 error is sent back to the origi­

nating node . 

Tunnels 

Tu nne l i ng is a mechanism that J l l ows pa ckets of one 
network type to be enc1psu l � ncd :lllli tonvarded within 
a n e twork layer packer of rhc SJnH:: or a d i ffere nt rvpe . 
J P,-6 pac ke rs CJil be ru n nc lcd over eithe r I P,·4 or 1 Pv6 
ne tworks , JS m:w I p,.4 p:1ckc ts 1"r Th e tu n ne l ing rou­
tine r:1 kcs as i np u t a p:1c kct, prepcn ds the appropriate 
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I P  header tor the network over which the packer wi l l  
be tunn el ed , :1 nd trJnsmits rhc res u lta n t pac ke r m·cr 
rhar n etwork . Tu n nels JI'C unid irccr ionJI ;  there need 
not be a corresponding tu n ne l  in the reverse d i rection.  

Rather thJn h :l\' ing mu l ti pl e tu nnel i nrcrtaccs (one 
tor eJch possi b le combination of protocol Y 0\·er 
protocol X ) ,  the D ig it:1 l U N I X  i mplement at ion uses 
a si ngle runnel inrcrtacc .  This method was the sugges­
tion of Keith S klcm e r  of the Un i,nsit-v of C:-� l i torn i:-� 
ar Berkc lc\'. 1 8  Whe n  th e i n terrace is i n i ri �1 l i ze d ,  on l\· 
:l u tomaric tu nne l ing of I p,-6 over I 1'\-4 is cn:1blcd . 1 '' 
To configure :1 static tu nne l ,  where ti \cd end po i nts 
are use d ,  a sutic rou te is �1ddcd to rhc rou t ing t:lbles 
wid1 the proper desti na ti on and gJtC\\ 'J\ ' ( ru nne l end 
point ) add resses . 

'vVhen J packe r is prese nted to rhc ru nne l  i n terrace, 
i t  looks up the route entrv of rhc desti nation address. 
The route co ntents te l ls the tu nne l ing rou tine how the 
packer is to be encJpsu iJ tcd and t()nva rded . The route's 
gateway address ind icates wha t undcrlv i ng network to 
use, and the rou te's destination add ress ind icate s  wh<lt 
type of packet is being tu nneled . 

When a tunneled pac ke t is received , the i n it ia l  
header is stripped and the resu l ting packe t  is p l aced on 
the appropriate I Pv6 or I Pv4 i ti..]ucuc.  

Tra nsports 

One of r b e  s trengths of the I Png efti >rt  was the com ­
mirment to preserve the \\'e l l - u nderstood rr:� nsporrs, 
TCP Jnd U DP ,  upon wh ich  a \\'CJi t h  of app l icn ions 
hJ,·e been bu i l t .  

The 1Pv6 spcc i ficJtion c:-� l l s  r( >r three par r ic u l �1r 
requ irements of uppe r- l aver protocols : 

1 .  The pseudohead e r  checksu m must accom modate 
larger Jddresscs. 

2. The ma\ i mu rn  p:1ckcr l i tctimc 1s no longer 
compu ted . 

3. The larger I P\'6 hc:-�dcr( s )  must  be Ll ken in to 
account  when comp ut in g the 111 3 \ i m u m  p::tylo�l<.i 
size ( e . g . ,  TC I)'s m J \ i m u rn  segmcm s ize [ M SS] ) '  

In Jdd ition ro these mandated mod ifications, we had 
to nuke a fu ndJment:ll design choice . With rwo d i ffer­
ent ne twork l ayer protoco ls in the system, each usi ng a 
d iftere n r  s ize :-�ddrcss, our design choice could hJve 

been ro use two indepe nde nt transport mod u les, one 
fo r each network layer. figures 5 and 6 show the i nde­
pendent versus the intcgr� ued transport design op tions . 

Although the i ndependent model oftcrs an c lement 
of d es ign simpl ic irv, i t  w:lstcs memory by d up l i cating 
e a c h  transpon l ave r ti.mction . I n  t h e  Digital U N I X  
imp lementation ,  these modu les JIT imp lemen ted in 
the kernel ,  and d upl ication \\ Ou ld  be expensive . Also, 
the design :1nd usc ot' a  si ng le prognmm i ng imcrLKc 
to access both sets of scn·iccs wou ld be compl ic:l ted .  
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Integrated Transport I m plementation 

The abi l ity to maintain, let alone extend,  the code base 
wou ld a lso su ffer. Fortunately, d u e  to the fact that 
I Pv4 add resses are a well -defi ned su bset of the e ntire 
I Pv6 address space , it is relatively straightforward to 
i mp lement the transports so that a single set of mod ­
u les can be used over both network layers.20 To accom ­
p l is h  this, w e  i ncreased t h e  storage space aLlocated 
tor add resses and separated those fu nctions that arc 
dependent upon a particular network layer. vVe discuss 
each of' these issues in this sectio n .  

Storing Large Addresses 

Two specific data structu res must be modified to 
accommod ate add resses larger than the 3 2 - bit  1 Pv4 
type . The fi rst of these is the sockaddr struct, which i s  
used w h e n  deal ing with t h e  B S D  socket layer and 
passed along to user appl ications. The secon d  is the 
I n ternet Protocol Control B lock ( PC B )  data struc­
ture ,  the i n_pcb. I n  this section,  we review the modifi ­
cations t o  each structure. 

A program that uses a transport does so by means of 
the BSD sockets i nterface and passes addressing i n for­
m ation in a sockaddr str ucture. For 1Pv6, this is a 
sockadd r_in 6 .  I n te rn al ly, the structure is detl ned so 
that 64- bi t  al ignment is preserved; however, it has the 
fol lowi ng publ ic  definition : 

s t r u c t  s o c k a d d r  i n 6 { 

} . , 

u_ c h a r  
u_ c h a r  
u s h o r t  
u _ i n t  
s t r u c t  

s i n 6_ l e n ;  
s i n 6_ f a m i l y ;  
s i n 6_p o r t ;  
s i n 6_ f l o w l a b e l ;  
i n 6 a d d r  s i n 6_a d d r ;  

Although the concept of a sockaddr is  generic i n  the 
BSD archi tecture, the tl ow l abel a nd i n 6_addr mem ­
bers of t h is structure are unique to I Pv6 and wou ld be 
used only in the AF _INET6 add ress fami ly. The detai ls 
of this are specified in Reference 2 1 . 

The i n_pcb data structure is created for each socket 
using TCP ,  UDP,  or other c lients of the net\vork layer. 
In :-tdd i ti o n  to stori ng the sou rce and destination 
addresses, various other pieces ofi n tonnation req u i red 
tor proper communication are stored here, inc luding 
the port  n u m bers, options and tlags , a pointer ro the 
socket receiving the d ata , a header te mpl ate, and a 
pointer ro the routi ng entry tor the given desti natio n .  
F o r  1 Pv6, this basic model h as bee n retai ned, a n d  addi­
tional i n formation is stored . This i nformation incl udes 
l ocal and remote tl ow l abels and ind iotors of which 
address family the application is using and which net­
work layer the transport comm un ication is using.  
F ina l ly, a partial checksu m of the transport pseudo­
header is  stored here as well ; its usc is  described in the 
followi ng section.  

I n  addition to the expl ic it  storage of the JKt\vork 
layer and address fami ly, the fu ndamental  tech n ique 
that fac i l itates the use of a common transport is the 
storage of I Pv4 add resses i n  an I P\·6 format. This is 
known as a n  1 Pv4- mapped address and is described 
i n  "IP Version 6 Add ressing Arc hitecture."20  This 
address format is expl ic i tly  reserved to store addresses 
of systems that arc capa ble of using only the I Pv4 
protocol ,  and rhus is an appropriate form of storage 
in the PCB for communications that wi ll be sent using 
the I Pv4 protocol, as opposed to fPv4-compati ble 
addresses, which are sent using I Pv6 packets. These 
mapped add resses are of the fol lowing form : 

O O O O : O O O O : O O O O : O O O O : O O O O : F F F F : 2 0 4 . 1 2 3 . 2 . 7 5 

These add resses arc manipu lated with i n  the I Pv4 
TCP and UDP protocols by means of macros that 
a l low the I Pv4 addresses to be i nserted , extracted , 
or compared while in an I Pv6 address structure 
( in6_addr) . As an example , the code t!·agmcnt in  
Figure 7 shows an add ress bein g  extracted tor use 
in eva luating a conflgurable 1 Pv4 socket option .  

Special Transport/Network Layer Interactions 

Within the integrated transport layers, the transport 
protocol is  treated independently of the particular 
network layer being used, and n e t\vork- laycr-speci flc 
functions are used to interface to either I Pv4 or  1Pv6. 

There are t\vo particular i nstances i n  which the 
transport l ayer has interactions with the 1 Pv6 nct\vork 
layer over and above the exchange o f· d ata packets tor 
input  or output.  These are the notification and u pdate 
of path MTU ,  which is req uired in 1 Pv6, and the 
potentia l  to refresh the neighbor d iscovery cache 
based on f(xward progress; i . e . ,  if  the transport knows 
that data is reaching i ts destination,  it can val idate the 
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I *  
* T e s t  a d d r e s s  f o r  ! P v 4  c h a r a c t e r i s t i c  
* I  

i f  ( i n p - > i n p_ n e t l a y e r  = =  A F  ! N E T )  { 
s t r u c t  i n_ a d d r  t m p ;  

t m p . s _a d d r  = I N 6_ E X T R A C T_V 4 A D D R ( i n p - > i n p_ f a d d r l ;  
i f  ( ! i n_ L o c a l a d d r ( t m p ) ) 

} 

F ig u re 7 
Code Fragmenr of a 1 Pv4-mapped Address 

c u rrent nenvork l ayer path . We investigate each of 

these issues in turn . 
Path MTU d iscovery, as previous ly descri bed , is  

triggered by I Clvl P messages processed in the network 
l ayer, with learned i n formation stored in the routing 
tabl e .  In the course of processing a PT B message , t h e  
transport l ayer i s  notifi ed through i ts control in put 
( ct l input)  path . This i s  req u ired because the reception 
of such an I C M P  message ind icates that the packet i n  
transit has been d iscarded , thus the protocol m ay need 
to take appropriate act ion . In the case of TCP, it is  
necessary to recomp u te th e  maximum segment s ize 
and retransmi t  the afrected data. Although this  is not  
req u i red tor U D P ,  which is a pure da tagram service, 
this knowledge can be made avai lab le  to the corre­
sponding socket owner. 

The other in teraction bet\veen a n  upper layer and 
the l P  l ayer occurs when the upper l ayer, spec i tica l ly 
the TCP transport, wis hes to ind icate that  comm u n i ­
cations w i t h  a destination host h as m a d e  for ward 
progress, tor the pu rpose of resetting the t imer in the 
neigh bor d iscovery cac h e .  Th is positive fee d back 
mechanism is described in the neigh bor unreachabi l i ty 
detection portion of the " Ne igh bor Discovery tor I P  
Version 6" specification and prevents u n necessary 
probing of the c urren t  path . ' "  Wben acknowledg­
ments to previously sent data have been rece ived , tl1c 
TCP u pdates the routing table entry by means of an 
RT M_CONF IR.M message. This cal l  i s  hand led by the 
neighbor d iscovery mod u le ,  which resets the i n ternal 
neighbor d i scovery state tor appropriate route entries, 
as described later in this section . 

Source Address Selection 

Many appl ications d o  not spcci/")1 a parricu lar  sou rce 
address to usc when i n it i a ti ng com m u n ications 
with a remote: host but i nstead usc the sym bol 
I NA D D R_ANY, which a l lows the tra nsport to se lect 
a sou rce add ress ( and correspond i ng i nterface ) to usc. 
For most ! Pv4 systems, this is  a trivi a l  exercise i f  only 
a si ngle add ress on <1 single i nterface exists.  H owever, 
mul tiple addresses per interface will be a common 
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occurrence on I Pv6 hosts, and so the p rocess of 
choosi n g  a sou rce add ress to usc becomes i m portant .  
The source address selection i s  t\'pical ly done when 
the P C B  i s  bound to the application's socket , but th is 
function is a lso ava i l able ro users of raw sockets and to 
other nct\vork- layer users such as ICMPv6 . 

The source address selection fu nction takes as argu­
ments a d estination add ress and an optional in terface 
poin ter. The latter is used when k11own, bu t  in the case 
of i n i tiating a transport connection i t is n u l l .  The 
d estination <lddress is first checked against the list of 
cu rrent prefixes that have been advertised on the 
host's l i n ks, which would i n dicate which imerface to 
usc. (It Jlso indicates that the destination is  a potential  
neigh bor, but this  knowled ge is not used at this 
poi nt . ) Next, the add ress i s  tested tor m u l ticast versus 
u ni cast, and then the scope ( l i n k - local ,  s ire - local , 
organ ization - loca l ,  and global)  is eva l uated . Final lv, 
a local add ress of equivalent ( or greater ) scope than 
the desti nation with the l ongest prefix match is 
returned . The scope m ust be taken i n to consideration 
to e nsure that the destination system wi l l  be able to 
su ccessfi.dly respon d  ro the communica tion . The 
longest prctix ma tch i s  an attempt to ensure a reason­
able  routing path bet\-veen the two systems, whic h  
could involve a complex mix of service providers. 

Checksum Optimization 

Al t hough the I Pv6 header itse l f  does not contai n  a 
checksu m , the T C P ,  U D P ,  and ! C M Pv6 protocols d o  
requ i re a 1 6- bi t  one's compl ement checksum ca lcu ­

lation to va l i date the i ntegrity of transmi tted and 

received data.  Pedorrn ing t his checksum can be an  
expensive operation .  Whi le  this prototype was bei ng 
d eve loped,  some al ternative mechanisms were i nvesti­
gated,  such as varyi ng the s ize of the s u m  variables and 
operand u n i ts and tight versus expanded loops. The 
se lected a lgori th m otkn.:d the best per formance tor 
the Alpha p rocessors, w h i le reta ining t iK a bi l i ty to be 
used o n  3 2 - bi t  processors. 

At the point whe re the PCB is establ ished tor trans­
port communications, a pJrti a l  checks u m  i s  calcu lated 



t()l- the IPv6 pseudoheader, which consists of the sou rce 
and destination add resses, the packet payload length, 
a nd the next header va l u e .  This partial checksu m ,  with 
the exception of the payload l ength (which varies per 
packet) ,  is  then stored in the PCB, to be passed along 
with the poi nter to user data within the memory butler 
to the checksu m fu nction . The i n i tial  checks u m  calcu­
lations are done using 3 2 - bit  val ues in 64- bit  registers, 
and later are col lapsed to the fina l  1 6- bi t  sum.  This is 
coded as one large C statement, addi ng the various 
pseudoheader components i n  piecemeal fash ion .  This 
a l l ows the compi ler to sc hed u l e  the i nstructions for 
optimal  performance. The tlna l  packet checksum can 
then be computed by add ing the partial checksums for 
the pseudoheader with the checksum values for the 
data itse l f� plus the payload length . 

Neighbor Discovery Overview 

The Neigh bor Discovery speci fication descri bes sev­
eral im portant aspects of an I Pv6 node's behavior i n  
rel ation t o  other 1 Pv6 nodes connected t o  a common 
l i n k .  1 Pv6 nodes on the same l i n k  use neighbor d iscov­
ery to d iscover each other's presence, to determine 
each other's l i n k- l aye r add resses, to ti nd rou ters, and 
to mai ntai n reachabi l i ty intonnation about the paths 
to active neighbors and remote destinations. 10 These 
fu nctions are perfo rmed with several I C M Pv6 mes­
sages and options, as shown in Figure 8. The same 
messages are also used tor add ress autocontlguration 
and d u pl icate add ress detection,  as described in "TPv6 
Stateless Add ress A u tocontiguration . " '  

Interface Initialization 

V\'hen an i nterface is i nit ia l i zed tor u se with I Pv6, a 
l i n k - local add ress m ay be created without any external 
configuration , a l lowing the system to begin transmit­
ting and receiving packets to nodes shari ng a common 
l i n k .  This is perfo rmed by appending a n  interface 
token to the predefined l i n k- local address prefix, 
F E 8 0 : : .  The length and content  of the i n terface token 
is l i n k  specific. For example, the add ress token tor an 
Ethernet i nt ert:lce i s  the interface's bui lt- in 4 8 - bit  
IEEE 802 address, resu lt ing i n  a l i n k - local add ress 
such as FE80 : :0800 : 2 B BE : 6260." 

Duplicate Address Detection 

Before a u nicast add ress can be assigned to an i n ter­
face, a process known as d u p l icate add ress detection 
( DA D )  must be performed -' This process provides a 
degree of assurance that two nodes do not u se the 
same address on the same l i n k .  The basic mechanis m  
i nvolves sen d i ng an J C M Pv6 n eighbor so l ici tation 
( NS ) ,  where the target address is the address being 
tested . If a nother node is using the address, it wi l l  
respond with a neighbor advertisement ( NA ) .  lvl u l t i ­
cast is used for both NS a n d  NA packets, so DAD can 

be performed ror a l l  u nicast add resses, i n c l u d i ng the 
tlrst add ress assigned to the interface. 

While  an add ress is u ndergoing DAD, i t  is said 
to be a tentative address . I t  is not used to receive 
packets, nor is it  used i n  outbound packets. The 
LA6_TENTATIVE flag in the in6_1ocaladdr structure 
identities add resses in this state . Whe n  a d u p l icate 
address is  detected, the error is logged and the 
LA6_DADFAILED tlag is set in the i n6_1ocaladdr 
stru cture.  If  a d u pl icate add ress is not detected, the 
LA6_ TENTATIVE flag is cleared , making the add ress 
avai lable tor use on the i nter face . 

Address Resolution 

I n  1 Pv6, the fu nction of mappi ng u nicast I Pv6 
add resses i nt o  link- layer add resses is performed usi ng 
ICM Pv6 messages. This is a departure fl·om I Pv4 , 
wh ich re l ied on separate protocols ( e . g . ,  Add ress 
Resolution Protocol [ARP ] )  to perform t h is func­
tion .23 I Pv6 u n icast add ress resol u tion is defined i n  
a generic manner and can b e  r u n  over a n y  l i n k  l ayer 
that provid es a l i n k - l ayer m u lticast service ( th is 
inc ludes poi nt-to-point  and broadcast l i n ks, special  
cases of multicast ) .  This protocol may a lso be used for 
non m u l ticast-capab l e  med ia  ( e . g . ,  nonbroadcast mul­
tiple  access [ N BMA]  med ia  such as  ATM ) ,  provided 
that the l i n k  layer provides the necessary services . The 
fu nction of m apping m u l ticast I Pv6 addresses i n to 
l ink- layer add resses is specific to each l ink  type . 

The u ni cast add ress resolution fu nction uses two 
TCM Pv6 message types: the NS and the NA.  When a 
node needs to resolve the u n icast I Pv6 address of 
a neighbor to a l ink- layer address, i t  builds a n  NS 
conta in ing the I Pv6 add ress to be resolved ( target) 
and sends it to the sol ic ited - node m u l ticast add ress 
corresponding to the target address. As an optimiza­
tion, the node i ncl udes its own l i n k- l ayer add ress as 
a n  option in the NS message. 

\iVhen an add ress is assigned to an i n terface, a node 
is req u i re d  to join the sol ic i ted - node m u l ticast group 
corresponding to that add ress, so a node wi l l  receive 
NSs sent to its sol icited -node m u l ticast address . U pon 
receipt of an NS, the target node bui lds  an NA con­
raining i ts l ink- layer address. The NA a lso contains the 
IPv6 target address, so that the soliciting node can 
associate the response with the correspon d i ng req u est. 
The NA is then sent back to the solici ting node. 

Upon receipt of an NA, the sol ici ting node can map 
the target I Pv6 add ress to the correspond ing l ink- layer 
address and send any packets that were queued awaiting 
address resolution . Once a node has resolved an I Pv6 
add ress, the l ink- l ayer add ress is cached unti l  it must 
be replaced or deleted . A d i fferent l ink- layer add ress 
may be received in a subsequent  NA packet, with t he 
O-bit  ( override Hag) set to ind icate a new val u e .  I f  
the neigh bor u nreachabi l ity detection algorithm 
( explained i n  the next section ) detects that the cached 
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value is not reachable, the mapping wil l  be deleted . 
The add ress resolution process has several i mp lica­

tions ror the implementation.  Ou tbound packets m ust 
be queued pending l i nk- layer add ress resolution , and 
l ink- layer addresses must be stored somewhere. The 
"Neigh bor D iscovery for I P Version 6 "  specification 
describes a conceptual  nei gh bor cache to hold this 
i n formation . "' The Digital U N !  X I Pv6 prototype u ses 
several data structures to implement the neighbor 
cache. An nd6_1 1 info strucrure keeps track of each 
entry in the neighbor cache. This structure contains 
the q ueue header tor packets awaiting l ink- l ayer­
add ress reso lution.  The l ink- layer add ress is stored i n  
the routing table, i n  a host route entry for t h e  desti na­
t ion 1 Pv6 address. The RTF _LLINFO tlag in the route 
entry indicates the presence of l ink- layer information . 
Each nd6_1 l info structure contains a poi n ter to the 
corresponding rou ting table e ntry, and the routing 
table entry points back to the nd6_1 1 inro structure. 

The use of routing table e ntries to hold the l ink­
layer-add ress information is a n  optimi zation. A rou t­
ing table entry is associated with the m ajority of 
packets transmi tted tor reasons other than add ress res­
o lution .  Stori ng the l ink- layer add ress in  the routing 
ta bl e entry avoids the overhead of a separate l ink- layer­
add ress table .  This approach is modeled after the BSD 

4.4 system's ARP impleme ntation . 

Neighbor Unreachability Detection 

Neighbor unreachability d etection ( NUD) has its 
roots in the dead gateway detection in  I Pv4 but has 
been generalized in 1 Pv6 to include a l l  neighbori ng 
nodes (not just gatcways ) 24 Un like I I'v4, the mecha­
nisms su pporting N U D  are an in tegral part of IPv6 . 
1 Pv6 nodes monitor the rcachabi l i ty of neighboring 
nodes to which packets are being sen t . An 1 Pv6 node 

rel ies on reachabi l ity con firmations to d etermine the 
reachabi l ity state of a neighbor. In  the absence of any 
reachabi lity i ndications, an 1 Pv6 node wil l  periodical ly 
use a n  NS to actively probe the reachabi l ity of a neigh­
bor. An NA sent in  response to an NS provides reacha­
bi l i t)' confi rm ation . The S ( sol icited ) tlag in the NA 
is provided specifically for this pu rpose . I f  neither 
method succeeds with in a given period of time, a 
ne ighbor is considered unreachable.  Figure 9 shows 
the neighbor unreachabil it)' states. 

A reachabilit)' con fi rm ation may take seve ral differ­
ent  forms. Any packet received from a neighbor can be 
viewed as a reacha bi l ity con ri rmation , provided that 
the packet wou ld only h ave been sent by the neighbor 
in response to a packet sent ri·om the l ocal  node. 
A TCP acknowledgment is one example:  receipt of 
a TCP ACK indicates that a packet sent to the neigh­
bor did in fact reach it .  Anotl1er example is an ICMPv6 
redirect message. Receipt of a redirect message indi­
cates that the n eighbori ng router received a packet 
from the local  node.  

I n  the Digital UNIX I I'v6 protOt)'pe, the nd6_1 l info 
structure holds N U D  state and retransmit count i n for­
mation . A fie ld  in the routing table entry is used tOr 
N U D  timers. The RTF _LLVALID flag in  the route 
entry is used to i nd icate that the neighbor is reac hable. 
A new rou ting message t)'PC ( RTM_CONFIRM ) 
was defined to pass reachabil it)' confirmations to the 
neighbor cache . This mechanism is used by TCP upon 
recei pt of new acknowledgments. 

Autoconfiguration 

One of the goals of I Pv6 is to work p roperly in a 
dynamic nenvork environment without the need for 
manua l  i n tervention on each system attached to the 
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1 6  

net\\'ork.  Tile sol u tion is to :1 l l o\\' i mportam pi eces of 
i n t(>rm�lt ion to be learned �md the S\'Stem to a u tocon ­
rigure i tse l f  us ing t h is d :lta . I PY6 a u tocontiguLHion 
encomp�lSSeS the r( > i iO\I 'i n g  i tems:  

• Ro uter  d isco\'en· 

• On - l i n k  prdi x disCO\'Cl'\' 

• l ntedace artri bun: con tl gu ra rion 

• State less �1dd ress configu ration 

• Sra re hd add ress configuration 

The mech�wism tclr delivering this i n tornur ion ro 
the h osts i s  the rou ter ad\'ert ise men t  ( RA )  packer of 
the Neigh bor Disco\'l:ry Protoco l .  I n  the t(J I Iowing 
sections, \\'e d escribe the m ethods we de\'C]oped to 
process these packers and u pdate the  syste m .  

Host Autoconfiguration Daemon 

To process these R.As, \\'C designed :1. host daemon 
c a l led nd6hostd ,  \\·h ich rcsidcs i n  the appl ic:�.tion space 
of  the D i gi t: d  U N I X  operating S\'Ste m .  We de termined 
that J user- mode themon \\'<lS the most enic ienr  \\'a\· 
to implement  I P\·6 a u tocon riguration rex the rc > l lo\\·­
l ll g reasons: 

• A user- mode daemon \\'Ou ld a\·oid kerne l  bloat. 

• M a i men�1 nce and extens ib i l i t\' would be c1sicr. 

• The nmction is not perrorm a nce ctit ica l . 

The a urocon tlgurarion process ing is i m ple m e n ted 
as a si ngle executable i mage, as a cohesive set o f tigh tlv 
cou p l ed mod u les .  The d:�.emon c ur rent ly  is  d esigned 
as a si ngle-threaded appl ication that uses a d isp:nc h 
mech�1n ism to ca l l  each specia l i zed function mod u l e  i n  
t u rn .  We w i l l  cx:1 m i ne the idea  of ba\ ·ing th is  daemon 
r u n  as a m u l tith readed a pp l ica tion in the rtl tl i i'C . 

The n d 6hostd daemon communicates "·ith the 
nct\n>rk su bs\·srcm i n  the kernel th rough m u l ti p lc 

techniq ues. F igure 1 0  shO\\'S the au rocontigmarion 
process ing mod u l es .  'The Ll\\' socket i nterrace is used to 
recci\·e 1\As, :md 1/0 control messages ( ioctl s )  :�rc used 

ROUTER 
D ISCOVERY 

i 
ON-LINK 
PREFIX 
DISCOVERY 

i 
INTERFACE 
ATTRIBUTE 
PROCESSING 

1 

to m:� n i p u l ate kemcl data structures. Also, the rout ing 
t:� blc i s  u pdated :�.s neccssan·, b\ '  meJns of a ra\\' socket 
i ntcrbcc to the l'f _ROUTE protoco l bmi lv. 

We dcs igncd the I Pv6 ra\\' socket's i n rerf1cc \\' i th 
the abi l i t\· to pass on \\' spec i fic I CM P\·6 messages to 
:t user  and to ri l ter extran eous packets or protocols .  
The n d 6 h ostd d aemon sets a socket opt ion to receive 
o n l \' nc ighbm d iscm erv R.As. It then executes a d is ­
p�ltch rou ti n e  that po l ls the ra\\' socket, :1\\':J. i ti n g  
p:�ckcrs .  vVhe n  d �1 ta i s  �wa i l a b l e  on the socket, t h e  d:�c­
mon determines the characteristics of the messag�.:, 
crc1tcs a d a ta structure to con tain i t, and c:�. l ls rhc ncc­
cssarv fu nctions to perform a u tocontigu rat ion.  The 
d i spatch mod u le ,  in add i tion to po l l i ng socket d escrip­
tors, s u p ports necessary t i mer management  fu nctions 
such :�.s creation , d e l et ion,  and expiration . figure l l  

sho\\'S the  :t ppl ication daemon design cen ter. 

Kernel Interface Data Structures 

I n  nJJnv WJ\'S, the data l i n k  i nt errace is the foc u s  of 
I P\·6 :�uroconriguration support. The kernel  data struc­
tll iTS r( >r ! P\·4 i n terfaces arc not su fficicnt to implement 
the ncccssan· I h6 tlmction s .  We designed and i mple­
mented llC\\. i n tert:Ke data structures that  enopsu lated 
the o isti ng I f\·4 stru ctures . This a l ltl\\nl us  to :1.\ ·o id a 
rccomp i lation o f  the existi ng data l i n k  d ri\·crs on the 
Digita l U N T X  operati ng S\'Ste m .  In the fu ture ,  \\ 'e \\' i l l 
attem pt J design in \\'h ich the i n terbce structu res rclr 
I l'\'4 and I l'v6 arc completely i ntegrated . 

As shown in Figure 1 2 , we designcd a n  i n 6_i ti1et 
structure to s upport eacb data l i n k  type ( e . g . ,  
Ethernet, ! 'P I' ,  loopback) and used the exist ing 
i till't structu res to po i n t  to those l i n k  i n tcrbces.  The 
i n 6_i fnct has i ts 0\\'11 i n 6_ifaddr structure tclr  e: �ch 
J l'\·6 :1d d rcss con tigured i n  the d:� t:J. structu re 
i n 6_1oca laddr. We a l so defi ned th e  i n6_ro u tc r  stru c ­
t u re t o  support each rou ter a\·a i l ablc ti ll · t h e  i m p l c­
mell t<Hion . The i n 6_rourer structure speci rics the 
i l l tnhcc of the rou ter, neigh bor cJchc rou te ,  �1 n d  
the  I P\·6 add ress of t h e  router. 
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Autocontiguration l ntcr tace Structures and Rel ationships 

N E I GHBOR 
- D I SCOVERY 

PROCESSING 

Interface Attribute Autoconfiguration 

To au toconfigure the i n terfaces tor I Pv6, we created 
new iocrl fu nctions to create, delete, update, an d 
access the interf.Kes. In add it ion to their use by the 
nd6 hostd daemon, t hese ioctls may be used bv any 
fu ture modules t h at need to access or man i p ulate the 
in terfaces. This might  i nc lude special i zed configura­
tion ut i l i ties,  Simple Network Management Protocol 
( SN M P) ma nagem ent tl.m ctions, security tools, or 
ul l ln �nviu:s .  

router discovery, on- l ink prefixes, and add ress configu ­
ration .  Figure 1 3  sh ows the i nterlace attri bute updates. 

The intertace module to update and maintain i nter­
bee structures for nd6hostd serves two purposes: to 
u pd.nc d ,H,\ l i n k  ,\ttrihu t C •  J'I'Uvidul by ! I ll. R,\, ,1 1 1d I V  
maint;l in the data structures as a set of l i n ked l ists for 

Router Discovery 

An RA packet has mandato ry and optional parts. 
Before a defau lt  rou ter is added to the rou ting table, 
the fol lowing i nt erface attribmes m u st be determined : 

1 .  Receiving interface 

2. Cu rren t  bop l imit 

3. Reachable and retransmit times for use in NUD 

The l in k - loc::t l a d d ress fi·om the sourct> l i n k - h vf'r 

option of the RA is then added to the rou ti ng r.1hk,  
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SIOCI PV6A I FADDR SIOCI PV6D I FADDR 
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ADDRESSES AND STATE 
ON-LINK PREFIXES 
ROUTE ATT R I BUTES 
DATA LINK ATTRI BUTES 

F igure 1 3  
l nrcrt:Kc Artriburc Upd � rcs 

<U ld the kcrncl lhta srructmcs r(Jr rou ter i n r(Jrmarion 
arc upd<ncd . The router l ifetime field i n  the LV\ dctlnes 
how long this router may be used as a defau l t route r. 

The n d 6hostd d aemon rirst u txbtcs the i nr c r L Ke 
attri butes . A t imer is set usi n g  the appropriate rou tine 
h.-o m the dispatc h  mod u l e .  When the t imer expires, 
the d e lete d efau lt  router rourinc is c a lled , and the 
router is del eted ri·om the routing ra blc .  The daemon 
m u st also be a bl e  to d e l ete the ro uter i f  i t  receives :-�n 
lV\. with a zero l ikt imc va l u e , w h ic h  can occu r  when a 
node is act i ng as <l rou ter b u t  is reset to be a host. 

On-link Prefixes 

An o n - l i n k  prdix i n  J Pv6 deflnes a su bnet and i s  t)'p i ­
ca l l v  con fi gu red on a router for  J spec ific l i n k  b�' the 
network ad ministrator. The router then ad\·crriscs th is  
prdlx to al l  nodes connected to t hat l ink  as  a prdix 
option, appended to an RA. A prdix o p tion ddi nes a 
sing l e prefi x  on lv, b u r  a n  RA may contain more th<m 
o n e  s u c h  opti on.  As shown in F i gu re g, th e prefix 
option prm· ides the r(ll lowing i nf(mnation :  

• Pre fi x  le ngth 

• Link- or L- bir , which is set i f  the p refix is d ircL·tl )' 
readable on l i n k  ( i . e . ,  a neighbor)  

• A u tonomous- or A - bit, which is set  i f  the pre fix can 
be used tor stateless add ress configuration 

• The length of t ime the prdi x i s  \'<l l id 

The daemon :-�dds the prdix to the routing ta ble.  
Then � ti mer rou ti ne is c1l lcd ti-om the rl i sp�tch mod 
1 1 k  .1 n d I\ .\L l ! ( J r  t l 1 e  t i L  I l L' t he prc t ix t :·, \·,1 l i J . W I K I J  r i le 
di spatch routi n e  c a l ls th e delete o n - l i n k  prefix mod u l e ,  
t h e  prdi x  i s  de leted fi·om the routi ng ta b le .  A prdix 
c.\ 1 1  .1bu l>e de le ted ,,·hu 1  .1 I ll'\\ 1\. \ prc�c nh t l 1 c J ' i 'C 
tix \\ ith a l i ktimc of zero .  In that c.t s c ,  the on - l i n k 

prdix mod ule will stop the r imer rou t ine  and de lete 
1 l 1e  1 > I L' I I .\ I I '  1 1 1 1  I I J c  l l l l l l l l l t!. i .t i J I L- . 

I l ' !l' i .d I c< i l l l l l . d ' " " " "d \ l l l .  ti . '" · .i I 'J' I / 1  

Address Configuration 

Add ress configuration is one of the nc\\' pa rad igms 
that m u st be supported in U\·6. Tll'o configura tion 
methods,  state less and sote ful ,  are provided to a u to­
con figure addresses tor a host. The M-bit  Hag in an RA 
m essage determines which method to usc and i n t(mns 
a h ost.  In additi o n ,  the other-bit  ( O - b i t )  thg is pro­
vided to con figure other n e twork parameters req u ired 
for the host's operation on the network when the 
stateful configur:-� rion is used . 

A d dress a u toconrlgur:-�tion i n  I Pv6 supports the 
a bi l i tY to dynamica l ly re n u m ber a l ink or a compl ete 
network through rhc usc of l i kri mcs speci fied in the 
RA message . The \'alid l i rerime i s  the t i m e  the add ress 
h as bct(xe e xpiration .  \Vhen the t imer expires , a l l  co n ­
nections us ing that  add ress Me dropped by the i m p l e -
1 1 1C i lt:.Jt ion,  a n d  no llC\\ con necti ons J n:  permi tted . 
The pre krred l i k time is provi ded to i n form an imp le­
m e nt a tion that a n  add ress i s  about to expire;  i t  t\opi ­

cal l\' is  set to a lower \'a i u e  than the \'a l id. l i ter imc.  
When th is timer expires, the add ress i s  sa id to e n ter the 

deprecated st:-�tc , at which poi nt an i m p l e mentation is 
pcrmi ttcd ( as :-� contigu ration option )  to prcvcm ne\1' 
comm u11 ic:� tions us i ng this add ress as a source or dcs ­
t in�ltion . T h is model is d esigned to provide net\\'ork 
ad m i n istrators wi th control O\'er the usc of ne t\\'ork 
add resses without manual  i n tcr\'cntion of each host o n  
rile network. The state l ess model is  i n tended r(lr  users 
who do not need tig ht control over add ress con fi g­
ma tion; st:-�tcful mechanisms w i l l  be used \\'here the 
·1 ti f'1 ini<:tr-·1 tr)!·o..; ,, -.., , r  tf'l r1r" IP f T :1tt' -:"l r � f� n''-.:C::t"•..::: h:1 �f-•r1 nn J 
c l ic l l ljscn c' l' l l lL' l i l < >d .  h!jll l 'l' 1 -!  o,IH I\1'� t i ll' . l c l c i i'C "  

autocontigu ration d iagr:-�m . 

\VIwn rlw c� wmnn ,. ,,,-,,;,.,., � n  R A _ � n ci  rhc  A - hi r  is 
\U , 1 he L Ll c n H l l l  ,·:1 1 1  me t h e  prc l i xD prodded ro per 
f(Jrm stateless add ress contiguratio n .  The d aemon uses 
the on- l ink prefix( es) provided in tl1c IV\ to con tlgu re 
.hldr�.·\,1.'' h > 1' .1 1 1  i i lkl' f .l c'I.O . A l ci i'Cl.'c' .1 1' ' c. I'C.l l c ..l , 
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Address Au roconrigur,nion 

d e l e ted,  or u pd ated 011 the i n tcrbcc based on the pre ­
ri:xes ,1 nd l i k ti mcs rccci,ni i n  the RA packe t .  

Interactions with Stateful Address Configuration 

\Vh e n  the dJe mon rccc i\TS '1 n RA, and the man aged 
bit rbg is set, the host c.m use st,nc fu l  ,1d d ress con­
tigur:tri o n ,  u s i n g  D I--I c : I'\'C) .  D H C P,-6 i s  i mpleme nted 
as ,l sep,lLlte Lhenwn process in our protot\·pc . 
D I--I C : l' \6 d di ncs 'l complete Ill'\\' model  ti·om the 
nist ing D H CI),.4 i l l l f1 l e m c n t,nions i n  the ind ustn· to 
d\' l lJ ill i c a l h- conrigure ,ld d resses.  The usc of l i nk- local 
add resses, m u l tiClst, ,1d d ress con h gu rari o n ,  and in hcr­
Cllt su pport r(>r dV!l,l l l l iC  r e n u mbering o f  h osts in  
I p,-6 ca used '1 l le\\ '  arc h i tect u re Jnd des ign i n  the 
D H C : l'\ 6 spec i ricnion . A comparison o f the architec­
tural ciLmges be tween l! I--I C I'v4 and D I--I C : P\·6 can be 
r( m nd i n  the D H C : l'v6 spec i ricati o n . '  

Application Services 

M ost TC: l' ,md U D l' 'l ppl ications can be used wi th 
I Pv6 with rc Ln ivel y m i nor mod i rications .  The pri mary 
issue is the h rgcr add ress s ize,  both r( > r  internJI storage 
n eeds in rhe appl icnion ,md r(>r add ress tra nsrer  across 
svstcm i n terbces.  I n  this  secti o n ,  we review these 
issues a nd others .  

API 

Am· A P I  cu rren th- i n  use r( >r  I p,-4 could be mod i ried 
for l l'v6, b u r  o n l v  the BS D sockets A P I  is bei n g  i m·es­
tig:tted wi t h i n  the I ETE r( >r  t\\'O reasons ."-'' First, l a rge 
n u m be rs of appl ic:nions use the sockets i nter face for 

I Pv4, w h i c h  represe n ts a \ C rv l a rge i il\'esrmcnt  and a 
potential pool o H Pv6 appl ications.  Seco n d ,  th is  A P I  is 
perhaps in the most widespread usc i n  the ind ustrv ,md 
is avai lab le on a ,,·ide \',lr ict\' o f p l a tr( mns:  the bendits 
of sta n dardization :ti-c com pe l l i ng .  

DNS AAAA Support 

D:"-JS prm·idcs support for nnpp i ng n ,1mes to I P 
a d d resses and mapping I P �1d d rcsscs h,Kk to their  cor­
respo n d i n g  names .''' ' l'he t\'f1e A resou rce recmd is 
used to hold an I P\'4 .1d d ress. S i n ce i ts s ize is ti xed 
at 4 b\·tes, a nt:\\ resou rce record n-p e ,  AAAA, \\ as 
ddi ned to h o l d  I Pv6 ,1d d resses.'- The D i g i o l  LJ :--\ 1 \  
J P,-6 protot\•pe i n c l udes �� \\' idel\ - used l l l lp lcme il t'Hion 
of the D�S kll0\\' 11  '1s Bnkelev I nternet N.1 m c  
D o m a i n  ( B I .'! D ) ,  ,,·h ich 1 1 ,1s been m od i ried ro support 
AAAA records .  

Address Manipulation Routines 

A t\'pical  I P  i m p leme ll t.lt ion pro,·i d cs se\·e ra l l i hr:-� n· 
rou tines r()r manipubring I P ,1dd resses .  These i n c l u d e  
rou ti nes r()r conve rti n g  ,1dd resses bcrween hi narv ,m d 
textual  representations ,l l ld  rou ti nes r( Jr  tLl llS i :tti ng 
n ames to addresses and .1ddresses to names.  Ne\\' rou­
t ines had to be provided to pe rt(>rm th ese fu nctions 
for J I'\·6 addresses .  'file Digit:� !  UN I \  1 1'' 6 prorotvpe 
provid es the routi nes d escribed in " g,1sic Socket 
I n terface Exte nsions r( >r  I 1\·6 ." " ' 

inetd Daemon 

The i netd daemon c reates sockets on heh:-� l f o f a pf1 l icl­
tions, im-ol<. ing the appl iurions onh· ,,·hen needed and 
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pass ing the open sockets ro them . With the adYent 
of the A �  _ l  N 1.:,T6 socket tvpe,  i n c rd was mod i f-ied 
to accept a new appl ication u m ri guration option i n  
i ts con f-igu ration t-ik . The kC\wmd i nct6 i s  u sed to 
i n d i cate a n  �1pp l icnion that ,,.�1 1 1 ts to u s c  Ar _ I N ET6 
sockets. The kc\word i nct  ( or the �1 bscnce of a kC\·­
word ) i n d icates usc o f A r  _ 1 1\ LT sockets . 

Applications 

A t\-pical  appl ication needs onlv lll inor mod i fication to 
use the A� _ I N ET6 add ress f-J lll i l \·. App l i cations that 
usc add resses �1s p�1 n  o f  their  design or p rotocol ,  such 
as the f i le Tr:tnskr Protocol ( FfP ) ,  req u i re more 
otensi'-c lllod i r)cnion.  The Digi t:tl U N I X  U\·6 proto­
tvpc i n c l u d es sc,·cra l h:�si c  appl ications that han: been 
mod i fied ro su pport l P\'6 , i n c l u d i ng Tel net  and FTP.  

These programs were mod i f-ied to usc  I Pv6 sockets, 
address structu res, and l i b r�1n· routi nes.  Note that the 
! Pv6 sockets a lso support collllll u nications <)\'er I Pv4 , 
so that appl iutions n eed not llla i nr ::t i n  separate sockets 

r()r T Pv4 a nd ! Pv6, :ll ld  a s ingk cxcc u t:� ble i nugc can 
i n tcropcratc with both tvpcs o f rc lllotc systclll . 

Future Work 

Furu rc i m p l e me n tation c fr(H·ts \\'i l l  i n c l u d e  securi t\', 
rouri  ng,  st�ncfu l add rcss con rig u ra t ion,  dvna m i c  
upd ates t o  DNS,  I P,·6 m·cr P P P  a n d  ATivl , t·csourcc 
rcscn·�nion,  �l lld scn·icc location . In  add i tion,  \\'C \\·i l l  
re,·ie,,· c l c lllc n ts of o u r  existi ng design :.md i m plemen­
tation <lrc h i tcctu rc to i n crc:�sc pcrrcm11ance :�nd to e:�se 
the transit ion fro Ill l Pv4 to I p,·6 . We ,,·i l l  cont inue to 
p�l rtici patc i n  the I p,.6 i n d ustn· nw lti,·cn d or interop­
cr:� b i l i rv C\'CIHS, ,,·b i ch is a pr:tctic:tl and concentrated 
d't-<>rr to d e b u g  the specif-ications and the cod e b:�se . 

I P\ -6 sccur i t\' supports both the auth e n tication and 
the cncnvtion of H\·6 pac kets e n d - to-end .�' The mod ­
u l e  f-(.)1' these ri.mctions \\' i l l  reside i n  the knnel :�nd most 
l i ke i l' wi l l  be ca l l ed at the point \\'here the I P,·6 nct\n>rk 
l :wcr p�Kket is processed . A kc\' n1<1n.1gcmcm frame­
work is being dc,·c lopcd to su pport borh a u th e n tica­
t ion :�nd encrvption . To access the kc\ '  m :tn:tgemcnt 
i n tcrbce, a sockets API  exte nsion wi l l  be  prm·idcd to 
supplv the keyi ng cri teria r( Jr  the scc u ri t\' mod u l es .  

To test the i n tcropcr<l bi l i tv <1 l1d robust11ess of 
the I l 'v6 i mplemcmations,  a test n c t\vork known :�s 
the 6 B O N E  has been created on the I n ternet.  This  
nascent  test bed is cu rrcmlv being b u i l t  with statica l ly  
d e fi ned tunne ls  connecting I Pv6 1 1ct\vorks . Our next  
step i n  l l'v6 dcvc lopmcm w i l l  be to i mp l ement rout­
i ng protocols,  st:�rri ng \\'i th Rout ing I n r(mnation 
Protocol \'Crsion 6 ( lU l'v6)  r( >r  u n iust rout ing.  
S u bscqucnr goals  \\' i l l  be ro su pport Open Shortest 
Path first vnsion 6 ( OSP h·6 ) and to prm·ide m ulti ­
Glst routing. 

Statefu l  :td d ress contigurar ion ll'i l l  be i m pleme nted 
as spec i fied in D H CPv6 �1 11d ll'i l l  conta i n  :1 c l ient, a 
senu, a n d  .1 rcLl\ ' - :lge n r . This ,,·ork \\' i l l  be tigh tlv cou­
pled \\'i t h  d\ ·namic upd�1tes to DNS to pnl\ ' idc <l Uto­
contigurati on in conj u nction ,, · ith :� uto registr:tt ion i n  
the d i reCtor\' scn·icc .  b·cn f-(>r nC(\\·orks that USC StJtC­
l css :�d d rcss a u tocon figurati o n ,  D HC I \·6 ,,·i l l  be a\·a i l ­
a b l e  to configure other p<l r;�n JCtcrs ri.n the host :tnd to 
a d d ,  d elete, and upd ate n ;� m c  i n ti.>mution JSS<Kiatcd 
with addresses in 0 0/ S .  

Ad d itiona l  d ata l i n k  i n ted�ccs wi l l  b e  supported ti.1r 
P P P  a n d  ATiVI . These non b ro:�dcast Jrchitecrurcs "'il l  
req u i re some design <1 l1<1 h·sis to i m p l e m e n t  in ord er to 
s u pport neighbor d i sco\-cn·, :� u toconrigu r:�t io n ,  and 
the rou t ing models r(>r IPv6.  D i gita l Ius been acti\'C 
\\'i th in the I ETf \\'Orki ng grou ps th ;n �lrL' dcti n i ng the 
ATM solutions.  

I P\'6 now su pports rlow i n f orm�Hion in the I J\·6 
header a nd in the I l)v6 BSD socket t\ P l  sn·ucrurc.  This  
i n he re nt q u a l i t\'-ofscrvicc ( QOS) mechanism i n  ! Pv6 

meshes we l l  wi th c ff-(lrts to su pport reserve resources 
on a nct\vork as speci fied in the Resou rce Rese rvation 
Protoco l ( RSVP ) . ''' Usi ng RSVP over broad c:�st :� nd 
non bmadCJst d ac1 l i n ks w i l l  c ncom p<1SS �� design cen ­
ter that s u pports a wide range of resou rce rcscrv�Hion 
parameters to m:� i nt a i n  a consiste n t  pcrt(mnancc 
mod e l  for \'ideo- :md :wd i o - rcbtcd �l ppl ications :�cross 
a n C t\\'Ork p<H h .  

Sen·ice location is J n  emergi ng tcc hnologv t h a t  wi l l  
permit  :1 host ro q ucn· the n e t\\'ork about the location 
of d i ff-ere n t  scn·iccs ( e .g . ,  .N rS, sec u ri t\' kc' m:t l 1 �1gc­
menr, d irecton· scn·iccs ) . "' C:u rrcntk in dc, ·c lopmcnt 
rc>r 1 P\'4, sen·ice loution holds prom ise r( Jr I P\·6 and 
nU\' benefi t  ri·om the grcltcr IC\ 'C I  of su pport r(>r  h�ls ic 
tec h nologies, such <1S sccu rit\· and m u l tiust capabi l it ies. 

Sum mary 

D igital has designed a protot\'fX of l p, 6 o n  the D igir:d 
U N I X  operati ng S\'Stc m .  Tech n i q u es �md tech n o logies 
ha\·c been dc,·c lopcd ro accommodate �1spccrs of the 
I P\ 6  arc h i tecru rc ; in p<lrt icu br, the tr<msporr l :l\ 'cr 
mod u l es were modi ricd to usc t\\'o d isti nct network­
l ayer protocols .  The nc\\' Neighbor Discm-cn· Protocol 
and a l gori thms have a lso been implcmcnrcd in the pro­
totype . I Pv6 inc ludes mechanisms ro do both stJtclcss 
and statcfu l  add ress con f-igu ration as wel l  �1s router  d is­
cove r�'· The Digiul U N I X l l'\'6 prototype cont:� i n s  
a user- mode process that i m p l e m e nts these fu nctions.  
I n  ad d i ti o n ,  cnh<1 11CCL11Ct1ts have been made to l P\'4 
services, and tec h n i q ues ha\'C been d eveloped to sup­
port the tr�1nsition o t

.
o: isti ng appl ications.  
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oper:1 t i 1 rg s1 stc111 . ,\ !.m i s  .m acti1·e �>articipant i n  1·ariow, l FTl. 
"·ork i r 1g groups :md is :1 co:Hi thor ot'sc1 n.1l l memc: t  Dr:1tls .  



Preserving Computing's 
Past: Restoration and 
Simulation 

Restoration and si mulation are two tech n i q ues 

for preserving com puting systems of h i stori cal 

i nterest. In com puter restoration, h i storical sys­

tems are returned to working cond ition through 

repair of broken electrical and mechan ical sub­

systems, if necessary su bstituting current parts 

for the origi nal ones. In com puter s i m u lation, 

h istorical system s  are re-created as software 

prog rams on current com puter systems. In each 

case, the operating enviro n ment of the origi nal 

system i s  presented to a modern user for i nspec­

tion or analysis. This d i ffers with com puter con­

servation, which preserves h i storical systems 

in their cu rrent state, usually one of disrepair. 

The authors argue that an und erstanding of 

computi ng's past is vital to understanding its 

futu re, and thus that restoration, rather than 

just conservation, of h istoric system s  is an 

i m portant activity for com puter technolog i sts. 

I 
MaA"well M. Burnet 
Robert M. Supnik 

The Computing Past 

The conri nuous i m p rm·cmc nts i n  comput i ng tech no l ­
o�· Cl usc the r;lpid ohsolcsccnu.: of' com puter S\ 'Str ms , 
arc h i tectu res, media , and dn·iccs. Since old compu t­
i ng S\'Stcms ;Jrc Llrch- fKrcc i, -cd ro h,l,·c am· ,-a luc , rhc 
danger o f  los ing portio ns of the compu ting record is 
s ign i ticmr . 'vVhen a comp u t i ng arc h i tecture becomes 

e x ti nct, i ts so ft\l',llT, d ata , and ll't' i rtcn ;md ora l  records 
oti:cn disa ppear 'll' i th i t .  

O lder compu ter svste ms e m bodv major i m·estmcnrs 
i n  soti:ware, the \ 'J l uc ot\\'h ich ma\' persist long a her the 
S\'Stems J Ja,·e lost their rcclm il'<ll rcb·;mcy. For example,  
the P D P- 1 1  compu ter has nor been a lctd i ng-cdgc 
architectu re si nce the i ntrod uction of 3 2 - bi r  S\'Stcms 
in the Lnc 1 970s and has n ot rccc i ,ni a nell' ln rd\\-JIT 
i mp l cmell t<Hion since 1 9R4.  :\'oncrhc lcss , PDP- I I  s,., _ 
rems cont i n ue to be used ll'orld" ide,  panicu la rh' i n  
rea l - ti me J n d  l'Oil trol app l icn ions . The u n a,·a i labi l i n· 
of su itable  repLKc nKilts of \HJrn -out origi na l p<lrts is 

a serious issue r(Jr I 'D I '- l l S\'Stems sti l l  i n  USC. 
Another aru of poten t ia l  l oss is dac1 . In rece nt 

years, arc h iv;l l  stor<Jge media  have undergone rapid 
technologi c c,·o l u rion, and the i n d u srn· st<lnd ards of 
compu t i n g 's rirst 3 0  \'cars, such as 0 . 5 - in c h  magnet ic 
tape , arc no\\' :m riq ues .  S;Jkaging data ti·om orig i na l 
media is ;111 i nd u srn ·-\\ ' id e  pm b lc m  ;md has gencr;ned 
a sm;l l l  corr:�ge i n d usrn· of speci a l i sts i n  d ata recm·cl'\'. 
This  prob l e m '' i l l  o n l ,· pro l i rc rate,  JS tra n s i tions i n  

media  n-pes �lCcelcr�ne . Te n \'Clrs ri·om []()\\', r i le brge ­
d iam eter opric1 l  d i s ks used r(Jr roda,·'s arc lm'Cs "·i l l  

look as q u a i n t  a s  D EC :ta pe ;m d magnet ic tape srm;Jge 
S\'Stcms do to cu rre n t com p u ter users . 

Final lv, the disa ppe:1r�1nce of older equ i pmen t n· pi ­
cal ly entai ls loss of i n r(mnation:  not on l\' d esign 

sketc hes , bluepri n ts, and docu mentation but a lso the 
t( J i k.Jore a bout  these S\'Stems. The absence oF svstem -. . 
a tic a rch i,·i ng , as 11·e l l  as the absence of a pcrcc i\'(:d 
,·a l ue of the arc h i ,·ed lbta , uuses cont i n ua l i n rc m11J­
tion deca\ · J bo u t  des ign and operat ion <l l  deta i ls . 

This pJper d escri bes t\\'O tec h n i q u es for prcsc r,· i ng 
com put i ng S\'Stems of h isror ic1 l i nterest.  The first 
secti on of the p�1pcr d iscusses the restoration of  old 
comp u ters to \\'OJ'k i ng ord e L  I t  also i nc l udes ;1 d escrip­
t ion of the  Austr;l k111 M use u m  co l l ection ;1 11d r i l l' 
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process of restori ng a particu lar P D P- 1 1 mi n icom ­
pu ter. The second section discusses the si mu l ation 
of old compu ters on modern S\'Stems. 1 t  d escri bes a 
s im u l a tion framework ca l led SI M ,  ll 'h ich h:�s been 
used to i mp l emen t s i m u lators ri:>r the l' D P - 8 ,  PDP- 1 1 , 

P D P-4/7 /9/ 1 5 , :�nd No1·:1 m in icomputers .  

Restoring Old Computers 

Since the computer  bcu me �• mass -prod uced i tem in 
the late 1 960s, its t\'\)ica l l ik c1 cle has consisted of initia l 
i nst�1J iatio11, re ll ta l or dcprcc i �H ion fC>r a bou t tJI'C \'Cars, 
retention and usc r( Jr a k11· more 1'c1rs ( just  in c1sc ) ,  and 
then retircmcllt :md J trip to rbc refuse d u m p .  There is 
on lv J brief window of opportu nity to col lect old com­
puters at the end ohhcir working l i k . O nce that wi n ­
dow i s  dosed, the compu ters arc gone r( Jrevcr. 

The Australian Museum Collection 

I n  Syd ney, Ausrra l i�1 , th is  window of opportunity 

tirst became �•pparellt in 1 97 1 ,  when the early P D P  
syste ms IT:Jched t h e  e n d s  of their l i re cyc l es .  D igi ta l 's 
Austr:� l ian s u bs id i�1rv bcg:1n co l l ecti ng svstcms by a 
creative p rogr: un o r· tr:Jd e - i n s  t(Jr new eq u ipment . ' I t  
was  cspcc ia l lv urgent  to obtJ i n ex�1 mplcs of the 1 2 - bit,  
1 8 - bi t ,  ;md 3 6 - bit  l'D l' series , �•s rhev ll'cre rc l a t il-c ly 
bv in n u mb..:r. Table I l i sts rh..: percen t�<gr..: ofan i l:�ble 
u n i ts that ha1-c bn:n col lecte d .  The sr�Hus of eJch is 
g11-cn as 

• Stat ic-ca n  IKITr br..: m�1Lk to 11·ork for I'Jrious 

reasons 

• Rr..:stor:J bl c-co u l d  br..: m�1d r..: to 11 ·ork 11·ith r..:nough 
care , patiencr..: , r ime, �md cft(lrt 

• VVorki ng- r u n n i ng its operating SI'Stcm the !Jst 
ti m�: ir ll'as turned on 

Table 1 
E a rly Digita l  CPUs in Austra l i a  

Model 
Name 

PDP-5 

PD P-6 

PD P-7 

PDP-8 

PD P-8/S 

L I N C-8 

PDP-9 

PDP- 1 0  

PDP- 1 2  

PDP-8/1 

PD P-8/L 

P D P- 1 5  

PD P-8/E 

Digital Tcch lt tcJI )ourn,d 

N u m ber Brought 
to Austra l ia  

1 

28 

2 0  

2 

7 

8 

2 

24 

2 1  

1 0  

90 
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Once ;1 re presc n tati i'C s�un pk of the cady P D P  
syste ms had been col lected , thr..: u rgr..:ncy ab;nr..:d . 
H u nd reds of P D P - 1 1  and  VA X syst..: ms wr..:re then 
brought to Austra l ia ;  the ll'i ndow of op por tu n i ty t(Jr 
col lecting thr..:m is st i l l  ope n .  

The col l ect ion has grmm signif-ica nt ! \· d u ri ng  the 
last 2 5  \'Cars . At rhe present t inlL, 11·c ha1·e in  Sl'<.i ncy 
a comp rr..: hens il'e co l l ection of most ear ly D igi ta l 

machi nes, i nc l u d ing h ard11·arL\ mJnuals,  software, a n d  
spares ( see Table 2 ) .  T h e  co l lr..:crion is C<1t�1 1 ogued i n  
a 6 ,000- l i ne d a tabase that rr..:s ides,  app ropri:� tc lv, on �1 
M icroVAX l com pu tr..:r, runn ing  the ti rst 1·crsion of 
the MicroVMS operat ing S\'Stem .  hgure I shows an  
example h·om the col lect ion,  a PDP-8/E computr..:r 

system wi th periph eral cq u i pmc n t .  
The goals of the co l kerion a rc I'Jrir..:d and �m: su m ­

m:�rized in Table 3 .  Apart ri·om thr..: ac:1dr..:mic  cha l lenge 
of keeping all o ld data mcdi:� r u n n i ng, there is the 
responsib i l ity to ensure thJt they can br..: kept :1 l ivc and 
ava i l ab le .  The exte nsive varicrv of mr..:d ia  typr..:s ofkrcd 
by D igi ta l alonr..: in on ly 30 years is s u m marized i n  
�fJ b le 4 .  The r..:vo lvi ng status ofthr..: col lection Ius br..:cn 
reported a t  sr..:vr..:ral Austr:� l i a n  D ECUS Sym pos ia -' '  

The restoration oF rile Austra l i : 111 col lr..:ct ion wi l l  prob­
ab ly ensure a reti rement j o b  rclr the  c u r::�tor r(Jr th r..: 
next 30 vears 1 

Genera/ Issues in Restoration 

Restoration is a pa i nstaki ng and t i me -consu m i ng 
process . The goal ofrr..:storation is to retu rn �1 S\'Stcm to 
a state where i t wil l  rc l iabh- run a major operat ing SI'S­
tem and offer as lll J 111' mediJ com·c rsion bci l i ties of 
the 1·inragr..: as possib le . Fortunare lv, com p u rr..:rs do nor 
deteriorate greatlv in storage, prm·ided the storage 
area is drv. ( One i rern tbJt docs dr..:CJI' d ra rn at ic: d il - is 
the black roam u sed to l i n r..: s id e  p:1 11e l s ;md to separ:Hc 

N u mber in 
M useum Collection 

1 

3 

2 

2 

2 

2 

2 

4 

Condition 

Restora b l e  

S o m e  items 

Stat i c  

Work i n g  

Stati c  

Resto r a b l e  

Restor a b l e  

Some items 

Resto ra b l e  

Resto ra b l e  

Restora b l e  

Static 

Wor k i ng 



Tab l e  2 
The D ig it a l  Austra l ia n  Col lect i o n  (chro n olog ical  order) 

Yea r  Item Description Status 

1 9 58 1 38 A/ D converter Stat ic  

1 960 ASR-33 Teletype read e r/punch, 1 1 0 baud Work i n g  

1 962 KSR-35 Heavy-duty Te l etype Work i n g  

1 963 P D P-6 M o d u l es of f i rst D i g i t a l  computer in Austra l i a  Parts 

1 963 P D P- 5  F i rst m i n icomputer i n  Austra l ia Wor k i n g  

1 967 PDP-7 Th i rd D i g it a l  computer in Austra l i a  Static 

1 965 P D P-8 Class i c, tab le-top model  Work i n g  

1 965 P DP-8 Ca b inet model  Resto rable  

1 965 PD P-8 Typesett i n g  system Sta t i c  

1 965 PD P-8 C a b i n et model,  f i rst i n  New Zea l a n d  Restora b l e  

1 96 5  COPE-45 Remote batch (OEM PD P-8) Restora b l e  

1 966 P D P-9 1 8-b it  computer Static 

1 966 KA 1 0  Console of P D P- 1 0  m a i nfra me Static 

1 966 L inc-8 Ear ly  m e d i c a l  computer Work i n g  

1 967 PDP-8/S Seri a l ,  u n d e r  $ 1 0,000, CPU Stat i c  

1 967 PD P-8/S Seri a l  computer Stati c  

1 967 DF32 D i g ita l 's f i rst d isk, 1 11 6 M b  Stat ic  

1 96 7  P DP-9/L Last transistor logic, 1 8-bit  Stat ic  

1 968 PD P-8/1 D i g it a l 's first IC m i n icomputer Working 

1 968 PD P-8/L O E M  version of PD P-8/1 Stat i c  

1 969 P D P- 1 2  Laboratory computer Wor k i n g  

1 969 PDP- 1 2  La boratory computer Static 

1 969 PDP- 1 5 Last of 1 8-b it  f a m i l y  Stat ic  

1 969 Kl 1 0  Console of D E Csystem-1  0 Static 

1 970 PD P-8/E P i n n ac l e  of P D P-8 d evelopment Work i n g  

1 970 PD P-8/E F u l l  LAB 8 confi g u rat ion Wor k i n g  

1 970 P D P- 1 1 /20 The f i rst PDP-1 1 Wor k i n g  

1 970 C R 1 1 Card read e r, 285 cpm Wor k i n g  

1 97 1  PD P-8/F Sma l l  PD P-8/E Working 

1 97 1  VT05 D i g it a l 's f i rst video term i n a l  Working 

1 97 1  LA30P D i g it a l 's f i rst h a rd-copy ter m i n a l  Work i n g  

1 97 1  P D P- 1 1 /45 Last PDP-1 1 Static 

1 972 GT40 G r a ph ics workstat ion Broken 

1 97 2  PDP- 1 1 / 1 0 Sma l l  P D P- 1 1 Stat ic  

1 973 PDP-1 1 E 1 0  F i rst packaged system Work i n g  

1 973 P D P- 1 1 /3 5  M i d-range P D P- 1 1 Stat i c  

1 973 PD P-8/A Last non-c h i p  P D P-8 Wor k i n g  

1 974 P D P- 1 1 /40 M id - ra n g e, e n d-user P D P- 1 1 Restora b l e  

1 97 5  VT50 Video term i nal  Wor k i n g  

1 97 5  LA3 6  D E Cwriter I I  pr i nter Working 

1 97 5  DS3 1 0  Desk-base d  com m e rc i a l  system Work i n g  

1 97 5  P D P- 1 1 n0 Larg est P D P- 1 1 Restora b l e  

1 97 6  P D P- 1 1 /34 M id-range PDP-1 1 Work i n g  

1 977 PRS0 1 Port a b l e  paper tape read e r  Work i n g  

1 977 LS 1 20 D E Cwriter pr i nter Work i n g  

1 977 WS78 Word processor, 8- i nch f l oppy d isks Wor k i n g  

1 978 LA 1 20 D E Cwriter I l l  pr i nter, 1 80 cps Work i n g  

1 978 VAX- 1 1 n8o Orig i n a l  u n i t  of 1 VAX- 1 1 n80 Restora b l e  

continued on next page 
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Table 2 (continued) 

Year  Item Description Status 

1 979 VT 1 00 Famous v ideo term i n a l  Wo r k i n g  

1 980 M I N C LS I - 1 1 l a b  u n it with RT- 1 1 Wo r k i n g  

1 980 VAX - 1 1 /750 M i d -ra nge VAX system Restora b l e  

1 980 PDT- 1 50 Ta b l e-top LSI- 1 1 with RX0 1 d r ives Worki n g  

1 98 1  G I G  I Low-cost term i n a l  for schoo l s  Work i n g  

1 982 VT 1 2 5 Video term i n a l  with graph ics Wor k i n g  

1 982 WS278 D E Cmate I word processor Restora b l e  

1 982 VAX- 1 1 /730 Low-performance VAX system Wo r k i n g  

1 982 LA 1 2  Porta b l e  h a rd-copy term i na l  Stat ic  

1 982 LQ P03 Letter-q u a l ity pri nter Wo r k i n g  

1 982 D ECmate I I Word processor on m o b i l e  sta n d  Wo r k i n g  

1 982 D ECmate I I Word processor Wor k i n g  

1 982 R a i n bow Perso n a l  computer Wor k i n g  

1 982 PR0350 Profess i o n a l  PC Wor k i n g  

1 983 VT2 4 1  G ra p h i cs color term i n a l  Wo r k i n g  

1 983 M i croVAX I S m a l l est VAX .3 V U P  Work i n g  

1 983 VAX- 1 1 /72 5  Lowest c a b i n et VAX . 3  V U P  Wo r k i n g  

1 984 LN03 Laser pr inter  Wo r k i n g  

1 985 M ic roVAX I I  Famous M i croVAX I I  Work i n g  

1 986 VAX mate 286-based PC with RX33 d rive Work i n g  

1 986 D E Cmate I l l  S ma l l  word processor Wo r k i n g  

1 987 M icroVAX I l l 3-VU P M i c roVAX I I  system Wo r k i n g  

1 987 VAX 8250 Dual  VAX CPU, B l-base d  Restora b l e  

1 989 VAX 9000 C h i p  set Static 

1 990 DS3 1 00 M ips U N I X  workstat ion Resto ra b l e  

ribbon c:1bks. Mh:r 2 0  l'l',m, i r r u m s  i n to �1 sti c k1·, 

goocl' mess . I t  should be re mm ed as soon �1s possible ; 

othe rll' isc , i t  b l ls i n to the mod u les a n d  b�1ckp b n e .  
Rep l ;�ci ng i t  11·irh �1 mod e m e q u i 1  �1 knr can b e  d o n e  b u t  
is not essemial . )  

The fi rst step i n  restoration i s  to co l kct h:trdware, 

software , �md documcllt�ltion . 

• Col lect the hard11·�11-c, i f  possi bl e  two or idca lh· 
t h ree i tems of e :tc h c x�1mp k . This pro1 · idcs :1 S\ 'Stcm 
to work on and a spare , as we l l JS the ab i l i n · to make 
comp:trisons betll'ecn u n i ts .  

• Co l lect d i agnostic �1 11d opcr�H i ng software on origi­
nal bootstrap med i a .  Sou rces ;H-e n:ry usefu l , partic­

ubrlv t(>r d i ;�gnostics. 

• Co l lect h:1rdw�1re m:muals ;�nd schemat ics .  

Thne is a nnwork of e n r h u si�1sts :� rou n d  the 11 or l d 

who c:�n h e lp at this stJge . 
O nce the " i n gred ients" have been co l l ected , the  

steps needed to restore �1 1 960s or I 970s l' i ntage 
mac h i ne arc as t(J I I ml-s : 

• I nspect the hard11·:�rc rcll· ph1·s iu l sakt�·, r�1rr icu l ;�rJ,· 

the heal'\' d rJII'e rs Jnd s l ide  mec h a n isms.  

\'ol . li :\n 3 1 996 

• Ph,·s ica l k assemble the h a rd ll'�1re,  checking mod u l e 
al locations, u b l i ng, etc . 

• Careful II '  i nspect the po11c r  SI'Ste m ,  h i gh - 1 o i L1ge 
sources can k i I I .  AI though most o r· the pm1 n 11 i ri n g 
mater ia l �1 ppears to st�1 n d the rest of r i m e ,  the c1 rh­
mac h i ncs often h �1d r�Hher t h i n  COl n i n t!-s on term i ­

n a l s .  Sakn· - ri rst  is ;1 principal  criterion i n  restora­

tion, since somed av nontechn ical  peop le nu1· open 
the back door. 

• Assemble :1 minimal s1 ·srem of C P U ,  memon·, :md 
console swi tch regi ster �(Jr l l l i tia l  tests .  

• Po\\ 'c r  u p  the compu ter, checkin g  s u pplv 1·oJ tagcs, 
t:lns, ;�nd front consok t(Jr s igns ofli k .  

• Use s imp le rou tines at the s11· i tch register to c heck 

rl:x elcment�1 r\' operation . 

• Fit a seria l l i n e  u n i t  so that  �1 VT or �1 'Te lctvpe con ­
sole c a n  b e  used . 

• Get the ke 1 · hoa rd echoing to the  screen m pri mer 
11 i t h  s i m p l e rou t i nes . 

• I f  they arc ;1 1·a i L l blc ,  r u n  the i me m �1 l  tests of the 
read -onh- memon · ( ROJ\11 ) .  



F igure 1 
PDP-.S/1'. C :o111 p u rcr  SI'StL' l l l  

Com ention:�l "·isd om \\ Ou ld  no\\' �Hh ise that  a l l  the 
d i agnost ic rou ti nes be ru n .  H o"·e,-cr, d iagnostics m:re 
( p h i losophica l ! \· )  �1 ��\ �1\'S used to ti nd bu gs in a previ ­
ous !\· good machine;  they :tre too com p lex when h u ge 
c h u n ks o f  the rmc h i nc m i g h t  sti l l  be m issi ng.  The 
most f1L1Ct ic:d  next stq1 is to get m:tss stor:�ge o n - l i n e .  
Depe nd i ng on the m :� n u t�1cru rer, the target device 
111:1\' be a t-loppy d isk d r i1·e , a e:� rrr idge hard d isk d rive , 
or some t(m11 of m ;1gneric rape . With a working mass 
storage device and �1 bootstrap rou tine, it becomes 
poss i b l e  to hoot a si mple  operating system ( l i ke OS/8 
or RT- 1 1  t( JI' D i gita l 's svsrems ) .  This q u i ddv shows 
whether the mach i ne is \\ 'ork i ng or not. 

I f �1 mass storage de,· ice is nor :w:�ib blc , the next best 
t h i n g  is papn t:�pc. Th is C1Il be e ither  the S\'Stem's 
LlCk-mou ntcd IT;1der ;md p u n c h  or the paper tape 

rc1dcr on :111 AS R33 or ASR3 5 co nso l e . The re l ia-

1 RX01 

I 
DUAL 8- INCH FLOPPY D ISKETTES 

} 

} 

} 

} 
} 
} 

TD8E TU56 
ACCUMULATOR TRANSFER 
DUAL DECTAPE SYSTEM 

PCBE 300 CPS READER. 
50 CPS PUNCH PAPER TAPE 

PDP-8/E C P U  WITH EXTENDED ARITHMETIC 

ELEMENT. 1 6K WORDS MEMORY. 

KLBE 2400-BAUD CONSOLE. 

KLBE 2400-BAUD COMMUNICATION PORT. 

DECTAPE BOOTSTRAP. RK05 DISK BOOTSTRAP. 

REAL-TIME CLOCK 

RK05 REMOVABLE 2.4-MB 
CARTRIDGE DISK 

STORAGE RACK FOR 1 0  
DECTAPE SYSTEMS 

H861 POWER DISTRIBUTION 

b i l itY is q uest ionab l e ,  hm,·c,·cr, ;l nd the proced u re i s  

ted iou s .  Mam· d i ;1gnostics \\'ere 011  p;1 per  t;lpe,  but 
usualJv the q u ickest test is  to l oad J comp l ete p;1[)Cr 
S\'Stem ( such as fOCA l.  t()r Digiul 's S\'Ste m s )  I hh c 
diagnostics run, the svstcm is prolx1bh· fu nctiona l . 

Once the CPU, conso le , Jnd mcmorv ;lrc \Triticd, 

add i tiona l perip hera ls can be ;Jdded , one ;H a rime . I t  
pays to tJke the ti me a n d  c ft( >rr to rcsc1rch bus 
add ressts, i n terrupt \'CCtors, po\\'c r supp ly  load i ng, 
and mod u le pbce m e n t, and to keep :1 log book \\' ith 
con tiguration d i agrams :�nd resu lts .  ! 1 1  genera l , if  the 
contiguration rules are t(> l lowed , the  i tems \\' i l l work. 
There arc Jl:w e lectron ic tJ i l u res, e\·cn i n  2 0 - or 30-

ycar-old mod u les . ·when �1 J1ro b l c m  ;1rises, i t  is usual h­
add ress \'ector strappi ng , plws iu l dam;1gc, or m iss i ng 
cables. Corrosion of bo;lrd contacts can be :1 prob l em ; 
thev shou l d be dcmcd \\' i th  :1 c l c :�n  c loth or Glrd board 
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Table 3 
Goa ls  of the Austra l i a n  D ig ita l  M useum 

To preserve o n e  of each model  of D i g it a l 's com puters 

To keep each major D i g it a l  opera t i n g  system wor k i n g  

To h ave a work i n g  u n it o f  e a c h  Dig ita l  term i n a l ,  con­
so le, and PC 

To provi d e  convers i o n  a n d  arch iva l  fac i l i t ies for o l d  
m e d i a  

To p reserve s i g n if icant D i gital  l itera t u re a n d  m a n u a l s  

To prese rve a VAX-1 1 /780 comp uter as the or ig i n a l  
u n it o f  1 V U P  

To d isse m i nate i nstruct i ve a n d  educat i o n a l  mater i a l  

To ed ucate a n d  a m use o u r  staff, o u r  custom e rs, a n d  
t h e  p u b l i c  

To support the D E C U S  N O P  (nost a l g i c  obsol ete prod­
uct) Specia l  i nte rest G ro u p  

To p reserve spa res, tool s, test gear, a n d  docu menta­
t ion to keep t h e  c o l l ect i o n  work i n g  

To preserve a nd protect these treasures f o r  fut u re 
g e n erations 

( for example, a business urd ) ,  not \\ ' ith a penci l  cr�1scr, 
\\'hich lewes residues .  S i l icon components appca1· to 
be \'Cl'\' stable and a tribu te to the conscn·ati\'C design 
principles ofcarlv computer engineers. 

The main components that scCill to age �l i'C power 
supplv capacitors, bns, and l ights . The fi l ter capaci ­
tors across the high-voltage sou rces can short, and 
reference electrolytic capaci tors in  power supplv regu­
lators can dry out .  Although the large c1pacitors in 
power supply RC fi l te rs have prc)\'cn to be re l iab le,  
some restorers replace them as a m atter of course r(>r 
sarctv reasons. Sm<l l l  rotJrv tans may seize if they ha\'C 
Jogged many hours .  I n candescent panel lamps �1 rc 
a lwJvs fai l i ng and can be replaced by modem l ight­
emitt ing d iodes ( LEDs ) i f  requ ired . The i rony  is rhat 
the panel  l amps arc needed on ly d uring in it ia l check­
out; once the operating system is  r u n ning, they arc 
rarely used . 

O nce restored ,  arc o ld un i ts re l iab le >  Expniencc 
proves that t l1ey arc . A classic PDP-8 system restored 
in 1 9 88 still turns on happily ( u ntouched ) e ight years 
l a ter. A fu l ly configured P D P-8/ E system is sti l l  work­
ing tour years after restoration . 

Restoring a Minicomputer: A Case Study 

An ongoing project is the restoration of a large, 
U N I B US-based P D P- 1 1  system with many U N I BUS 
periphera ls  attached to i t .  The project was started 
us ing the origina l  PD P- 1 1  /20 CPU. S ince many 

P D P- 1 1  peripherals were d esigned long �1h-cr the 
PDP- 1 1 /20 CP U ,  it could not cope with single- board 
d i rect memory access ( DMA) devices, mct:d-oxidc 
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Table 4 
D ig ita l  Data M e d i a  from 1 960 to 1 996 

Paper t a pe 

80-co l u m n  punched a nd mark sense c a rd s  

7-track, h a lf- inch mag netic  t a p e  

9-track, ha lf- i nch mag netic tape 

D E Ctape and LI N Ctape systems 

A u d i ocassette 

D ECta p e  II c a rtr idge (TU 58) 

Com pacTa p e  (TK 50, etc . )  

Q u a rter- i n c h  ca rtr idge tape 

D ig ita l  audio tape 

8- i nch f l oppy d isk 

5 . 2 5- i n c h  f loppy d isk 

3 .5 - i nch floppy d isk 

RK05 remova b l e  d i sk 

R K06, RK07 remova b l e  d isk 

R L0 1 ,  R L02 remova b l e  d isk 

RP01  . . .  R P06 remova b l e  d isk 

R M 03, R M 0 5  remova b l e  d i sk 

RC25 remova b l e  d isk 

semicond uctor ( MOS)  mcmorv, and other l ater in\·en ­
tions .  T h e  project rd(>cuscd on t h e  1J1 id- r�ngc 
I' D P- 1 1 /34, \\ hich in  retrospect h �1s prm cd \\ isc. The 
P D l'- 1 1 /34 supports MOS mcmorv, h as an LED and 
push-button console ,  and represents a mature imp le ­
mentation of the P D P- 1 1  i nstruction set .  I t  has a n  

optional cache,  battCI'\' backup, rlo�lt ing-point opera ­
tion, �1 11d the extended i nstruction set ( EIS ) .  

The cmrcllt conriguration occupies three large c:Jb­
i ncts in \\·h :n used ro be the d in ing room or· Max 
B urnet's house. The \'irtucs of the UNIBUS �1 1-c m:my; 
i n  parricu lar, i t  J l lows mod ubr connect ion of l/0 

dC\·iccs and other componcms. H m\'e\'Cr, 1/0 devices 
of the era often we igh 1 00 pounds and :�re mounted in 
1 0 - i nc h  d rawers; the ir  sheer p hysical s ize and weight 
arc disi ncent ives to reconrigu r:nion .  

The project cu rrenr ly uses rhc RT- 1 1  operating 
system bcuusc of i ts s impl ic i ty and extensive device 
drivers . Evcntual lv, i t  may be poss ib le to run the 
RSX - 1 1 M �1 11d the RSTS/E systems,  but there is l itrlc 
to gain h·om a media conversion point  of view, because 
l\T- 1 1  includes u ti l ities tor dea l ing with r(>rcign fi l e  
t(mnats . 

The nuin d iHicu l tics cncou ntcn:d h :wc been associ­
ated with the power supply: the DC low sigml threads 
i ts way thro u gh even' periphera l .  The �1bscnce of 
U N I BUS grant  comi n u i ty cJrds can create ha\·oc. 
Since this P D P- 1 1 system is very L l rge , i t  is  stra in ing 
the design ru les conccming r1oating \'Cctors , cu rrent  
load ing, and bus l oads . 



The C : l ' U  � n d  mc: mon· arc re lat i1 c l1· caS\' to check . . . 

ou t . D ue to the ,·c rsa t i l iry of the  U N IB US, holl'ever, 
checking out the 1/0 S\'Stcm is  ,·en· laborious .  
Starti ng ,,· i th programmed 1/0 tests works best, tol ­
lo11ni lw i nterrupt tests, and ri na l lv DMA or non ­
processor rch:rcnce ( N PR) tests. Exper i ence s hows 
that rests need to be: rer u n  whe never <l new pe riphera l  
is <lddcd.  

The svsrcm currently runs the RT- 1 1  version 5 . 04 

operat ing system on a configuration comprisi ng 

• RT- 1 1 /34 CP U with real - time dock and bootstraps 

• 256 ki lobits ofMOS mcmorv 

• RXO l :md R.,\02 Hoppv disks 

• Du :1 l RL02 d isks 

• T U 5 o  d ua l  DECtape storage S\'Stcm 

• T U 5 8  D EC:tapc I I  storage system 

• Seri a l l ine un its tor conso le  and seria l  pri n te r  

• Clv\ 1 1 mark sense and CR1 1 punch ed card reade r  

• T U 6 0  ClSSCttC 

• PC 1 1  p:�per t:�pc read er and pu nch 

Although the tol loll'i n g  peri phera ls  arc al'<1i 1 Jb lc ,  
rhcv all'air i nsta l lation rime and cft(>rt: 

• LPS -40 an·,Jiog-to-digital  (A/ D )  comcrtcr 

• TU I 0 m agn eti c  tape 

• TSV03 1mgncric tape 

• C11.: hc and commercial  instruction set 

• B ;ltte n· backup kit 

The eventual  goa l is to keep "the l ast  great 
( U N I B U S )  P D P- 1 1 "  r u n n i n g  with al most every 
U N I B U S  peripheral ever made .4 Ti me wil l  te l l .  

Simulating O l d  Computers 

A si m u la tor is a comp u ter progr:1 m opcr:ni ng on one 
compute r  s1·srem ( k11011 n as the h ost  S\'Ste m )  ll'h ich 
m i mics the be ha,·ior of another computer S\'Stem 
( k no11 11 ;ls the t:1rgct svsre m ) .  The s imu la tor's d at:l is 
the state of rbe target computer system-registers, 
memory, ri med e1·en rs , and so o n .  The s imulator oper­
J.tcs on presented state and transrcmns i t, usually by 
scqucnti:1 l  Cl'a luarion, in the same manner as would 
the t;lrget computer system .  

S imu lators typica l ly  consist of an exec u t ion engine, 
ll'h ich  pcrt(mns the state tra nsr(mnarions; J.  simple 
r imed-even t  mecha nism , which supports ddcrred and 
<1S\'1Kh ronous C\ 'Cnts such as 1/0 comp letions; and a 
control pane l ,  ,,·h ich provides user access to si m u brcd 
state. The execu tion eng ine i s  respo nsible t(>r decod i ng 
instructions i n  si mulated mcmon· and per r( mning the 
spcc i ried :� I terations of sim u l :1ted mac h ine state . The 
execut ion engine keeps track of s imulated time in arbi ­
tr:ll'\' u nits, ll'h ich n1av be precise representations of the 

execu tion time of the targe t  S\'Stc m, or simple: represe n­
tations of ad1·a ncing rime , such as  the n u m ber of 
i nstructions executed . The CI'Cilt mechanism prol'idcs a 
wa1· to sched u l e events, such as l/0 completion, t(>r 
later c\·a l uarion.  It c:�n :�!so implement other time­
based mechanisms such as keyboard po l l ing . Final ly, 
the contro l panel prol'idcs access to s imul ated state as 
well as basic control comma nds such  as start and stop. 
It  may also provide more e laborate f:1c i l i ties to su pport 
pertormance instru mentation or debugging. 

Historically, simulators have been used fo r nuny 
p u rposes, inc luding the tc> l loll' ing: 

• Design of n ell' S\'Stems.  The sim u l ator mimics the 
beha1·ior of a fu ture chip or comp u ter S\'Stem and is  
used to understa nd :� nd debug the beha1·ior of the 
proposed design .  For e xamp l e ,  prior to ta bricarion,  
a l l  modern m icroprocessors are extensively s i m u ­
lated , fi rst a s  abstract pcrtcmnance mod e l s  and then 
at increasing levels of deta i l .  ' 

• Debugging r()r embedded systems. If t he si m u la­
tor contains fac i l ities tc>r  program debuggi ng, it  
becomes a usefu l  rooJ for debugging programs that 
run i n  highly constrained envi ronments such as 
embedded systems. Simul <ltors can capture more 
state and pr(ll'ide a wider range of faci l i ties than i n  
s i t u  de  bu ggers. For e x:1 mp l e , si m u lators can i m ple­
ment program cou mcr  ( PC )  cha nge q u eues,  d a ta 
access breakpoints, or precise traps on errors .  

• Rep l icab le  c1·e nt trac ing .  Most simu l ators are fu l l \' 
determini stic . Asvnc h ronous el'ents are sc hedu led 
based on s imple ,  nonrandom a l gorithms, such as 
ti xed ti me-out or calcu lated seek t ime.  As a resu l t ,  
s i m u l ators a l low rc>r stra i gh ttorward repl ication or 
p layback of com pl icated seq u e nces, removi ng the 
randomn ess ractor that often plagues the debug­
gi ng of asynchronous software on real systems.  

• Preserl'ation of past soft wa re .  S i m u lators can pro­
vide migration assistance in rbe transition fi·om older 
to ne"'er architectures. Manv transitional computer 
systems hal'c prm·ided simu lators tor older arch i­
tectures, typic1 1 lv  at the microcode lel·e l ,  ro assist 
custo mers <md de1·cl opcrs in preservi ng their im·est­
me nts in the previous arc h i tecture . Exam ples 
include the early I B M  Svstem/360 series, ll'hich had 
models thJt s imulated the 1 40 1 ,  1 4 10, 7070, :1nd 
7090 tami l ies, and t he early D igital VAX syste ms, 
which included a PDP- l l  compat ib i l ity mode "'·" 

Simulation Levels 

Sim u l ators em be wri tten at l'arious levels of deta i l  and 
thus  l'arinus l evels of tid e l i tv to the target svstem .  
Three common .len: I s  o f  simu lation are register tr;lns­
fer ln el  ( RTL) ,  i nstruction,  and software specitic .  

An RTL sim u b tor attempts to mimic  the major 
hardware blocks of the target S\'Stem and to i m p l e ­
ment its actual  l og ic equations. The goal i s  absol u te 
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tidcl i ty, the test of  ll'h ich is that  1 10 11 iccc of softll'�l rL· 
r u n n i ng on the s i m u l a to r  s h o u l d  bch<l l·c d i Fi i..:remh­
th:m it II'O u l d  on the target hJrd ii'Jrc. I n  practice, such 
pcrkct mi mi cn· is  d i fric u l t  to �K h i n c ,  JS i t  req u i res �� 
p�1 insoking rc-ne�1t ion of t i m i n g  d c r:� i l  ( t( J r  n�u n p k ,  
t h e  actu a l  accc l cr;Hion c u n·c of <1 ] )  1-:C :ra 11e srm:�gc 
s1·stc m )  and access to impkmcn ta tion docu1ncm�1tion 
th<H has oti:cn ,.,1 1 1 i shcd . Nonethel ess, some � i nl l l i <l tors 
ha1 c ach ie1 ed res u l ts 1-c n· c lose to this gml : M I NI I C ,  
a D E C :SI'Stc m - 1 0  s i m u l ator 11rittcn <H Appl ied D�lt<l 
Rcsorc h ,  11·as able  to r u n  C : l'l1- <1 11d dc1 · icc -spcc i tic 
d iJ.gnostics. ( As tcsti mon\' to the l' t i l l lC I'<l h i J in· of 
computi n g's f1ast, a l l  mac h i n c - rca<hhk copies of the 
lvl li \11 / C :  somccs :�ppcar to ha1·e been lost . ) 

An i n struction s i m u lator srq1s b:�ck ti-om the 1\T l . 
l n·cl :� nd tries to s i m u l ate at the  fu nct ion:� ! or the 
bcl1a1 · ioral  k1T I .  Svstcm c lcmcms arc rrcncd <lS fu nc­
t ions  th<lt tr<lnst(xm st;Hc <Kcord i n g  to rhc <l bsn·acr 
d c ti n i tions of the s1 stem <lrch i  rccru rc , r<lthn th<l n  
<lS logic b l odzs th:�t tr:�nst(mn stare b<1scd 0 1 1  i m p l c ­
memation t:q u :�t ions .  I nstruction s imuLnors S<�cr iticc 
abso l ute n d c i i tl· to the id iOS\'11C 1'.1SiCS ( lf  �1 p<1 1'ticu l �1r  
i m plement:�r ion :�n d  t( >Cus on the i n te n tions of rhc 
arc h i tecture spcc i tic:�tio n .  As <1 res u l t , i nstruction s i m ­
u lato rs can usua l h- r u n  s1·srems softii'JIT <Ul d applica­
tions but can rare I I· t(ml d iagnostics. 

Final il ·, a sofu,·arc-spccitic s i m u btion ti1rthcr 
a bstracts rht: ti.1 ncrions of the target s1·srcm to on I I ·  those 
needed L11' J particular piece of t:�rgct s1·srcm soful'<l rc .  
For example,  the OS/8 operating S\'stcm 0 1 1  the I )DP-1'\ 

compu ter docs not usc program i nrcrr U f1ts; a s imu bror 
<1 i med at running o n l v  the OS/8 opccni ng s1·srcm 
ll'ou ld  not need to implcmem i merrupts or Cl'cn 
qu eued el 'ents. A recellt PrW- 1 1 si m u l ator designed to 
run rile 2 .9 BSD U N I X opcr:tr ing S\'Stcm <1 bsrr�Ktcd 
p:u-rs of the PD l'- 1 1 s1·srem 's i n terrupt mod e l  and cou l d  
nor r u n  oth e r  I 'DP- 1 I operating S\'Stcms. ' �  

Simulating Minicomputers: A Case Study 

S I M  is J porr:� b l c  instructio n - lncl m i n icomputn s i m ­
u l a tor i m p l emented in C .  I ts objccti1-cs <1rc to  b c i l i ratc 
rile studv �111d usc of h istoric computer arc h i tectures 111' 
111 �1 ki n g  s i m u lated implementations a n d  h istoric soft­
II'Jre available to an\'Onc ll' ilo h<1S  a 3 2 - b i t  compute!'. 1t 
supports t ilt: fol loll'i n g  target :�rch i tccturcs 

• PDP-8 

• P D P- 1 1 

• Nova 

• 1 8 -bit  P D P scrics ( PD P-4, P D P-7, I'D I'-9, I'D P - 1 5 )  

and h <1S been successf u l l\ '  ported to the VAX VMS, the 
A l p h a  OpcnVMS, the Digita l  U N I X ,  and the Li1H1x 

arc h i tectures.  Ports to the vVi nd oll's NT ;md the 
Wind oil'S 9 5  arch itectures and to <1 11 l i� M  J 40 l s i m u ­
l atcJr arc u nd e r  11'�1\'. 

\'ol � :---: r >  3 ll!% 

General Design Considerations The d esign of Jn 
instruction-l cl·d s i m u l ato r  is not tec lm iu l l l- comp l i ­
urcd ; i ndeed, s i m u Lning �1 I'D P-8  S\'Stcm i s  J common 
problem i n  u ndcrgradu:�rc computer  science courses. 
Sl M t(> l l o11·s t h e  processor- mcmon· s11 i tch ( PMS ) 
srructl lrc proposed lw Be l l  and Ne11·cll and i m p l c ­
memed i n  M I M I C  :t n d  cou n tless other s i m u b rors 
si nce -"' · ' '  The s i m u l ;ncd SI'Stcm is :1 co l l ect ion of 
dc1 iccs,  one of 11  h ic h  has S f1Cci �l l  propcrt iL·s ( th e  
C P U ) .  L1ch dc1·icc h<1S sLHe ( rq;istcrs ) :� nd o n e  o r  
more u n i ts .  Each u n i t  h;1s SL1tc J n d  ti xcd- or l·ariablc­
s izcd storage. In the C P U  de1 icc,  the sroc1gc i s  111<1 i l1 
m e mo1'1'. I n  �1 n I/0 dc1· ice, the storage is t h e  d e1·ice 
mcd i ;1 .  The C I' L: i s  d isri  ngu ished t!·om other d c1·iccs 
b1· ha1 i n g  the J11<1Stcr rou t i n e  for i nstruct ion nccu­
rion . This rout i  nc is responsible t(Jr the seq uent ia  I t:l a 1 -
u :�tion o f i n structions a nd t(x the sure tcuJst(mn<Hions 
that  represent si m u l :�ted e xecution. The C : PL1 a lso pro­
' ides <1 k11 S\'StCl llll · idc rou ti nes, such as s1· m bo l i c  d is ­
<1ssc m h ll· ;md i n 11 u t  :� nd J b i n <ll'l '  l o:td cr. 

The dc1 ices i mnt:lcc to a comro l  panel that  pro­
,· idcs ,Kcc.ss to si m u i <Hcd stJtc and comrol 01-c r execu­
t ion . The ,11 <1 i bblc  co m m ands in  S !J'I'l  arc l isted in  
Ta b le S .  

The comro l  p;m c l  :� !so i n c l u des routines tiLlt �� �·c 
needed lw most s i m u i ;Hors, suc l 1  as e1 ·cm q u e ue m a i n ­
ruwKc .u 1d c h ;1 r�Ktn- b,· -ch:Jr:�crn ter m i n a l  J/0 . 

Difri.:rcnr si m u laro rs need not use the s:�rnc r ime b�1se,  
b u r  a l l  the S l •\ l -b�1SL'll i mplement<1tions ro date usc rhe 
n u m hn of i nstructions execu ted as the r ime base . 

Note thJt the (Olltl'O) p:�ncl l)rO\·ides r(Jr srarr ing s im­
u l ;ltion , hut  tnmil 1 <1tion is d eterm ined t: l lti rc l v  [)I' the 
s imuLncd C P U .  B1· con1·cmion , the CPU returns con­
rml to r i le comrol p<1 1 1c l  u nder t i JC  t(J I !oll' ing cond itions: 

I .  ! f a  H A l T  instruction is  nccutcd 

2 .  I t. a t:n�1 l exception is d e tected 

3. ! f a  bt<1 1  f/0 errm is detected 

4. I f  J spcci;1l ch;1ractcr i s  n·ped ;\t the con tro l l i n g  
te rmina l  

I .i kcll'ise , the comrol p�1 11c l  docs nor i mplement  a n v  
d e bu ggi ng bci l i t ics bcvond sure e x a m i nation a n d  
mod i tiution �1 n d  i nstruction steppi n g .  To t3c i l i rate 
d ebugging ll ' i th Of1CI'Jti n g  systems,  C l' U s  pro1·ide 
:1 s imple  i nstruction brca kpoi m capa bi lity <1 1 1d ;1 o n e ­
b · c l  I)C tLlcc bci l i ty. 

Implementation The i m plemenorion of a parricu L1 r  
s i m u b tor hegi ns ll ' ith col lecti n g  reference m a n u �1 ls ,  
m;1 intcnancc m :� n u :� l s ,  des ign docu me nts, fol klore,  
a n d  prior s i m u l :� to r  i m plementations t(lr the target 
wstc m .  This is n omrivia l .  ln rhc carl\' d ,l\'S of com pu r­
ing, con1 11 <1n ics d i d  n or S\'Stcmariu l ly col lect ;md 
;1rc hi 1 ·c  design d o c u m c n ution . I n  a d d i tion , co l lected 
nLHcri a l  i s  su bject to i n tcmn;Hion dec\\', :�s n oted 



Table 5 
Commands Ava i l a b l e  i n  S I M  

Com mand Defin ition 

Associate f i l e  with u n it's m e d i a .  attach < u n it> <fi l e >  

detach < u n it> I A L L  

reset <device> I ALL 

load <fi l e> 

D isassociate u n it's (a l l  u n its) m e d i a  from a ny f i l e .  

Reset d evice (a l l  d ev ices).  

Load b i n a ry p rogra m from f i l e .  

boot < u n it> Reset a l l  d ev ices a n d  bootstra p from u n it .  

run {<new PC>} 

go {<new PC>} 

Reset a l l  d ev ices and res u m e  execut ion at the cu rrent PC {or n ew PC}. 

Resume execut ion at the cu rrent PC {or n ew PC}. 

cont Resume execut ion at the current PC. 

step {<n u m be r>} 

exa m i ne < l ist> 

iexa m i ne < l ist> 

Execute one i nstruct i o n  {or n u m b e r  i nstruct ions}.  

D i s p l ay contents of l i st of m e m o ry l ocations or reg isters. 

D isp lay contents of l i st of m e m o ry l ocat i o ns o r  reg i sters a n d  a l low i ntera ctive 
m o d if icat i o n .  

d eposit < l ist> <va l ue> 

i d e posit < l i st> 

save <fi l e> 

Store va l u e  i n  l i st of m em o ry l ocat i o ns or reg i sters. 

I nteractively mod ify l i st of m e m o ry locat i o n s  o r  reg isters. 

Save s i m u l ator state in fi l e .  

restore <fi l e> Restore s i m u l ator state from f i l e .  

show q ue u e  D is p l ay the s i m u l ator's event q ue u e .  

show conf igurat ion 

show t i m e  

D is p l ay t h e  s i m u l ator's conf igurat ion.  

D is p l ay the s i m u l ated t ime counter. 

show <devi ce> Show device's confi g u rat ion options.  

set <devi ce> <opt i o n >  

h e l p  

S e t  a d evice conf igurat ion opt i o n .  

D is p l ay a terse h e l p  message. 

exit I q u it I bye Leave the s i m u lator. 

ear l ier. Llsrl1 ·, the marcri.1l is l i kc l \' to be contrJd ictory, 
cm hod 1 · i ng d i frcr ing I"C\ is ions or 1nsions of the arc h i ­
rcctu i"C ,  <1S 11 c l l  as errors rhar  ha1-c n c p t  i n  d u ring t he 
documcnt <Jt ion process. 

For D igita l 's 1 2 - h i r  a nd 1 6 - b i r  m i n icom p uters , the 
t\' p ica l  h ierarch\·  of d oc u mcntJti on II'JS the tol loll' i ng : 

• Processor H <l m1 book. Prm i d i n g  <111 all-inclusi\'e 
su m nJ<l l'\' of the i nstruction set <Jrch irccture, perip h­
CLJis,  bus i nrcrbcc,  <ln d  soft:11 arc, these paperback ­
size books <Jrc t l 1 c  most com mon tim11 ot' S\'Stem 
docu mcmation but <l iso the least accmatc . 

• S u hs\'stcm Rcrcrcncc JVb n u a l . As the progra mmer's 
rekrcncc ll1<1 1 1 U J I  t(>r a pJ rticu l ar su bs\'stem, such as 
the C l' U  or rhe d isk d ri1 ·e,  these mJnua ls  describe 
the registers :md rL I IKtions :�ccuratcly but omit  
maimc n:mcc - l cvcl katmes and other ti ne poi nts.  

• Su bsvsrem NL l i n te l l <Jncc M a n u a l .  As the mainte­
n a nce engi neer's 111<1 1 1U <l i  tc1r  J p<lrt icu !Jr  su bsystem , 

these l ll <1 1 1 U <1 i s  descri be rile registe rs and fu nctions 
<lt the h<J rd ll'are i mp l cmcnt:�tion b·e l ,  often i nc l ud ­
i n g  su hstamial a bstr<lCts ti·om the pr i nt set.  Because 
of the I C\·cl ofdcL1 i l ,  rl1c m a i ntena nce manua ls have 
pro1·cn to be the most usefu l  rctc rc nces t(J,- sim u l a ­
t o r  i m p l cmcnt.nion . 

• Design documents .  For S\'Stems that do not hJI'C 
I'Cl'\' b rge -sca lc i mcgration ( V LSI  ) , rile o n lv cxranr 
desi gn d ocuments arc the log ic  pri nts and the bi n<m· 
m icrocode ROM l isti ngs. The pri ms arc essential  t()l' 
RTL s i m u l ation : rhe1· prm· idc rile on I \ ·  docu mcnLl­
tion of i m p l e memarion q u i rks. For V LSI S\'stc ms, 
t here are c h i p - J c,·c l design spccitic1tions as 11 c l l JS 
h u ma n - readable microprogram l isti ngs .  

• Folklore . D u r i n g  the usefu l  l i fet ime of <1 S\'Stem ,  i ts 
users exc ha nge i n formation and crc:nc a n  i n t(mnal 
record , both \\'r i rrcn J n d  ,·crba l ,  of sh ared cxpc­
riences ( t(J I k l orc ) regard i n g  the tin e  poi ms of 
opcrJt i ons , hJrdii'Jre/sotiwarc i ntcr fKcs , S\'Stcm 
"personal ity, " and other bctors . fol kl ore  is su bject 
to ra pid i n t(mJlat ion decw, parr i cu l arlv once the 
target system becomes obsolete . 

• Prior imp lementations . Prior s i m u lator i mplementa­
tions can pn)\ 'idc usefu l  in formation , bur i t  must be 
used cautious ly. U n less the prior im plc mcnt<H ion is 
an RTL mode l , i t  em bod ies s i mp l i tiurions and 
abstractions rhar arc nor ex p l ic i tl y docu mented . The 
M I M I C  sou rces { ll'h ich arc ti·agmcntar\' and �\\'a i l ­
able o n l v  o n  paper) prmn1 rrustll'ort l l\', bur  others 
d id not: for examp le ,  the 1 970s P D P- I I si m u l ator 
in the D ECUS arch ii'CS i s  h i gh lv m isle<Jd i n g  abou t  
i mcrrupts , condition codes, a 1 1 d  othe r deta i ls . 
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An i mportJnt considccltion is  th<lt much of the 
docu mentation , all  the t<> lklorc, and most working 
svsterns arc in the hands of individ ua l col lectors . 
The I mcrnct pbys <1 vital role in loca ting materi a l he ld 
bv enthusiasts, through nc\\·s conferences such as 
alt . t<Jiklorc com pu ters, a l t .sys . pdp8 , a l t .svs . pd p  1 1 , 

and comp .cmu lators .misc , :md more recen t l y, th rou gh 
World Wide \Ncb si tes devoted to h istoric S\'Stcrns . 1 4-1" 
The sources t(x each s i m u Lnor i n  SIM are l i sted in 
Table 6.  

The bst step in  i m p l ementat ion is co l lecting soft ­
\\'a re to run on the s i m u lator. Software collection 
i m mcd i ate l v raises the pro blem of media tra nslation .  
Software f(>r  h istoric wstc ms resides on paper tapes , 
DECtapc storage systems, 200/5 56/800 bi ts-per­
i nch magnet ic Llpcs, d isk cartri dges, 8 -i nc h  tloppy 
d isks,  and so on. Few i f any modern systems have th ese 
per iphera ls; :md tew if any h istoric systems have mod­
ern network intercon nects . Thus,  media  transl ation 
usual ly entai ls  l i nking a worki ng version of the target 
system to a modern system by means of a seria l  l i n e .  

KE RNIIT or some other s i mp le protoco l al lows f(Jr a 

byte - by- byte network copy trom the origi na l med ia to 
a fi le on a modern system . 

Once the soti:warc has been located and moved 
to a ti le ,  the next iss ue is sou rces . vV i thou t sou rces , 

d iagnostics Jnd other test progrJms arc useless; 

detected errors cannot be traced back to causes with ­
out  man ua l decode of the binary program .  The 
absence of sources \\'as a pri ncipa l  reason for i n cl ud ing 
sym bol ic d is:�ssem blv a n d  i n p u t  i n  S I M .  

Ta ble 6 
Sources for S i m u l ators i n  S I M  

Arch itecture Documents 

The final  issue in softw<1 rc is licensing.  Even though 
the target systems arc obsolete and often no longer 
m a n u b.ctu red ,  the operat i ng S\'Stcm soti:wJIT may be 
protected bv copyrights and l i ce nses. Most P O P- 8  

software i s  i n  the  pu b l ic d om:�in;  however, the  PDP- 1 1 

and NO\·a operati ng systems Jre sti l l  l i cen sed , as arc 
a l l  versions of N I X . Corporate l icensi ng pol i cies 
rarelv accom mod:1te hobh,·ists; th is  l i m i ts opcLHing 
system d istri buti on to leg i rimJtc ( thJt is, business ) 
users . Table 7 l ists the soti:warc tcJLmd tc1r each sim u l a ­
tor i n  SIM.  

Debug T h e  de bug p a t h  tc)r a s i m u l ator depend s 
on the ;wai lablc  software . I d e a l ly, the s i m u b ror \\'O u l d  
b e  d e bu gged with the same soti:ware tests used 
ro debug the target h: m.l\\'arc, but this software is 
rare ly archive d .  Diagnostics can p rovide l ow- leve l 
checki n g, but  diagnostics typica l l y  check t(Jr  broken 
pa rts i n  a correct im p l emen tat ion , rather than an 
i n correct imp l emen tat ion . Even when d iagnostics 
do check a rch i tecture rather tha n i mplementation ( as 
i n  the bas ic  i nstru ction d iagnostics on rhc PD P- 1 1  

syste m ) ,  the a bsence of sources l i m i ts the ir  u ri l i t\'. 
Conseq ue ntly, the s imulators were debugged mostly 
with s i mple hand tests and the n  with rhc opc r:H i ng 
systems . 

Operating systems a re both e xact in g  <1 1 ld imprec ise 
tests of i mplem e n ta tion correc tness . U nless <lll 
ope ra ti ng svstem ra kes a dcl i bcr: nc lv resrric t i\'l: vi c\\' 
of hard ,,·a rc ( for ex a m p le , OS/R d ocs nor usc the 
PDP-8 i nterrupt svstc m ,  and RT - 1 1  docs n or usc a iJ\' 

Location 

PD P-8 M i n icomputer H a nd book 
Refe rence m a n u a l s  
M a i ntena nce m a n u a ls 
Pr int sets 

Pr ivate col l ect i o n  
D ig it a l  a rch ive 
D ig ita l Austra l i a  c o l l ect ion 
Dig ita l Austra l i a  c o l l ect ion 
Publ ic  a rc h ive" 

P D P- 1 1 

N ova 

1 8-bit  PDP 

Pr ior i m p l e m entations 

M i n i computer H a n d book 
Reference m a n u a l s  
M a i nt e n a n ce m a n u a l s  
C h i p  specif icat i o n s  
M icrocode l ist i ngs 
Pr ior i m pl e me ntat i o ns 

System Reference M a n u a l  
Reference ma n u a  I s  
M a i ntena n ce m a n u a l s  
P r i o r  i m p lementat ions 

Reference m a n u a ls 
M a i ntena nce m a n u a l s  
Pr int sets 
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P u b l i c  a rch ive'•  
M I M I C, p rivate c o l l ect ion 

Private c o l l ect ion 
D i g ita l  a rch ive 
D i g it a l  Austra l i a  col l ect ion 
Private c o l l ect ion 
Private col l ect i o n  
P u b l i c  archive" 
M I M IC, pr ivate co l l ect i o n  

Private c o l l ect ion 
Data G e n e r a l  a rch ive 
Private c o l l ection 
M I M I C, p rivate col l ection 

D i g ita l  a rch ive 
D ig ita l  a rch ive 
D i g it a l  a rc h ive 



Ta ble 7 
Softwa re for S i m u l ators i n  S I M  

Architecture 

PD P-8 

PDP-1 1 

Nova 

1 8-bit  PDP 

Software 

Bas ic  i nstruct ion tests 1 a n d  2 
M e mory m a n a g e m e nt test 
FOCAL69 
OS/8 system d isk 

RT- 1 1 
RSX- 1 1 M  
RSTS/E 
U N IX VS, V6, V7, 2 . 9  B S D  
2 . 1 1  BSD 

RDOS 

No software to date 

option:t l  P D I'- 1 1  i nstructions ) ,  the operating S\'S­
tcm wi l l  be scnsit i\'l: to C\'C l'\' error in im plemcnt :t tion .  
for  example ,  D igi t:t l 's second -generat ion P D P- 1 1  
svstcms-thc PDP- 1 1/05,  1 1 /40, and 1 1 /45-
wcrc debugged with DOS- 1 1  and RSTS :t ftcr d i ag­
nostics L1 i led to detect certain subtle implementat ion 
e rrors . U n fortu nate ly, i n  an  operati ng  S\'Stcm ,  the 
d i st,l l JCC m t ime and space between  the error and the 
S\' lllptom ll1J\' be enormous,  and the  traceab le  path 
1 1 1 ,1\ ' be Jcngtl1\' and complicated . Art iflcts i n  the 
sofn1 arc can �1 lso compl icnc debug:  the OS/8 d isk 
inugc on the I n ternet conta ins  ,1 C0]1\' of BAS I C  that 
i s  broken . 

Results S l M imp lements t(lur  min icomputer arch i tcc­
tU ITS : l'D l' -8 ,  P D I'- 1 1 ,  Nm·a,  and 1 8 -b i t  I'D!' .  Each 
si m u l :t tor inc ludes a part i c u l a r  C l' U ;  basic periphera l s  
such �1s termina l ,  paper tJpc,  c lock, and printer; and 
a selection of mass storage periphera l s  ( sec Tab l e  8 ) .  

The l'DP-8 s imu lator has run  the fOC:AL69 and 
the OS/8 operati ng svstems .  The l'DP- 1 1  si m u l ator 
h:�s run the t(J l lowing operat ing S\'Stcms:  1\T- 1 1  V4 
and V5; l\SX- 1 1 M V4; RSTS/E V8; U N I X  V5,  
V6 ,  �md V7;  �llld BSD V2.9 and V2 . 1 1 .  The Nova 
sim u l ator has r u n  the RDOS V7 . 5  oper:n ing S\'Stcm .  
\! o  S\'Stcm sottware for the 1 8 -b it  P D P  S\'Stcms 
has been t(llmd . The s imu lators were exercised on �111 
A l [lhaSLHion 3000/600 workstation ( approximatc lv 
1 20 SPECint92 ); the  pert(Jrmancc is gi1·cn in T::tblc 9 .  

Figures 2 ,  3 ,  and 4 show screen shots ti·om the various 
simu i J tors running their princip:� l  operating systems. 

In Defense of Com puting's History 

As protCssional engineers \\'ho have been J u dx 
enough to ,,· itn css the computer rc1 ol ut ion, the 
,1u thors bc l i c1·c that the ind ustn· has a du tv to keep 
c,1rh' mach ines a l i 1'C . There arc practic:�l reasons, such 

Location 

D i g it a l  Austra l i a  c o l l ect ion 
D ig ita l  Austra l i a  co l l ect ion 
D ig i t a l  Austra l i a  co l l ect ion 
Publ ic  a rch ive'" 

Tra nscr ibed from rea l system 
Tra nscr ibed from rea l system 
Tra nscr ibed from rea l system 
PDP U N IX Preservat i o n  Society ( P U PS) a rch ive" 
Pr ivate co l l ect i o n  

Pr ivate co l l ect i o n  

as preservation of sofu, �ll'C a nd data ;  be1·ond that, 
the re is an  obl igation to future generations .  In 100  
years, t he  systems ti·om computing's car lv history ll'i l l  
appe:1r to be abso lute d inos:� u rs o f  the past. Yet their 
educationa l  and sociologiGt l va l u e  wi l l  be consider­
able .  A computer is a machine with a sou l ,  and i t  must 
be kept a l i1·e with i ts operat ing cm·i ron menr to show 
i ts abi l i ties and the contcmporarv state of  the art .  
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Ta ble 8 
Arch itectu res I m p le m ented by S I M  

PDP-8 PDP- 1 1 Nova 

CPU PDP-8/E J - 1 1 ,  Q-bus N ova 820 

Options K E 8 E  EAE,  I ntegral F P 1 1 M u lt i p l y/d ivide 
KM8E mem ory extension 

M e mory 4-32 K  words 1 6  K B -4 MB 4-32 K  words 

Ter m i n a l  K L8E D L 1 1 KSR-33, Dasher 

Paper tape PC8E P C 1 1 Yes 

Cl ock D K8E KW1 1 L  Yes 

Printer LE8E LP1 1 Yes 

Storage RX8E/RX0 1 RX1 1 /RX0 1 40 1 9  
R K8E/R K05 R K 1 1 /R KOS 4046/4047, 4048, 
RF08/RS08 R LV 1 1 /RL0 1 , 2 4057, 4234 

M a g n et i c  tape TM8E/TU 1 0  T M 1 1 /TU 1 0  6026 

PD P-4 PDP-7 PDP-9 PDP-1 5 

CPU PD P-4 P D P-7 PD P-9 PDP-1 5/30 

O ptions T 1 7 7 EAE,  K E09A EAE,  K E 1 5 EAE, 
T 1 48 memory KX09A mem ory K M 1 5  memory 
extens ion protect i o n  protect ion 

K P09A power K P 1 5 power 

M e mory 4-8K words 4-3 2 K  words 4-3 2 K  words 4-1 28 K  words 

Term i n a l  K S R-28 KSR-33 

Paper tape I nteg ra l  T444 read e r  
T 7 5  punch T75 punch 

Clock Yes Yes 

Printer T62 T647 

Storage T24 d ru m  

Mag netic  tape 

the hardwa1-c . In ;1dd i r ion,  B i l l  pro,·ided a worki ng 
OS/8 S\'Stcm d isk, and John copied se,·era l P D P- l l  
operating svstcm disks ofT a. worki ng PDP- l l /34. 
Megan Gc ntr)' was an important source of PDP- I I 
f(> lklorc, debugged some of the subtlest problems, crc ­
;1tcd the Ma kctilc, and provided the fi rst and most 
fi-cqucnth· used distribmion site . Ben Thomas 
prm idcd the character- by-character I/0 rou ti nes 
fix VMS . Chri s  Suddick helped debug the PDP- I I 
float i ng-po i n t  code. Warren Toomey and the e n thus i­
asts Jt PU I'S ( the PDP UNlX Prese rvation Society )  
i n  Austr:l i i a  al lowed me access to thei r archive o f  ear l y 
U N I X  rek:ascs . Lcc ndcrt  Van Doorn debu gged 
the PDP- I l s imul ator with U N I X  V6, and Franc 
Grootj c n  with 2 . 1 1 BSD . Larry Stewart  provided the 
in it iJ !  i mpcrus to the p roject, and Ken H arrcnsrcin 
mJdc an im por ra m contriburion to prese n·at ion 
bv i m p l e menti ng �1 DECsystcm- 1 0  s i m u l ator. Last, 
but not least, J\!! Jx B u rnet generous�\' pro,· idcd 
documcnt:�tion and software ti-om the Digital  
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KSR-33 KSR-35 

PC09A PC1 5 rea der-
reader- punch p u n c h  

Yes Yes 

T647 E LP 1 5  

R F09/RS09 R F 1 5/RS09 
R P 1 5/RP02 

TC59/TU 1 0  TC59/TU 1 0  

Austra l i a  col lection, answered q uestions based on his  
:iO vcars of experience with Digita l's S)'Stc ms, and 
m�1tk con nections ,,·ith and i nt roductions to the  
worldwide commu nin· of historic mach ine hobb, · ists 
and cmhusiJsts. 
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Table 9 
S i m u l ator Performa nce 

Simulator S imu lated 
I nstructions 
per Second 

PDP-8 1 ,800,000 

PDP- 1 1 440,000 

Nova 1 . 700,000 

u c o d e r >  p d p 8  

P D P - 8  s i m u l a t o r  V 2 . 2 b 
s i m > a t t  r k O o s 8 . d s k  
s i m > b o o t  r k O 

. D A 0 8 - A P R - 9 6  

. D I R 

0 8 - A p r - 9 6  

C O P Y I T . S V 2 0 9 - M a r - 9 3  P A S S 2  . s v 
D I R E C T . S V 7 1 1 - 0 c t - 9 2  P A S S 2 0 . S V 
C C L X . s v 2 4  2 S - F e b - 9 3  P A S S 3  . s v 
p I p  . s v 1 1 1 1 - 0 c t - 9 2  R A L F  . S V 
F O T P  . s v 8 1 1 - 0 c t - 9 2  R E S O R C . S V 
A B S L D R . S V 5 1 1 - 0 c t - 9 2  R U N O F F . S V 
B A S I C  . s v 1 1 1 1 - 0 c t - 9 2  S A B R  . s v 
B A T C H  . s v 1 0 1 1 - 0 c t - 9 2  S C R O L L . S V 
B C O M P  . s v 2 6  1 1 - 0 c t - 9 2  S E T  . s v 
B I T M A P . S V s 1 1 - 0 c t - 9 2  S R C C O M . S V 
B L O A D  . s v 1 0 1 1 - 0 c t - 9 2  T E C O  . s v 
B O O T  . s v s 1 1 - 0 c t - 9 2  V E R S N 3 . S V 
B R T S  . s v 2 4  1 1 - 0 c t - 9 2  B U I L D  . s v 
C H E K M O . S V 1 5 1 1 - 0 c t - 9 2  B A S I C  . O V 
C O M P A F . S V 5 1 1 - 0 c t - 9 2  B U I L D 6 . S V 
C R E F  . s v 1 3 1 1 - 0 c t - 9 2  B U I L T . s v 
E D I T  . s v 1 0 1 1 - 0 c t - 9 2  H E L P . H E  
E D I T S  . s v 6 1 1 - 0 c t - 9 2  H E L P . H L 
E P I C  . s v 1 4 1 1 - 0 c t - 9 2  H E L P  . o c 
F 4  . s v 2 0  1 1 - 0 c t - 9 2  F O R T ?  . L D 
F R T S  . s v 2 6  1 1 - 0 c t - 9 2  J M P T S T . S V 
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L O A D  . s v 1 6 1 1 - 0 c t - 9 2  F O R T  . F T 
L O A D E R . S V 1 2 1 1 - 0 c t - 9 2  F O R T  . L D 
M A T S T  . S V 9 1 1 - A u g - 9 3  F O R T 2  . L D 
M D T S T  . s v 1 4 1 1 - A u g - 9 3  F O R T 2  . F T 
O C O M P  . s v 8 1 1 - 0 c t - 9 2  D O S  . s v 
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Figure 2 
P D P-8 S i m u lator Running; OS/8 

P C : 0 1 2 0 7  C K S F )  

Real Ratio 
Instructions 
per Second 

400,000 4 . 5 : 1 

500,000 .88: 1 

7 50,000 2 . 2 6 : 1  

2 0  1 1 - 0 c t - 9 2  F O R T 3  . L D  3 0 6 - J u l - 9 3  
5 1 1 - 0 c t - 9 2  C L O S E  . s v 2 1 0 - J u l - 9 3  
8 1 1 - 0 c t - 9 2  F O R T 4  . F T 1 1 1 - J u l - 9 3  

1 9 1 1 - 0 c t - 9 2  F O R T 4  . L D 2 0 4 - A u g - 9 3  
1 0  1 1 - 0 c t - 9 2  F O R T 6 . L D  2 0 9 - A u g - 9 3  
2 4  1 1 - 0 c t - 9 2  F O R T S  . F T 1 0 9 - A u g - 9 3  
2 4  1 1 - 0 c t - 9 2  F O R T S  . L D 2 0 9 - A u g - 9 3  
1 7 1 1 - 0 c t - 9 2  F O R T 6 . F T 1 0 9 - A u g - 9 3  
2 0  1 1 - 0 c t - 9 2  M E T  S C . s v 1 0 1 1 - A u g - 9 3  

5 1 1 - 0 c t - 9 2  M E T S C 2 . S V 1 0 1 1 - A u g - 9 3  
3 2  1 1 - 0 c t - 9 2  E M A T  . s v 9 1 1 - A u g - 9 3  
1 0 1 1 - 0 c t - 9 2  E M D C T  . s v 1 4 1 1 - A u g - 9 3  
3 3  1 1 - 0 c t - 9 2  E M T S T  . s v 1 0 1 1 - A u g - 9 3  
1 6 1 1 - 0 c t - 9 2  S I N S T 1  . S V 1 4 1 1 - A u g - 9 3  
3 3  1 1 - 0 c t - 9 2  A D D E R  . s v 1 3 1 1 - A u g - 9 3  
3 3  1 2 - 0 c t - 9 2  F O R T ?  . F T 1 3 0 - A u g - 9 3  

1 1 8 - 0 c t - 9 2  C L E A R  . L S 2 1 3 - J a n - 9 4  
7 2  1 8 - 0 c t - 9 2  C L E A R  . C F  2 1 3 - J a n - 9 4  

4 1 8 - 0 c t - 9 2  C L E A R  . s v 2 1 3 - J a n - 9 4  
2 0 7 - S e p - 9 3  C L E A R  . P A 1 1 3 - J a n - 9 4  
3 1 8 - 0 c t - 9 2  C L E A R  . B N 2 1 3 - J a n - 9 4  
3 1 8 - 0 c  t - 9 2  D E M O  2 8  2 1 - M a r - 9 5  
1 3 0 - 0 c t - 9 2  D O S  . P A 4 2 5 - J a n - 9 4  

1 4 0 1 - D e  c - 9 2  D O S  . B N 1 2 5 - J a n - 9 4  
1 1  0 1 - D e c - 9 2  D O S  . L S 1 0  2 5 - J a n - 9 4  

1 1 7 - J u n - 9 3  S H E L L  . P A 1 2 5 - J a n - 9 4  
2 0 9 - J u l - 9 3  S H E L L  . B N 1 2 S - J a n - 9 4  
2 0 9 - J u l - 9 3  S H E L L  . L S 2 2 S - J a n - 9 4  
1 2 2 - J u n - 9 3  B A S I C  . W S  1 1 0 - M a r - 9 4  
2 2 S - J a n - 9 4  F O O  . P A 1 3 1 - M a r - 9 4  
2 2 5 - J a n - 9 4  F O O  . B N 1 3 1 - M a r - 9 4  
1 2 6 - J u n - 9 3  
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Modern Fortran 
Revived as the 
language of Scientific 
Parallel Computing 

New features of Fortran are changing the way 

i n  wh ich scientists are writing and maintain ing 

large analytic codes. Further, a number of these 

new features make it easier for compilers to 

generate highly optim ized architecture-specific 

codes. Among the most exciting kinds of 

architecture-specific optimizations are those 

having to do with parallelism. This paper 

describes Fortran 90 and the standardized 

language extensions for both shared-memory 

and distributed-memory parallel ism. I n  par­

ticular, three case studies are examined, show­

ing how the distributed-memory extensions 

(Hig h Performance Fortran) are used both for 

data parallel algorithms and for single-prog ram­

multiple-data algorith ms.  

I 
William N. Celmaster 

A Brief History of Fortran 

The Fortran ( fO Rmula  TRANslating) computer  b n ­
guage \\'aS the resu l t  of  J project begun by John 
Backus at 113 M  i n  1 954. The goal  of  this  project \\'JS to 
provide J "'ay ti.>r programmers to express mJthemJti ­
cal tormu las through a t(xnd ism that computers could 
transl ate i n to machine i nstructions. I ni tia l ly there w:ts 
a great dea l  of skepticism Jbout the efficKy of such 
a schem e .  "How," the scientists asked , "would  :tnyone 
be able to tolerate the indti cicncies that wou l d  resu l t  
from compiled cod e > "  But ,  as i t  turned out ,  the ti rst 
compilers we re s u rprisi n gly good , and programmers 
were able,  for the f-i rst r ime, to express mJthematics i n  
a higb- le\'el compu ter langu age. 

Fortran has e\·ol ved cominual l\ '  over the years in 
response to the needs of users ,  parricularh· i n  rbe are:ts 
of  mathematical  opressi\'i ty, program maintain:tbi l i t\', 
h ard\\'are comrol ( su c h  as I/0 ) ,  a n d ,  of course, code 
optimizations. I n  the meanti m e ,  other languages such 
as C and C + + have been d esigned to better meet the 
nonma thematical  aspects o f  soft\va re d esign , such JS 
graphical  in terraces and complex logical l ayou ts .  These 
languages have caught on a nd have gradual ly begun to 
erode tbe scien tific/e n gineering Fortran code base. 

By the 1 980s,  pronouncements of the "death of 
Fortran" prompted la ngu age d esigners to propose 
exte nsions ro Fortr:tn that \\ O u l d  i ncorporate the best 
features of other high- b·d Llnguages and,  in :tdd ition, 
p ro\· ide ne\\' b·c ls  ohnathematical  exprcssi\·it\' pop u ­
l a r  on supncompu ters s u c h  a s  t h e  C Y  B E R  205 and the 
CR.AY S\'Stems. This language became standard ized as 
Fortran 90 ( ISO/I EC 1 539: 1 99 1 ;  ANSI X 3 . 1 98-

l 992 ) . A t  t h e  presen t  t i m e ,  Fortran 9 5 ,  which 
inc ludes many of the para l lcl ization features of High 
Performance Fortran d iscussed later i n  this paper, is i n  
the tl nal stages o f  standardi zation . It i s  n o r  yet clear 
w hether the modernization of Fortran can,  of itsc l t� 
stem the C tide .  However, I \vi i i  demonstrate in this 
paper that modem FortrJn is a via ble mainstream lan­
guage t<Jr para l le l is m .  J t  is true  that  para l le l i sm is  not 
vet part of the scientit!c programming mainstrea m .  
Ho\\'ever, i t  seems J i kclv that, \\'ith the scien tists' 
ne\·er-ending thirst  t(Jr a tl(Jrd a b l e  performance, par:l l ­
l e l ism wil l  become m u c h  more cornmon -especia l l\' 
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11011· rh �l t  appropt· iate stand ards h :tn: c1·ohcd . J ust as 
ctrk fortran enab l ed a1·eragc scientists �1 11d engineers 
to progr.1 111 the comp uters of the I 960s, modern 
fortrJn m .tl' enable a1 eragc scientists �t nd engineers to 
p rogram p::trJ ik l  computers of the no:t decJd c .  

A n  Introduction to Fortran 90 

Fortr.m 9 0  i ntrodu ces some i mpmont ctpabi l i rics i n  
marhcm�ttical expressil' i tv through a wct l th ut. n :t tu ra l  
constructs ri:>r manipul:t.t ing �m·ays. ' I n  acid i rion ,  
FortLtn 90 i ncorporates modern con t ro l constructs 
and u p - ro -datc fcJturcs fi:Jr data abstr.tction �tnd d�tt:t 
hidi ng. Some of these constructs , ti: >r o:�t mple,  no 
W H I LE, �t l though not part of F O RTRAN 77, arc 
al rcach· part of the de F:Kro forrr�m sra mbrd as pro­
,·idcd , ri: >r example,  11 ith DEC fortLlll .  

Among the kcv nell' features o f  Fortran 9 0  �tre the 
ti. > l loll i ng: 

• I nc l us ion of a l l  of f O RT RA N  77, so users can 
compi le  their F O RTRA. N 77 codes without 
nH >d i tiu rion 

• Permissi hi l itv of frec-ti:)rm source cod e ,  so pm­
grammers em usc long ( i . e . ,  mc.m ingfu l )  v:tr iJh le  
n�t mcs �t nd arc not restricted to begin statements 
in col u mn 7 

• Mod em control structu res l i ke CASE �tnd DO 

W H  l LE, so progr.mt mers c::ut take ad1·�t t 1 tagc of 
srrucrmcd programming constructs 

• Extended control of numeric precision, for arch i ­
rccru rc i ndcpc ndence 

• AtTJI' processing extensions, ti:.>r more c.tsi l y  express­
ing a rray operations and al so for express ing in de ­
pendence ot'c lcmcnt operations 

• Poi mer�, t( Jr more flexible control oflLtta pLKemenr 

• D�tt�t structures, ti:Jr d ata absrr:tcrion 

• Usn-ddi ncd tvpes and oper�ttors ,  rc > r  dat�t 
:tbsrr�tction 

• Proced u res and modules ,  to h elp progr.t mmns 
ll'rire reusable code 

• Stream character-oriented i nput/ouqJu t  te�t tures 

• Nc"' imrin�ic ti.t ncrions 

'vVi th these new karurcs, a modern bortLl l l  pro ­
gr�t m me r  c a n  nor o n l y  successfu l ly  compi le �tnd  cxc ­
cu re prel' ious st:tndards-compl iant Forrr�t n  codes but 
a lso des ign better codes with 

• Dram�ttical lv s impl i fied 11'<1\'S of doing d1'n�1m ic 
memorl' m:tnagement 

• j) , ·n <tmic tncmon· a l locati o n  :md dctl lourion t(.)l' 
memon· m�magcmenr 

• lktter modu lari t1· and theret(Jrc ITUS�tb i l i tl' 
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• Bette r rctchbi l i tl ·  

• Easier program maimcnance 

A d d i tion�t l i l ', of course, progra m me rs ha1T the 
assurance of  com p l ete porrahi l it1· betll'een  p latri:.mns 
:md arch i tectures. 

The t( > l lowing code ti·agmcnt i l l ustrates the s impl ic­
i ty of dynamic  me mory ;t l locttion with Fortran 90.  Ir  
also inc l udes some o fthc new syntax tor decla ri ng l'ari­
a b lcs, some examples of ;trrav man ipul:ttions,  :tnd :tn  
cx�tmpk o f h oll' to usc the nc11· i ntri ns ic m:trrix mu l ri ­
p l iettion fu nction .  J n  addit ion,  t h e  exc lamation m:t rk, 
1\·hicb is used to begin commcm St<ttements, is a nell'  
fortran 9 0  k;ttu rc tlt�l t  11·�ts ll'id c l1 ·  used i n  the p:tsr �ts 
a n  C :\ tcns ion to l- O in 1\.'\;-.,J 7 7 .  

R E A L ,  D I M E N S I O N ( : , : , : ) , 

& A L L O C A T A B L E  : :  G R I D  

! N E W  D E C L A R A T I O N  S Y N T A X  

! D Y N A M I C  S T O R A G E  

R EA L*8 A ( 4 , 4 l , B ( 4 , 4 l , C ( 4 , 4 )  1 O L D  D E C L A R A T I O N  S Y N T A X  

R E A D  * ,  N 

A L L O C AT E ( G R ! D ( N+2 , N+2 , 2 ) )  

G R I D ( : , : , 1 l  = 1 . 0 

G R I D ( : , : , 2 )  = 2 . 0  

A G R I D ( 1 : 4 , 1 : 4 , 1 ) 

B G R I D ( 2 : 5 , 1  : 4 , 2 )  

C M A T MU L < A , B )  

! R E A D  I N  T H E  D I M E N S I O N 

1 A L L O C A T E  T H E  S T O R A G E  

1 A S S I G N P A R T  O F  A R R A Y  

1 A S S I G N R E S T  O F  A R R A Y  

1 A S S I G NM E N T  

1 A S S I G N M E N T  

! M A T R I X  MU L T I P L I C A T I O N 

Some o t' tlw nell' k�tturcs of Fortran 90 1\'t: rc i nt ro ­
d u ced nor o n l\' t( >r s in tp l i ticd progra m m i ng b u t  :t lso 
to perm i t  better lurd11 �t rc-spccitic  opti m izations . 
For examp le , i n  Fortr�t ll 90,  one can ll'rite the �t rr:tl' 
asstgn men t 

A = B + C 

ll'hich in rO R.TRJ\ N 77 II O U i d  be ll'rittcn as 

D 0 1 0 0 J = 1 , N  

D O  2 0 0  I = 1 , M  

2 0 0  E N D  D O  

1 0 0 E N D  D O  

The Fortran 9 0  �t rLtl' :tss ig; t J ll1Cllt 110t on lv i s  more 
elegant but  �t lso permits the comp i l e r to easih· recog­
n ize that the ind i ,· idu�t l  dement �1ssignmcnrs arc I I H.k­
pcn dent  of one �mother. I f rhc compi ler 11·ere targct in� 
a \'ector or p�t r�t l le l computer, i t  cou ld  generate code 
that exp loi ts the .t rc l t i tcctmc [)I '  ta king ad 1·anragc of 
this inckpcndencc bcrii'CC ! t  i ter;tt ions. 

Of course , the p:trt icu lar  DO loop s holl'n :t bo1·e is 
simple enough t lt �t t  m;tnv compi lers would recogn ize 
rhc independence of i terations and could the rdi:>rc 
pert(mn the �� rch i  recru rc-spcc i flc opti m i zations with­
out the aid or· Fortran 90's  nell' a tT<W constructs. But 
i n  genera l , m;my ot' rhe nell' h:arurcs ot· FortrJn 90 
help comp i l ers to pcrti:m11 ;trc h i tccrure-spcciti c  opti ­
m i zat ions .  More im ]JOrt;mt,  these tc:tturcs he lp ]Jro­
gra m m ers e\.prcss b�tsic n u merical  a l gorithms in ll':tl·s 
i nherentk more :tmcnable to optimi zations that take 
ach ant�1gc of m u l tip le  arit ll lltctic u n its. 



A Brief H istory of Paral le l  Fortran: PCF and HPF 

D u ring the past ten \'Urs, t\\'0 significant d't(1rtS h<1\'C 
been u n dcn.tken ro st:1ndard i zc para l l e l  extens ions to 
fort r:tn .  The tirsr of these \\':IS u nder the a uspices of 
th e P:ti'J I I e l  Com p u t i n g  For u m  ( PC F )  and r;� rgctcd 
g loha l -sh;m:d - m c mor\' arch itectures.  The PCF eft(Jrt 
\\',1S d i rectcd to control para l le l i sm,  \\'i rh l i  trl c ;� trc n ­
rion ro l ;mgu<lgc tl: a rurcs t(x managing d a t a  Joca l i t\·. 
The I 99 1 l 'CF st:t ndard establ ished a n  <lpproach to 
sharc d - memorv e x tensions oF Fortra n and :t lso esta b­
lished an i meri m svnt<l X .  These extensions were I a  ter 
somcw h;H mod i ricd <l nd i ncorporated in the sta ndard 
extensions now known :ts ANS I X3 H 5 .  

At :t bou r  the r ime t h e  ANSI X 3 H 5  sr:tndard 
''' <lS <ldoptcd , ;mother stand a rd i zation com m i ttee 
beg:m work on c\tcnd i n g  Fortran 90 f(x distri b u rcd­
memor\' ;�rc h i tcdUI'LS, \\'ith the goal of pn1,·id i n g  
<1 h n guage su itab le  t(Jr sca lab le com p u t ing. This 
committee became knm,·n <1S the H i g h  Pcrturm<1ncc 
For tr<l ll For u m  :m d prod uced in  1993 the High 
Pert( >rmance Fortr<l ll ( H P F )  langu age speciticnion .'  
The H I' F  progl'<l lll lll i n g-modcl target \\'JS dat:t par;l l ­
l c i l s m ,  :md n1 :1n\· da t:� 11 laecment d i rccti,·es arc pro­
,·ided t( > r  the progr:t mmer to optimize datJ loca l i t\·. I n  
add it ion , H l'F i nc ludes \\':1\'S to speci �· a more gen eral  
srv lc ofsingle- progr:1m-m u l t ip le-data ( SPM D )  execu­
tion i n  11·h ich scp:1 rarc processors can in dependently 
work on d i Hi.:rc m  [1<\rtS of the cod e .  This SPMD spcci­
ti urion is t( mnal ized in such a way a s  to make the 
res u l  ring code br more mai nta inable than previous 
mcss:lge- p:�ssing-J i br;try  w:1vs of speci fv ing S PM D d is­
tri buted p:tr<l l i c l i s m .  

Cm H PF <l lld J>C.F otensions be used together  in  
the  S<t l l lc Fortr;m 90 code )  S u n : .  Rut the  PCF spcci ti ­
cnion h.1s lots of  " uscr- bc\\'are" \\'a rn i n gs about the 
correct us:1gc of the PA IZA L L E L  REG I O N  construct, 
and the H PF spc ci tication has lo ts of ,,·a rn i n gs about 
the co1Tect l iS<lgc of the FXTfUJ\'SI C( H P F_ I .OCA l . )  
construct .  S o  <lS \'OU em sec , there arc times \\'hen 
:1 progr<1111Jl1er had better be ,·en· kl10\\' Iedgcablc if  she 
or he  \1 ants to \\Titc :1 mixed H PF /PCF cod e .  Digita l 's 
prod ucts su pport both the PCF and H PF e x tensions.  
The HPF ntcnsions �1 re su pported as part of thc D EC 
Fortran 90 comp i ler, :1 1 1d the PCF extensions :.tiT s u p ­
ported throu gh Digital 's  KAP Fortran optimizer:' • 

Sha red Memory Fortran Para llelism 

The tr:ldi tion<li d iscussions of paral le l  computing r<xus 
r:nhcr hc;wi ly  on \\'h:tt  is known as control parallelism. 
N<lmcl v, the appl icat ion is a n JI�'zcd i n  terms of the 
opport u n i ties r(>r par:t l lcl execution of \'J rious thre ;tds 
of con trol . The C<1 11on ic:t l e\am plc is a DO loop in 
\\'h ich  the ind i,· id t � <l l  i terat ions operate on i n d e ­
pe ndent lht<1 . b c h  i teration could , i n  pr i nc i p l e ,  b e  

execu ted s i m u ltancouslv ( pr()\' idcd of course t h a t  the 
hard \\'<l lT a i Jo,,·s s i m u l taneous access to i n struc tions 
;m d d:na ) .  Tech nologv has e\'oh·ed to the poi n t  at 
"' hich compi lers arc often able to detect th ese k inds  
of para l l c l i zation opportu ni ties and a u tom;Hica l h­
dccom pose codes.  En:n when the compi ler is not Jb lc  
to make this  ana lvsis, the progra mmer often is <1ble to 
do so, perhaps after pcrt(x m i n g  a kw <1 lgori thmic  
mod i fications.  It  is then relati\ 'ely easy to prm ide l :� n ­
guage constructs th:tt the user can add to the program 
<1S fXlra llcl i z:nion h i nts to the compi le r. 

This kin d  of a na lysis is al l  we l l  and good , pro\' idcd 
th:n data em be accessed democratically and quickly by 
;1 1 1  processors. With modern hardware docked at about 
300 meg:t hc rtz, this JJllou n ts to saving that mcmorv 
la te nc ies :m: lower than 100 na noseconds, ;md mcmorv 
bandwidths arc greater than tOO mcgalwrcs per sec­
ond .  This ch;1r<1Ctcrizes tod av's single and symmetric 
m u l ti process ing ( SMP)  comp u ters such .1s Digit<1 i 's 
Alph<lSc n·cr R400 svsrcm,  ,,·h ich comes ,, · i th  t\\T kc 
600 - m c ga tlo�1 processors on a backpLlnc \\' ith :1 band ­
\\ ' idth of close to 2 gigab,·tes per second .  

I n  sum m:�n·, the  beau t\· o f  s h a rcd - m cmon· par:l l ­
kl i sm is that the program mer d oes n o t  need to \\'OITI' 
too much abou t ,,·[Jere the d ata is and can conccntr:Hc 
i nste:td on the c:tsicr problem of control p:Jr:� l l cl ism . J n 
the s i m p l est  cases, the compi ler  c:u1 au tonLHic:� l l v 
deco mpose the problem \\'ithour req u i ri n g  <l ilY code 
mod i fications. For example, automatic decomposit ion 
rc>r S M P  systems of a code cal led , t()r C\ <1 ll1 p l c ,  dd . f, 
can be done trivi :J I Iy with D igita l 's KAP opti m i ;.cr by 
using rhe command l i n e  

k f 9 0  - f k a p a r g s = ' - c o n c ' c f d . f  - o  c f d . e x e  

As :tn example o f  guided a u tomatic d ecomposi tion , 
the r( > l lo\\' ing shO\\'S hO\\' a l<A l' parJI ! c l i za tion <1 SSLr­
tion em be i n cl uded in  the cod e .  ( Actu:l lh-, the code 
segment bcl o\\' is  so s i mple t h a t  the compi l e r  cJn J u to­
matiulh- detect the para l l e l ism ,,·i thout the help ofthc 
asse rtion . )  

C * $ * A S S E R T  D O  < C O N C U R R E N T )  

D O  1 0 0 I = 4 , N  

A ( ! ) = 8 ( 1 )  + C ( l )  

E N D  D O  

for nplicit  co ntrol o f  the p:.tra l lc l i sm,  l'CF d i rcc­
ti\'CS can be used . I n  the e\amplc that  tcl ll ows, the KAl' 
preprocessor tiJrm o f  the PCf d i rectives <l rc used to 
par;1 1 lc l izc a loop.  

C * K A P * P A R A L L E L  R E G I O N 

C * K A P * & S H A R E D ( A , B , C l  L O C A L ( ! )  

C * K A P * P A R A L L E L  D O  

D 0 1 0 I = 1 , N 

A ( ! ) = B ( ! )  + C ( l )  

1 0  C O N T I N U E  

C * K A P * E N D  P A R A L L E L  R E G I O N  

\'ol . ll  :--:o .  3 1 '-)9(> 4 1  
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Cluster Fortran Parallelism 

H igh Performance Fortran V l . l  is cu rrc n tl \ '  the o n lv 
language st�1nd ard for d isrri butcd - mc mon· para l ld  
computing .  The  most s igniticm r \\'JY i n  ll'h ich H P F 
extends Fortran 90 is th ro ugh a rich b m i l\' of data 
placement  d i rectives. There arc ;llso l i brary rou ti nes 
and some extensions for con trol p:lr:JI Iclism . HPF 
is  the s implest way ofpara l lel izing d ata-para l lel ;lppli ­
cuions on c l usters ( also known as " b nns " )  of work­
st:Hions and servers. Other m ethods of c l uster 
para l lel ism , such as message passing, req u i re more 
bookkeeping and arc there fore less ClS\' to express and 
less cls\· to maint:�in .  In :.�ddit ion,  dming the past \'Car, 
H Pl-' h;�s become ll'idely ava i l a ble :t nd is supported on 
the pLnfcmns of all major vendors .  

H P F  i s  often considered t o  b e  ;1 dolo JHtm!!c! l :m ­
gu;lge . That i s ,  i t  fac i l i tates para l l e l iz:Hion of array­
bas:d a l gori th ms i n  which the instruction stream can 
be d escribed as a seq uence of array manipu lations,  
c:�ch ohvhich is i n h e rentl y pa ra l l e l . What is l ess we l l  
known is t h a t  H P F  a lso p rovides a power fu l wJy of 
expressi ng the more ge neral S PM D paral le l i sm men­
tioned c:1rlier. This ki nd ofpat·allc l i sm,  often expressed 
with mcss:�gc-passing li braries such  Js t\tl l' l ,' is one i n  
whi c h  i ndiv idua l  processors can oper;ue s i m u l ranc­
ous lv  on i ndependent i nstru ction strea ms :1nd gcner­
:t l lv  �xchange data either b\'  e xpl ic it!\' sharing mc morv 
or lw cxclunging messages. Three case studies f(> l lm\· 
ll'h i�h i l lustrJte the d ata parJ I Ic l and the S l' tVI D srvks 
of program ming. 

A One-dimensional Finite-difference Algorithm 

Conside r a s imple one-d imensional  grid problem­
the most m i n d - bogglingJ y s imple  i l l ustr:J tion o f  J-! P l-'  

i n  action-in which each grid val ue is u pd ;Hcd as ;1 l in ­
Cl r combinJtion of i ts ( previous)  nearest n eighbor s .  

For eJch interior grid index i. t h e  update ::ligorithm is 

Y( i )  = X( i - l ) + X( i + l )  - 2 X X( i )  

I n  fortr:tn 9 0 ,  the resu l ti ng D O  l oop un be 
expressed as a s ingle array :.�ssignmcm. Holl' \\'ou ld  
this  be  para l lc l i zeci >  The s implest \\'J\' to  im�1ginc p<l ra l ­
l e l iz:Jtion would be t o  partition the X and Y arr:l\'s i n to 
equal-size c h u n ks, with one c h u n k  on c;lch processor. 
E:tch i teration could proceed s imultaneou sly, and at 
the c h u n k  bou n daries, some com m u n ication would 
occ u r  between processors. The H PF i m plementa tion 
of this idea is s i mply to add the Fortran 90 code to two 
data pbcc ment statements. One of thcse dcc!Jres that 
the X arLl\' should be d istri buted i n to c h u n ks ,  or 
blocks. Th� other decbres that the Y �liTa\' shou ld be 
d istribu ted such th:tt rbc dements <l l ign to the same 
processors as the corresponding c lements of the X 
arra\'. The res u l tant  code for a n·a\·s \\·i th  1 ,000 c l e ­
ments is :ts tol l  oil's: 
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1 H P F $  D I S T R I B U T E  X ( B LO C K l  

! H P F $  A L I G N  Y W I T H  X 

R E A L * 8  X ( 1 000 l ,  Y ( 1 00 0 )  

< i n i t i a l i z e x >  

Y ( Z : 99 9 l  = X ( 1  : 9 9 8 )  + X ( 3 : 1 0 0 0 )  - 2 * X ( 2 : 9 9 9 )  

< c h e c k  t h e  a n s w e r >  

E N D  

The H Pr compiler is responsible f()r generating a l l  of 
the bound:trv-e lemem comtmmication code .  The com­
piler is  a lso ,:csponsiblc f(>r determining tl1C most C\'en 
d isrribmion of ;HT�lvs. ( I t� f(lr example,  there were 1 3  
processors, some chu n ks \\'Ou ld  be bigger than others . )  

This s imp le  example is useful nor on ly  as ;l n i l lustra­
tion of the po\\'er of H PF hut a lso as a way of point ing 
to one of the h <l t:<lrds of par�1 l l e l  a l go ri t h m  de\·clop­
mcnr. Ead1 of the e lcmc m - u pd ates i m·olvcs three 
tloaring-point opcr:ttions-a n  ad d itio n ,  a su btraction,  
and a m u l rip l icuio n .  So,  JS :1 1 1  example , o n  a fc>ur­
proccssor system ,  e:tch  processor wou ld operate on 
250 cle ments with 750 floating-point operations .  ln 
addit ion,  each processor wou ld be req u i red to com­
m u n icate one word ofdJta f(x each o f  the two chunk 
bouncbrics .  The ti m e  th;lt eac h of these commu n iu­
rions takes is knm\·n as the com m u nications latcn cv. 
T\vica l  tra nsmission control protocol/i n ternet proto­
col ( TCP /IP ) nc t\\·ork l atencies a rc t\\·enn· thousJnd 
ti mes (or more ) longer  th:tn  the time i t  t'l'picalh' t:1 kes 
a h igh- pedclJ'Iumce S\'Ste m to perform a floating­
poi n t  opera tio n .  Thus C\'en 750 floating- point oper;l ­
rions arc negl igible com pared with t h e  t ime t;1ken to 
comm u n i cate . I n  the a bove exam p l e ,  nct\vork par<l l ­
klism wou l d  be a n c r  loss, s i nce t h e  total execution 
time would be totJ I Iy sw:� m ped by the net\vork 
latencv. 

Of �o ursc, some comnumication mechanisms ;ll'C of 
lower l atc ncv than TC : l '/ I P  J l C t\vorks . As an exa m p k ,  
Digi ta l 's im�1 lcmcnrarion of M EMORY CHAN N E L  
c luster  interconnect redu ces the la tcnC\' to less than 
1000 fl oating-poi n t  ope rations ( re i Jti\ 'C to tbc pcrf()r­
mance of� sa\', DigitJ I ' s  AlphaSta tion 600 5/300 S\'S­
tcm ) .  For S M P ,  the L1tcncv is e\Tn smaller. Jn both 
cases, there mav be a benefit to f1aral le l ism . 

A Three-dimensional Red-Black Poisson 

Equation Solver 

The example of a onc - d i mcnsion<JI  a lgorithm i n  the 
previous section can be easily genera l i ze d  to a more 
real istic rlu-ee-d imcnsiotLl l  <l lgorirhm tor solvin g  
the Poisson cqu:� rion us ing a re l axation tec h n i q u e  
commonlv knm\'ll a s  t h e  red-black method . The 
grid is pa;·r ir ioned i n to two colors ,  tollowing :1 t\\'0-
d i m e nsion:� l  checkerboard arrangement .  Each red 
grid clement is upd ated based on rbe values of ne igh­
bori ng bbck c lements .  A s imi lar  arrJv assignment can 



be written :�s in the pre,·ious n:�mplc or, as shown i n 
tlw p:�rr ia l  code segmen t  below, a l ternative l v  can use 
the H PF FO RALL construct to e xpress th

.
e ass ign­

ments in  a stv le simi lar  to that for seria l  DO loops . 

1 H P F $  D I S T R I B U T E < * , B L O C K , B L O C K )  : :  U , V  

< o t h e r  s t u f f >  
F O R A L L  ( ! = 2 : N X - 1 , J = 2 : N Y - 1  : Z , K = Z : N Z - 1  : 2 )  

U ( ! , J , K )  = F A C T O R * ( H S Q * F ( I , J , K )  + & 
U ( I - 1 , J , K )  + U ( l + 1 , J , K )  + & 

The d istri bution d irective lays out the arr;1y so that 
the ti rst d i m e nsion is completely contained with in  
a processor, with t he other  two d i m e nsions block­
d istribu ted across processors i n  recrangul: u· chu n ks .  
T h e  red-black c h eckerboard i n g  is  pedi:mned a long 
the second and th ird d i mensions.  N ote :�lso the 
FortLln 90 ri-cc - torm synt:�x emploved here,  i n  which 
the ampersand is  used as an e nd - of- l ine conti n uation 
statement.  

In this  ex ;lmpk, the para l l e l ism is s imi lar  to that  

of the one-dirnensiotlJI  ti n ite-difkrence ex:tmple .  
However, communication now occurs along the two­
d i mc nsionJ I  bou ndaries between blocks. The H PF 
comp i l er is responsible tor these commu nications .  
Digit:: d ' s  Fortran 9 0  compi l e r  per forms several opti­
m i za tions of those comm u n ications . F irst,  it p:lck­
ages up a l l  of th e  d:1ta that m u st be com m u n ic:1ted 
i n to long \'cctors so that  the start- u p  l a tcncv is  efkc­
ti\ e lv  h idden . Seco n d ,  the comp i ler  creates so-c:1 l l ed 
sh;ldo\\' ed ges ( processor- l ocal  copies of nonlocal 
bou mhrv edges ) ti:)r the loc:1l arrays so JS to m i n i m i ze 
the ctkct of b u fkri ng of neigh bor \';l l ues .  These kinds 
of optimizations cu1 be extreme ly ted ious ro message­
passing programmers, and one of the virtues ofJ h igh­
level bnguage l ike H PF is that  the comp i ler can t�1ke 
GilT of the bookkeeping.  Also, s i nce the compi ler 
cJn rek1 b l y do bu ffer- m a nagement  bookkeeping ( for 
e x;lm pk, ensuring that com m u n ication buftcrs do not 
ovc rtlo\\' ) ,  the com m u n i cations runt ime l i brarv can 
be optimized to a b r  greater extent than one '�·ould 
normal lv opect from a user-sate messJge l i brJrv. 
I ndeed , D i git;l l ' s  H P F  com m u n i cations arc performe

-
d 

using ;1 proprict::ln' opti m i zed com m u n i cnions l ibra rv, 
Digiul 's P;lra l l c l  Software Em·ironment .'' 

. 

1 H P F $ D I S T R I B U T E ( * , B L O C K )  : :  U 

1 H P F $  A L I G N  V W I T H  U 

Communications and SPMD Programming with HPF 

S ince H PF can be used to pbce d ata, i t  stJnds to 
reason that  comm tmication can be torced bcn,·cc n  
processors. T h e  beaut\' of H PF is th:lt  a l l  of this  c a n  be 
done i n  the con te x t  of mathematics rather than i n  the 
context of distri b u ted para l l el programmi ng. The 
code ti·agment in  figu re I i l l ustr;l tes how this  is done. 

On nvo processors, the two col umns of the U <llKi V 
arrays arc each on d i fkrent processors; thus  the arrav 
assignment causes one of those co l u mns to be move�i 
to the other processor. This kind oL1n operation begins 

to provide progr;1mmers with exp l ic i t  wavs to control 
data com m u nicJtion ;md thcrdi:>re to more expl ici tlv  
manage the associJtion of d ata and operations to 
processors. Notice that the programmer need not be 
expl ic it  about the pJra l l c l ism . I n  fact, scientists ,md 
engineers rJrclv ''';m t to e x press pJra l lc lism . In tvpie1l  
messagc-pJssi ng progr;1 ms, the messages often express 
comm u n icJtion oh·ector and atTa\' i n t()rn1ation. 

However, despite the rcn·enr hopes of program mers, 
there a rc ti mes when a p::1ra l l d  a lgorith m c1n be 
expressed most si mply :1s :1 col l ection of individu;l l  
i nstruction streams opcoting on local datJ. This SPM I)  
style ofprograrnming can be expressed in HP.f with rhe 

EXTRINSIC( H PF _LOCAL ) d\:cbration ,  as i llusrr;Hcd 
by conti nuing the ;lb<)\'e code segmen t  as shown i n  
Figu re 2 .  

Because r h e  su bro u tine  C I-' D  i s  declared to be 
EXTRINSIC( H PJ-' _LOCA L ) , the HPf comp i l er exe­
cutes that rou tine  i ndependent ! \· on c1eh processor ( m 

more gen era l ly, the exec u tion is done once per peer 
process ) , operat ing on rou tine- local data.  As t()r t i le 
array argu ment,  V, which is passed ro the CFD rou tine,  
each processor operJtes on ly  on i t s  l ocJ[ s l ice  of rh ;H 
array. In the specific example above on t\YO processors, 
the ti rst one operates on rhe tirst col u m n  o f V  :�nd the 
second one operates on the second col u m n  of Y. 

I t  is i mportJ t lt  to me ntion here that, a lthough H Pf 
permits-Jnd n·en encourages-SPMD progr;l m ­
ming, t h e  more popu lar  method at t h i s  time is the 
m essage - p:1ss i n g  tec h n i q u e  e m bodied in, tor examp le,  
the PVJ'vf Jnd MPF li braries.  These l i braries can be 
im·oked ti·om Fortr;l l J ,  ;md can also be used i n  conj u nc­
tion wi t h  EXTR.lNS I C( H l�F _LOCAL) su brou tines. 

R E A L * 8  U ( N , 2 ) , V ( N , Z )  

< i n i t i a l i z e a r r a y s >  
V ( : , 1 )  = U ( : , Z )  1 M O V E  A V E C T O R  B E T W E E N  P R O C E S S O R S  

Fig u re 1 
Code Ex,l lllpk Showing Con trol of Data Co1nnJ u u i carion \\·i rhout Expression of Para l l e l ism 
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C A L L  C F D ( V )  ! D O  L O C A L  W O R K  O N  T H E  L O C A L  P A R T  O f  V 

< f i n i s h t h e  m a i n  p r o g r a m >  

E X T R I N S I C ( H P F _L O C A L )  S U B R O U T I N E  C F D ( V L O C A L )  

R E A L * 8 ,  D I M E N S I O N ( : , : )  : :  V L O C A L  

1 H P F $  D I S T R I B U T E  * ( * , B L O C K )  : :  V L O C A L  

< d o  a r b i t r a r i l y  c o m p l e x w o r k  w i t h  v l o c a l >  

E N D  

Figure 2 
Cmk Ex;l mp lc of l\Jra l k l  A l gorith m Ex f>rc·w,;d as Col lection ofT nstruction Strc;uns 

Clusters of SMP Systems 

D tu·i ng these l�1st tC\\' vears of the second m i l l e n n i u m ,  
11·c :1 re 11· im essi ng the emergence of svstcms t h a t  con ­
sist of c l usters of sh arcd - m cmorv S M I' com p uters . 

This exc i t ing dc\·e l opmcnr is the logiul res u l t  or· the 
opon c n ti;l l  i ncrease in pcrrcm n:mce of m id- priced 
( $ l  00 K to $ 1 000 K) systems. 

There arc rwo natural  ways of wri t i n g  p:1ral le l  
fortr;m programs tor dusters of  SM P systems .  The 
e:1sicsr w:1y is to use HPF and ro t:1 rgct t h e  tota l n u m ­
ber of processors. So, tor example ,  i f  thnc \\'ere two 
S M P  svsrc ms, each \\' i th tour processors, one wou l d  
compile the H P I-'  progr:1111 t(>r e i ght p rocessors ( m ore 
ge nera l ! \ ·, r(>r e ight peers ) .  I f  t he progr<lm cont<l ined,  
rc>r i n stance, block-distri bu ti o n  d i rccti\'CS, the :1th.:cted 
:l lT,l\'S \\'Ou ld be spl i t  up i nto eight chu n ks ofcomigu­
ous aJTJ\' sections.  

The second \\'�lY of wr i ti ng p:1r:1 l l c l  fortran pro­
grams ti.)l' c l ustered S M P  svste ms is to usc H PF to 
target the to ta l n umber o r' SM [> mJch ines a nd then  
to usc PC : I-' ( or more genera l ly, shared - memory orcn­
sions)  to ac hicve para lle l ism loc:Jlly on c:1ch of thc SM P 
mac h i ncs. for cxa mple, 011c might writc 

! H P f $ D I S T R I B U T E  ( * , B L O C K )  : :  V 

< s t u f f >  

E X T R I N S I C ( H P f _ L O C A L )  S U B R O U T I N E  C f D ( V )  

< s t u f f > 

C * K A P * P A R A L L E L  R E G I O N 

l f the target S\'Stem consisted of t\\'0 SJ\.l l' s�·s re ms , 

C:lCh \\'ith rcmr processors, and the :lbO\'C J1n>gr:lm \\':JS 
compiled t-i.)l' t\\'O peers, then the V :-tiT�l\' \HHdd be d is ­
tri b u ted imo rwo c h u n ks of co l u m ns-011c c h u n k  
per SJ'vl P svste m. Then the ro u r i nc, C�D,  wou ld bc 
exec u ted once per SMP syste m ;  and rhc l'Cr d irectives 
wou l d ,  on e:-�ch system, cause p<lr:l l lc l ism on t()Li r 
th rc:1ds ofcxccu rio n .  

I t  is u nclear at  t h i s  time whether there wou l d  e \'L r  
b e  a pr:1ctic:1l rcason for u s i n g  <1 m i x  of H P I-'  a n d  I 'CF 
e x tensions .  I t  m ight be te mpt i n g  to think rhar there 
\\·otdd be perr(mnance ad\·a mages assoc i:ne d \\ i th t l1c 
loca l  usc of sha red -mem on· p:1r,1 l l c l ism . HO\\.c\·er, 
ex peri e n ce has s h0\\ ' 11 that  program pcrt(mll:lnce 
re nds to be restricted b,· the weakest l i n k  in rhc pertC.>r­
nunce cha in  (an obsen·at ion th<H Ius been e nsh ri ne d 

Disir,d Tcdlll iul fuurml Vol . � No. :1 I ')<)6 

as "Amlb h l 's LJ\\·" ) .  I n  the cJsc of clusrercd SM t> s\ s­
rems, the \\T:Jk l i n k  \\'o u l d  be the i nrcr-SM P com m u ­
nication ;lnd 11ot th e in tr�1 -SMP (shared - mcmor,· )  
commun iGltion.  Th is casts some d o u b t  on the worrh 
o f loul  comn1 u n ie;1r ions op ri l ! l i zarion s .  Experimenta­
tion \\·i l l  be neCCSS<ll'\'. 

vVhate\·cr c.lsc one might s:J\' about para l l e l i s m ,  one 
thing is certa i n :  The fu tmc w i l l  nor be boring.  

Summary 

fortran \\':JS dC\-c lopcd :md h ;lS  cont inued to c\·okc :-�s 
a computer l ;1 n g u :1ge that is  p J rt icu l arh· s uited to 
express ing m:Jthc maric1l  t-(mn u l as . Among the rece n t  
extensions t o  fortr:l l l  a rc :1 \':ll'ict\' o f  constr ucts te n 
the h igh- b·el m:l ! l ipu lation oLln:l\'S. These constructs 
are especiJ ih ·  :1 mcmble to par:1 l l c l  opti mization. In  
add it ion, there ,1rc extensions ( PC�)  for e x p l ic i t  
shared -mem or\' p:lr:l l l c l i t.;lt ion : 1nd also data -p:1r:1 ll c l  
extensions ( H P� ) t(>r c l us ter paral ldism.  The Digiul  
Fortr<lll compi ler  pcrtcm11S m;l lly inte resti n g  opti miza­
tions of codes wri rrcn using H P I-'.  These HPf codes 
are able to h i d e-wi thout  s;JC r i ti c i n g  per formance­
much of the red i u m  th:J t  otherwise <lccomp:mics c lus ­
ter  prog1·a m n 1 i n g .  TmLl\', the most exc it ing fron tier  
tor Fortr:tn i s  rh:H of SM 11 c l usters a n d  other 
ll011 Lin i t-i.mn- !11e l11or\ ' - ;Kccss ( :'\ U MA )  S\'Stems. 
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Performance 
Measurement of 
TruCiuster Systems under 
the TPC-C Benchmark 

Digital E q u i pment Corporation and Oracle 

Corporation have annou nced a new TPC-C 

performance record in the competitive mar-

ket for database applications and UNIX ser-

vers on the AlphaServer 8400 5/350 fou r-node 

TruCiuster system. A performance evaluation 

strategy enabled Digital to achieve record­

setting performance for this TruCiuster con­

figuration supporting the Oracle Parallel Server 

database appl ication under the TPC-C workload. 

The system performance in this environment is 

a result of tuning the system under test and tak­

ing advantage of TruCiuster features such as the 

M E MORY CHAN N EL intercon nect and Digital's 

d istributed lock manager and d istributed raw 

d isk service. 

Di!,!.i t .ll 'kchniol ) ounul Vol .  tl No. 3 1 996 

I 
Judith A. Piantedosi 
Archana S. Sathaye 
D. John Shakshober 

Current i nd ustrv trends ILl\'C mm'Cd from centra l i zed 
computing ofkred lw u n iprocessors and svmmetric 
m ulti processing ( S M P )  S\'Stems to m u l tinode , h ighh· 
a\·a i l a b le and sel l a b l e  s\·stems, cal led c l usters . The 
Tru C i u ster m u l ticom p u ter svstem tor the D igital 
U N  1 X en\ 'i ron ment is  the l atest cluster p roduct from 
D igital  Eq u i pment  Corporation . 1 In this paper, \\'e 
d iscuss our test and resu l ts on a tour- node Al phaServcr 
8400 5/350  TruCiuster configuration s u pport i n g  the 
Oracle Para l le l  Server data base appl ication. We eva l u ­
ate th is  system u nder  the Transaction Process ing 
Pert(m11ance Counc i l 's TPC-C be nchmark to prm·id e 
pcrt(Jrma nce resu l ts in the compet iti\ e market f(>r 
d ata base Jpp lications. 

The TPC:-C bench m �1rk i s  a med i u m-complcxit\', 
on -l ine trans:tction Jlrocess i ng ( O LTP) ,,·orklo:�d . ' ' I t  
i s  based on :111 ord er-enrrv workload, \\' ith d i ff-eren t  
transaction types rangi ng hum simple transactions to 
med i u m -complcx itv tra nsact ions that have 2 to 50 
t imes t h e  n u m ber of ca l ls of a s imp l e transaction! To 
run the TPC-C benc h m ark on a c l ustered system, the 
operating system and the database e ngine m ust present  
a s ing le  chtabJse to the benchma rk c l ient .  Thus the 
Tru Clustc :r syste m runn ing the Oracle PJra l lc l  Server 

di fters greath· �i·om a network-based c l uster S\'Stem l)\' 
two signiliGlnt katures. fi rst, rhe D igi t:t l U N I X  d istri b­
uted ra1,. d isk  ( D R D )  sen·ice en �1b les the d istrib u ted 
Orac l e  Para l le l  Senn to access a l l  Ll\1' d isk \'O i u mcs 
regard less of the i r p lwsicll l ocation in the c l uster. 
Second ,  the Oracle Par,1 l l e l  Sen er uses D igitaJ 's d istri b­
uted lock maiLlger ( D LM ) to S\'llchronize a l l  access to 
sh ared resources ( s u c h  as i tJ memory cache blocks or 
disk blocks) across a Tru Cluster sysrem .  

In  t u n i ng the system u nder test , \\'e used the D RD 
Jnd the D LM snv ices to balance the  data base across 
the Tru C i uster m u l t icompu ter syste m .  The con fig­
uration i nc l ud es a spec i <ll ized pe ri ph eral com po­
nent i n terconnect ( PC l )  known as the M E M O RY 

CHANN EL intercon nect to greJtlv i m prove the ban d ­
\\'id th a nd btenc\' bet\\'een t\\'O o r  more member 
nodes . '  vVe tuned the S\ 'Ste m under test  to attai n the 
peak ba nd"·id rh of 100 megah\'tcs per second ( M B/s ) 
for hean· internode commu n ication d u ring ch eck ­
poi n ting b\· us ing a ded icated PC:l bus tor the 
ME!'vlORY CHA N N EL i mcrcon ncct.  We also tuned 



the S\'stcm u nder test to usc the 1 ·en · l a rge mcmon · 
tcc ll llo logv and trade off mc mon· r()r the database 

cache with mcmon· for D L M  l ocks to i mpro1-c the 
through put .  ( For a d iscussion of this tcch nologv, see 

the section Pcdormance E1·a l uat ion M cthodo l ogv. ) 
vVc measu red the ma x im um th roughp u t , the 90th 
percenti le  response time for each transaction type, and 
the keying and think ti mes . F ina l ly, we com pared our 
measured throughput and pricc/pcd(m11ancc with 
compet i t ive vendors l ike Ta ndem Com puters and 
H ewl ett- Packard Compa ny. 

The rest of the paper is organ ized as f(> i l ows . In the 
next section , we provide a svnopsis of the TruCi ustcr 
tech nology and i ntroduce the Oracle Para l le l  Scn·er, 
an optiona l Orac le product tlut enables the user to use 
TruCiustcr tcch nolog1· with the Oracle relational 
d atabase management S\'Stcm .  Fo l lowi ng th;lt, we gin: 
an m-cn·i cll ' of the TPC-C bcnchm;Jrk .  Next, 11-e 
descri be the system u nder test and o u r  ped(mnance 
ev;llu ation methodology. The n we d iscuss om pc rf<>r­
mance meas u rement  res u l ts and compa re them with 
com petitive vendor results. Fin a l ly, 1vc present our 
concl ud i ng remJrks and d iscuss our tl l tlll'C work. 

TruCiuster Clustering Technology 

D igita l 's Tru C i uster  con figu ration consists of inter­
con n ected com pu ters ( u n iprocessors or SM Ps) and 
extern a l d isks con nected to one or more sh ared , sma l l  
comp uter systems i n terC1ce ( S CS I )  buses provid i ng 
scn·iccs to c l i ents . '' It presents a s i ng l e rJII' vo l u m e  

n a i1Kspacc t o  a c l ient  with better app l ication av;l i lab i l ­
ity than a s i ng le system and better sca l ab i l i ty than a n  
SM !' . A TruCiuster con figu ration supports high ly par­
a l lc l izcd database managers, such as the Oracle PJralk l 

, - - - -

SERVER 1 

M EMORY 
CHANNEL 
ADAPTER 

Serl'cr, to pr01·ide i ncre menta l  pedorma nce sca l ing 
of at least 80 percent r()r transJction processi ng appl i ­

cations . The u ndcr l l' i ng tcc h no l ogl' to pro1· ide this  
i ncremental  growth i ncludes a PCI- based M E M O RY 
CHAN N E L  in tercon m:ct t()r com m u nication betii'Cen 
c luster me mbers .'' The M E MO RY C H A N I' F L  
i n terconnect prov id es a 1 0 0 - M B/s, memory-m<lppcd 
con nection between c luster members . '  The cl uster 
members map transfe rs ti·o m  t he M E M O RY 
C H AN N E L  i n terconnect i n to  their  memory usi ng 
standard mcmorv :1cccss i nstructions. The use of 
me mory store i nstructions rather than specia l 1 /0 

i nstructions prc)l' ides low IJtc ncv ( tii'O microsecond s )  
a n d  Jow OITrhcad f()r a tra nsfl:r o f  a m ·  Jength . -

Tbe Tru C i ustcr r(>r D ig it;l l U N I X  prod uct su pports 

up to eight ( t(w r r(>r con1 mcrc ia l D LM/DRD - based 
appl ications ) c luster mem be rs con nected to a com ­

mon cl uster imcrconncn. The computer svstems 
supported wi thin  a c l uster arc AlphaSe rver systems of 
varyi ng processor speed Jnd n u m ber of processors. 
The member systems r u n  :1pplicarions ( tor example, 
user appl ications ) ,  as we l l JS mon itor the state of each 
mem ber system , eac h s ho red d is k , the M EMO RY 
C HAi'l N E L  i nterconnect, and the netlvork. These 
c l uster mem bers commu nicate o1·er the M El'd O RY 
C H AN NEL i n tercon nect.'' �  A M E M O RY C H AN N E L  
con tigu rat ion consists of a M ENI O RY CHANN E L  
adapter i nsta l led  in J l'C I slot a n d  l i nk cab les t o  con ­

nect the ad apters . I n  J con nguration \\' ith mor e than 
two mem bers , the M EJVI O RY CHANNEL ada pters 
are con nected to a 1YI EMO RY C H AI': N E L  bu b .  A 
typica l TruCi ustcr con figurat ion with a M E M O RY 
CHAN N E L  hu b is shown in figure l .  

App l ications can atta in h i gh avai l ability by con nect ­

i ng two or more member svstcms to one or more 

SERVER 2 

MEMORY 
CHANNEL 
ADAPTER 

SHARED STORAGE 

LOCAL STORAGE 

F igure 1 
A Tru c : l ustcr Contigmation ll' i th M EM O RY C H AN N E L  H u b  
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s h a red SCSI buses , thus  constru cti ng an A 1 a i l  a bl e 
Server Em·ironmcnt ( A S E  ) . A shared SCSI bus i s  
req u ired onJv fix two- mem ber con tigurations th�lt d o  
not have a MEMORY C H A N N E L  h u b .  A lthou gh 
M EMORY CHAN N EL is the onlv su pported c l u ste r 
in tcn:on nccr , Ethernet :md fiber d istri bu ted d ata 
i mcrraec ( FD D I )  arc su pported for con necti ng cl ients 
to cl uster members .  D is ks arc connected either lou l k  
( i .e . , nonsh::t red ) to a SCS I bus or to �l sh �1 tnl SCS I bus 

bct\\'een tii'O or mmc m e m ber S\'Stcms . A s i n gle node 
i n  the c l uster is used to scn'C the disk to ot l 1e r c l uster 
me mbers . D isks on local  b uses obviously become 
u nava il <l bl c upon f�1 i l u rc ohhc server nod e .  The SCSI 

controller supported in this  con tlgurat ion is the l'C : I  

d i s k  adapter, KZPSA. 

The d ist ingu ish i ng kature of the TruCi ustLT 
sottwa re is i ts su pport of rhc MEMORY C H AN N EL 

as a c l uster i ntercon nect, t h u s  pro1·i d i ng i nd u srn·­
lcad ersh i p  pcrt(mn�mcc ro i mrac l usrcr com m u tl iu­
tion .'' The Tru C :I ustcr software i nc l udes the f(J l loll 'i ng 
components: the DLM,  the connection manager, the 
D RD, and the c l uster com m u nication service.  The 
D LM faci l itates svnchronitation to shared resou rces to 

�1 1 l mem ber SI'Stcms i n  a c l uster b1· means of �1 r u n -r ime 
l i hratY Cooperating processes usc the D LM to S\'n­
ch ron i ze access to a sh �1red resource,  a [) J\ 1)  dei'ICC, 
J ti l e ,  or a program . The DUvl sen·ice i s  primari l1· used 
lw the Oracle Para l l e l Server to coord i nate :�cccss to the 
uche and shared disks that h�ll'e the d atabase i nsta l led .'' 
The connection m�magcr maint<li ns inform:�t ion :-r bour 
the c l uster contlgu rat ion �md m<l i nta i ns a comm u tl i ca ­
tion path betll'een cKb c l uster member fix usc by th e 
D LM .  The DL1VI uscs this con figuLltion cbta and other 
con n ection mJnagcr sen·ices to maintain �l disrri b ured 
lock database.  The D ll..D a l l OI\'S t he c :>:pmting of c l us­
rcrll·ide ra11· dc,·iccs . This  ai i ()II'S d isk - based uscr- ln·cl 
:1ppl ications to run ll' ithin the c l uster, regard l ess of 
ll'herc in the cl uster the �JCtu :� l physic:�! storage resides. 
Therdorc a D RD serv ice a l loll's the Oracle Par�1 l lc l  
Server para l le l access to stoLJgc media ti·om m u l t i p le 

c l uster mem hns . The c l u ster comnH1 1 1 icuion sen ice is 
used to a l loc:1te the lVI E M O RY C H .\ N N L I .  add ress 
space �l lld Jll<lp it to the processor main memory. 

TPC-C Benchmark 

The TPC : - C :  bcnchm ;l rk d ep i cts the activit\' or· a ge ner ic 
\\·hoks<llr s u pr1 l icr compan 1·. The h iera rc lw 
i n  the  T l'C : -C busi ness em·i ro n m c m  is sho11·n i n  
F i gu re 2 .  The com pam· consists o f  a n u m ber of gco ­
graph icJ I I v d istri bu ted sa les d istricts and associ<Jrcd 
ll'archouscs. fu rther ,  there a rc 10 d istricts under each 
warehouse wi th c1ch d istri ct ser v i n g  3 ,000 ( 3K) CLIS­
tomcrs.  All  the ll'a rchouses ma int<l in  �1 stock of 1 0 ,000 
i tems sold lw the  co mpanv. As the compam· gro\\'s, 
n e11· ll'�ln:houscs and associated S;Jks d istr icts arc c re ­
ate d .  The busin ess actiYi tl· consists o t. c ustomcr ca l l s 
to l1l acc n c11 orders or req uest the st;Jtus of n.:i sting 
orders , pavmcm entries , process i ng orders r()r d cJi,·etT, 
and stoc k- Jc,·cl cx�un ination. The orders on an a1·erage 
arc co mposed of 1 0  md er l i nes ( i . e . ,  l ine i tems ) .  
Ni nety -n ine  percen t  o f  a l l  orders C ;J n  be m e t  bv a lou l 
1\'are housc,  :l lld o n l v  one percem o f rhun need to be 
sold Lw a remote 11 ·arehouse . 

The T l1C-C logic:1 l d atabase components consist of 
n i ne t•Jb lcs . ' h g u rc 3 sho11 s the rcb tionsh ip bctll'cen 
these L1 b lcs,  the Clrd i na l itl' ofrhe t�1 b l cs ( i . e . ,  the n u m ­
ber or· ro11 s ) ,  �md th e cardina l i�:� ·  of t h e  re lat i onsh i ps . 
The tigu rc a lso sholl 's th e approx i m ate row l en gth i n  
bytes t<)r each r�1ble and the table size i n  megabytes . 
Tbe c<Jrd i n�1 l i ry of a l l the tab les,  except the item tab l e , 
gro11 s with the n u m be r  of ll'<lrchouscs. The order, 
ord e r- l i n e ,  and histm\' tables groll' i n d di n ire lv  as the 
orders a1-c r1rocesscd . 

The fi1'C tl 'pcs of TPC-C transactions arc l isted i n  
Ta ble 1 . ' 'The nc11·-ord e r  rr�l l1S<lction p lxes a n  order 
( of 10 orde r l i nes ) h·om a wareho use rhmugh �1 s i ng le 
thtab:Jsc tra nsaction ; it i nse rts the order ,md u pdates 
the correspond i ng stock level f( Jr c�1eh  itc ll l . N i n ety ­
n i n e  percent of rhc rime the su pp lv i n g warehouse is 

COMPANY 

WAREHOUSE 1 WAREHOUSE W 

D ISTRICT 1 · · D ISTRICT 1 0  DISTRICT 1 - · · · · D ISTRICT 1 0  

I I I 
CUSTOMER CUSTOMER CUSTOMER 

1 K  . . . .  3K 1 K  3K 1 K  · 3K 1 K  

Source: Transaction Processing Periormance Counci l ,  TPC Benchmark C Standard Specification, 
Revision 3.0. February 1 995 . 

Fig ure 2 
H i erarch ical Relationship 1 1 1  the TPC-C:  B usi ness t-:m · i ronment 
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WAREHOUSE 1 0  DISTRICT 

W,89,0 000089'W W' 1  0,95,0.00095'W 

� 1 00K H ISTORY �3K 

STOCK W,89.0 000089'W 1-l_ CUSTOMER 
-

W'1 00K.306.30 6'W 3+ W'30K.655. 1 9 65'W 

jw NEW-ORDER � 
� 1 +  

ITEM W'9K.8.0 0 1 6'W+ ORDERS 

1 00K,82.8 2 5-1 5 ,-- W'30K+,24 .072'W+ 

ORDER-L INE 
- -----

W'300K+.54 , 1 6.2'W+ 

KEY. 

TABLE NAME 

CARDINALITY. 
APPROXIMATE ROW. 
TABLE SIZE 

CARDINALITY OF RELATIONSHIP 

LENGTH (BYTES) 

Note: + implies variations over measurement interval as rows are deleted or added. 

F igure 3 
TPC: - C :  D�m b�1sc T�1b lcs Relationship 

Ta ble 1 
TPC-C Req u i rem ents for Percentage i n  M ix, Key i n g  Time, Response Time, a n d  T h i n k  T ime'  

90th 
Percenti le Min imum 

Min imum Response Mean Think 
M in i m u m  Keyi ng Time Time 

Transaction Percentage Time Constraint D istribution 
Type in Mix (Seconds) (Seconds) (Seco nds) 

N ew order N/A" 1 8  5 1 2  
Payment 43 3 5 1 2  
Order  status 4 2 5 1 0  
D e l ivery 4 2 5 5 
Stock l evel  4 2 5 5 
Notes 

· '  Table 1 i s  pub l i shed in  the Transact ion Process ing Performance Counci l 's TPC Benchmark C Standard Specification, Revision 3.0, February 1 995.  
' Not app l icable (N/A) because the measured rate is  the reported throughput, though it i s  desirab le to set it  as h igh as poss ib le  (45%) .  

the local warehouse, and on ly one percent  o f rhc rime 
is it a remote warehouse. The payment transaction 
processes a payment for a customer, u pdates the cus­
tomer's b:t lance , and rdlects the pavmcnt in  the dis ­
trier and ''':tre house sales statist ics.  The customn 
resident II'Jre house is the loca l ll'arc house 85 perce nt 
of the ti me :tnd is the remote wa rehouse 1 5  percent of 
the  t ime.  The order-status tra nsaction returns the st:J.­
tus of a customer order. The customer order  is  se lected 

60 percent o f t he time b1· last name md 40 percent of 
the t i me by idcnti tlcation n u m ber. T h e  de l ivery trans-

act ion processes orders correspon d i ng to 1 0  pending 
orders, l tcx each district with l 0 i te ms per order. The 
corresponding entry i n  the new-order table is a lso 

deleted . The dc l iverv transJction is  intended to be exe­
cu ted in  deterred mode thro ugh a queu ing meclu­
nism, rather thJn be ing executed interactive lv;  there is 
no terminal response i nd icat ing the trJnsaction com­
pletion . The srod:. - ICI 'el  tr:tnsaction ex�'lmi ncs the 
qu an titl· of stock r(x the i tems ordered b� ·  each of the 
last 20 orders i n  a d i strict :md determines the i tems 
that have a stock icl ·c l  belo11 a speci fied threshold . 
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The TPC- C :  pert(mlJ:tnce metric measures the tot<1 1 
n u mber of new orders com pleted per m i n u te ,  11·i rh •1 
90th percemi l e  response -t ime constra i m  o f  S seconds.  
This metric me:tsu t-cs the b us iness throughput  cnh e r  
than the transaction execution rate . '  It  i s  expressed i n  
transactions- per- m i n u te C ( tpmC ) .  T h e  metric i m p l i c­
i t � \' takes i n to acco u n t  <1 1 1  the transaction t\'JXS :ts their  
i n d i,·i d u a l  t h roughp u ts are con trolled b\' the mix  per­
ccn t:tge gi\ e n  i n  Ta ble l .  The tpmC is a l so d 1· i, cn b\' 
the acti,·it\' of e m u !Jted users and the ri·equenC\' of 
c hec kpoin ting . "' The cvcle t(Jr generJting <1 T P C : - C  
transaction by an e m u l ated u s e r  is s h own i n  h g u r e  4 .  

T h e  transactions a r e  generated u n i t(mnly a n d  at  
ra ndom whi le  m a i nt a i n i n g  :t min imum perce mage in  
m i x  for each tranS<1ction t\'pe .  TJble l gi,·es the m i n i ­
m u m  m i x  percem:tge t( Jr each transaction t\'fX , the 
m i n i m u m  ke,· ing r ime, t i Je  m a x i m u m  90th percentile 
response - t i me consn·:� i nr ,  and the m i n i m u m  thin k 
t ime dctined lw the TPC : -C :  specification .  

The del i\·ery transaction,  u n l i ke the other tr:tns­
<Jctions, must be executed in  a d e ferred mod e . '  The 
response t ime i n  Ta ble  I i s  the term ina l  response 
acknowledging th:tt  the transaction has been que ued 
a n d  not that the  d e l iven· transaction i tse lf  has been 
executed . Further, <H least 90 percent of the d e te rred 
deJ i,·en· transactions m u st complete \\ i t h i n  i\ 0 seconds 
of their being queued r( Jr executio n .  The JXd(mnJ IJCe 
tuning tor the S\'Stem u nd e r  test determines t he 
n u m be r  of checkpoims done in the  me:tsu t-c mcllt  
i n terval and the length of the c heckpoi nt ing i ntcr­
\'a l .  The TPC-C: speciticnion, however, d c tines the 
upper  bou nd on the c h eckpoint ing i n tuv:t l  to be 
30 m i n u tes " 

The other T P C : - C :  metric is the  pricejpe rt(Jrmance 
r<Hio or d o l l :: m  per tpm C : .  This  m e tric is computed b\· 
d i \·i d i ng the tOt<J J  fi \'C -\'C< 1r  S\'Stem COSt t(J r  the S\'Ste l l l  
u nder test wi th the reported rpm C. 1 1 

Performance Evaluation Methodology 

In this section , \\'e tirst describe tbe con tlguration of 
the S\'stem u nder rest ( S UT) used tor the pertc >n 11ance 
e\·a l uation of the Tn1 C i usrer  S\'Stem u n d e r  the T l'C : - C :  

MEASURE MENU 
SELECT A RESPONSE TIME 

\\'Ol'kl oad . T h en we d iscuss the tes t i n g  st rategv used to 
e n h :tnce the perrc>n11:1 nce oft he S L'T 

We show the confi guration o f  the c l ie nt-server SUT 
i n  h g u re 5 .  The server SUT consists of a TruCluster 
contigurJtion \\'i th  four  nodes;  cK h node is an 
Alph<1Senu i\400 5/3 5 0  svste m with e ight 3 S O ­
mega heru (!'v! H z )  C: P U s  and i\ giga !)l'tes ( G B )  o f  
memmY T hese nodes are con nected together b\' a 
lv! E M O RY C H A I': l\:EL l i nk cab le  h·om the M EI\ 1 0 RY 

CHA:\ � E L  <1cbpter on the node to a single M Elvl ORY 

C HAN N EL h u b . The locJ I storage conriguration klr 
eJch node consists of 6 HSZ40 red undant  arrav of 
i nexpens ive d isks ( RA I D )  contro lle rs ,  3 1  RZ28 and 
1 4 1  RZ29 d isk  d ri,·es, connected to the node bv SCSI 
buses to 6 K7ol'Sr\ d isk adapters .  fmther, each node is  
connected to 1-'DDI lw a DEFPA F D D I  :td ap te r. The 
nodes com m u niute \\ i t l1 the c l ients 0\'Cr th is  F D D I .  

T h e  c l iem S UT consists of 1 6  Alph:tSenn 1000 
4/266 S\'Stems, each ,, · ith 5 1 2  MB of memon·, one 
RZ28 disk d ri, ·e ,  and one D EFPA F D D I  adapter 12 The 
remote termi1d e m u lators ( RTEs) that a rc used to gen­
erate the transactions and measu re the \':trious times 
( i . e . ,  th ink,  response, or ke,·ing t ime ) t( Jr  e:tch tr:tns­
action <1re 16 VAXstation 3 1 00 workstatio11s,  eJch \\'ith 
one RZ2 i\ d isk  d ri\ t .  Fro m  om logicJ I description of 
the net\HJrk topoiOS'Y shown in Figure 6, we see that 
each of the t( J L i r  nod es in the cluster is con nected to tour 
cl ient S\'stcms, and each RTE is con nected to one cl ient 
svste m .  The t(>m cl ients associated with eac h node Jt'C 
connected to a DEChub 900 switch . Each of the t()ur  
DEC : h u b  900 p md ucts contains t\\'O concentra tors, 
one D E F H U - M U  1 4-port unshielded rwisted -pJir 
( UTP)  coiKentr<Hor ( tor FDD I )  and one D EH--I U- JV!H 

concemrator ( tcJr the t\\'isted-pair  Etherne t ) .  The 
DEC h u b  900 s11 i tc hes are con nected to <1 11 8 - pon 
GIGAs,, i tc h  S\'Ste m ,  ,,·h ich is used to rou te communi­
c:ttions bet\\'ecn the c l ient and the sen·er. 

The soti:w<1re confi guration of the sen·cr system is 
the Tru C i u ster software r u n n i ng u nd e r  the Digital  
U N I X  \Trsion 4.0A operat ing svstem a n d  the Oracle 
Paral l e l  Senn cbtab:tse m a nager ( Orac l e  7 \'trsion 7 . 3 )  
inst�J I !ed  o n  each cluster mem ber. The software config­
uration insLJ i l e d  on e:tch c l i e nt S\ 'Stem is the Digita l  

KEY T IME :  TO 
TRANSACTION TYPE DISPLAY SCREEN ENTER R EQU IRED 
FROM MENU 

THINK TIME:  WHILE 
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Fig u re 4 
c,·c lc  ri:>r Ccnerating a TPC-C Transaction l)\' an Enl l l L1 teci User 

Digi u l  Tcchnic1l  Jou rn,11 

INPUT FIELD 

M EASURE 
TRANSACT! 
RESPONSE 

1--- DISPLAY DATA 

ON 
T IME 



6 HSZ40 
RAID 
CONTROLLERS 

6 HSZ40 
RAID 
CONTROLLERS 

31  RZ28 
M EMORY 
CHANNEL HUB 3 1  RZ28 

AND 1 4 1  RZ29 
DISK DRIVES 

6 HSZ40 
RAID 
CONTROLLERS 

31  RZ28 
AND 1 4 1  RZ29 
DISK DR IVES 

4 VAXSTATION 3 1 00 
WORKSTATIONS 

4 VAXSTATION 3 1 00 
WORKSTATIONS 

Figure 5 
Cl ient-Server System u nder Test 

8-CPU. 8-GB 
ALPHASERVER 8400 
5/350 SYSTEM 

FDDI 

U N I X  ve rsion 3 . 2 D  operat i ng system and rbe BEA 
Tu xedo Systcm/T vers ion 4 . 2  rr.ms:Ktion processi ng 
mon i tor. t:u rthcr, each RTE ru ns the OpcnV MS oper­
at ing svstcm and a propricta rv e m u l ation p:1e bgc, 
VAX I\T E .  In the remainder  of this section , 11 ·c d isc uss 
the rest ing srrareg1· used to gcncr:nc the rr:msactions 
on the h·onr end . Then \\'e d isc uss the tu n ing done on 
the bac k. end ro achin·e the m :n:i m u m possi ble tp mC 

mc1surcmcnrs ti·01n the SUT. 
ln conr(mnance \\'it h  the TPC-C spcc i ticnion,  \\'C 

used a series of RT Es ro d ri1·c the S U T .  The one - to­
one correspondence between cm u Lncd users on the 
1\T F. :md the TPC c l ient  forms on the c l ien t  req u i red 
us ro determ i n e  the max i m u m  n u m ber of users ro be 

ge nerated lw the RTE.  The main bctor we used ro 
de tcnn i n c  the n u m ber of users \\'as the cl ient 's mem­
orv s ize .  We assumed that on a c l ie m, 32 M B  of mem­
or l '  is used tor the  operat ing s1·ste m and 0 .25 t\!! B tor 
eJch TPC : c l ic llt torm process . The rdi:ltT, \\ ' i th  these 

constrai nts, c1ch RTE generates 1 ,620 em u l ated users . 
The e m u btcd u sers then generate tra nsactions ran ­
domlv b:1scd on the predc ti n ed tra nsaction m i x  ( a s  

8-CPU, 8-GB 
ALPHASERVER 8400 
5/350 SYSTEM 

FDDI 

16 ALPHASERVER 1 000 4/266 
SYSTEMS 

AND 1 4 1  RZ29 
DISK DRIVES 

6 HSZ40 
RAID 
CONTROLLERS 

31  RZ28 
AND 1 4 1  RZ29 
D ISK DR IVES 

4 VAXSTATION 3 1 00 
WORKSTATIONS 

4 VAXSTATION 3 1 00 
WORKSTATIONS 

descri bed i n  Tab l e  I )  with a u n ique seed . This ensures 

the mix is we l l  dcti ncd a nd a 1·aricrv of transaction 
types arc ru n n i ng cotKl l tTcntlv ( to better s i m u L nc a 
real -ll'orld uwironmcnt ) .  We had a local aro tr:: tns ­
porr ( LAT ) connect ion onT Eth e rnet betll'ec n each 
emulated user and a correspond i ng TPC c l ie nt  t( >rm 
process on rhe c l ient  t(lr taster com m u nication .  \Ve 
s holl' the com m u n icnion b<:t11·een an RT E, a c l ient,  
and a scn·cr i n  figure 7.  

vVc bui l t  ti1'C ord er que ues on each c l ien t  corre ­
spond ing to a tra nsaction rvpe, w h i c h  a l lowed us ro 
con trol the tr: msaction pe rcen tage mix .  A TPC c l i e nt 
torm process q u e u es tr:lllsactions gene rated bv rhc 
em u l ated users to the :1ppropriate order queue us ing 
Tuxedo l i brarv cal l s .  These transaction requ ests i n  
e a c h  q u e u e  a rc processed i n  a tirst i n ,  first out  ( r l rO )  
order b v  the Tuxedo sen·cr processes r u n n i n g  o n  the 

cl ient.  We had 44 Tu xedo scn·er processes th:n 11·crc 
nor e1·enh·  d istri b u ted :1 mong the 5 order q u e u es but  
\\'ere d istri buted so rhar  rhe n u m ber of Tuxed o sen·cr 
processes dedicated to a q u e u e  was d i recrh' corre L 1rcd 
to the pc rce n t:1gc of the m lrkl oad hand led lw the 
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I .ogic1l Description of the Net\\ ork Topolog1· 

Each emulated user on the RTE uses a different RTE /" For this test. t .620 users were emulated 
seed so all clients are not executing the mix in r----------------,/' on each RTE. This number. however, is 

the same order. ----..._ dependent on the amount of memory on USERS the cl ient .  
There is a one-to-one relationship between 
emulated users and TPC Client Forms. � 1 2 3 n 1 ,6 1 9  1 ,620 LAT connections were used from emulated 

Lt-+-+----;----+--+---'� users to TPC Client Forms. 

CLIENT 

TPC Client Forms 
make Tuxedo 
Library calls to 

rr�,����----------���----------��-���-r1� send requests 

For th1s test, 44 total 
Tuxedo Servers service 
requests. Each process 
services one type of 
transaction. However, 
not all transaction 
types have the same 
number of server processes . ------

Figure 7 

TUXEDO LIBRARIES 

Communication is TCP/IP ----- FDDI RING 

SERVER (CLUSTER NODE) 

Com m u n ication between Jll RTE, .1 Clicm, a n d  a Scn·cr 
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queue .  I n  other words, the greater the percenL\ge of 
the 11·orklo�1d on a g ucue , the grelter the n umber 

of Tu xedo sen·er processes dedi cared to that q ueue.  
The n u mber of Tuxedo scrwr processes per cl ient is 
computed based on the rule of thumb th:lt each q ueue 
shou ld ha1 ·e no more than 300 ou tstand ing requests 
d u ri ng checkpoi ming and 1 5  at other t imes .  These 
Tuxedo server processes communicate with the server 
system ( c luster node ) using the Transm issio n  Contro l 
Protoco l/! nternet Protocol (TCP / I  P) over l-'D D I to 
execute re lated database operations - '' 

The i ndustry-accepted method of tun ing the TPC-C 
bJck end is to add enough disks and disk comrol lcrs on 
the sen er to e l im inate the potentia l  t( ) r  an ljO bottle­
neck, thus t( )rc ing the CPU to be s�\tLl C\ted . Once the 
e ngineers �\re <lSSured that the pcrtonn:�nce l imitation is 
CPU s:�turat ion, the amou n t  of memon· i s  tuned to 
i mpr<>l'e the dat:�base hit ratio . 13eGlllSC <\ I I  vendors sub­
mitt ing TPC-C resu lts use this  stvlc of tuning,  the per­
t(mnance l i m i tation tor TPC:-C is usu:� l l v  tht: back-end 
server's CPU power. In fact,  rests have shown that i f  
this method of tun ing i s  not tol lowcd o n  rhc back-end 
server, rhe user will not obtain the oprimJ I TPC-C per­
t(mnance results .  Instead , the tests reveal J back-end 
scnn con figu ration that has 1 10t fu l l v  ut i l i zed the 
scrH:r's potenria l  Lw haYi ng u nbaLmced CPU Jnd ljO 

capab i l ities .  This tvpc ofcontigu rJt ion nor onlv reduces 
the sen·cr's throughput capacit\' bur  :1 lso adlnsch­
aftccts the price/performance of the SUT. 

On the back end, 1\'e used TruCl uster tcch no logv 
te�ltures to ac h ieve t he max i m u m  possi ble tr:�ns<Ktions 
per m inu te ( tp m ) . "  We balanced the 1 /0 across all  the 
R.A I ]) comro l lcrs Jnd disks of the c luster �\lld distri b­
uted rhc dat�\ base across all the server nodes . vVc dis ­
tri bu ted the data base such that each node in  the 
cl uster h ad an a l most equa l part of the (btabasc . The 
T PC -C benchmark execution req uires a s i ngle data­
b�lse Yiew across the c luster. We used the D RD and 
D Uvl scn·ices of the Tru Ci uster soml'<lrc ro p resent 
�\ comiguous 1·icw of the database across the c luster. If 
both rhe datab:Jse and the i ndexes cou ld h:�1·c bee n 
com p lete ly p:1r ri rioned , \l·c could han· achinwi c lose 
to l i ncJr scal ing per node .  HOIITI'Cr, s i nce the Oracle 

P�1ra l le l  Sen'Cr does not have horizont<l l  parti t ion ing 
of the i ndexes, 11·c cou ld  nor complete ly  parti t ion the 
i ndexes across the cl uster. " This resu l ted in 1 5  percent 
to 20 percent  of in ternoda l  access, which means that 
1 S percent to 2 0  percent of the new orders were saris­
tied by remote warehouses, therd'orc maki ng our 
Tl'C : -C results more rea l i stic . 

We J lso tu ned the physica l memory to trade off 

mcmorv t()r database cache Jnd the D LM locks. 

Heu ristica l ly, 11·e obserl'ed a 40 -pcrccnt ga in in 
throughput on a single -node AlpbaScnn 8400 5/350 
scn·cr S\'Stcm runn ing TPC-C when the memory s ize 
was increased from 2 GB to 8 GB . This is bec.1use, with 
more data being served by memory, the nu m ber of 

processor st:l l l s  decreases, Jnd the datJbasc-cache h i t  
ratio improYcs from 88 percen t t o  more than 9 S  per­
cent . 1 6  Tuning p l l\'siCJ I memon· be\·ond 2 GB i s  c1 l lcd 
verv large mcmon· ( VLM ) .  We used the rpm resu l ts of 
the AJp haScrver 8400 S\'Stcm to tune rhc pl1\'sical 
memory size Jnd configuration . vVe s hall' these mcJ­
sured tpm resu l ts t(H· the AJ p haServer 8400 c l uster 
systems in Figu rc 8 .  

To achieve opt in JJ I server pcrf(mnJnce, i t  i s  impor­
tant to tune the �\mount of memory used by the Oracle 
System G lobal Area ( SCA) and the D Uvl . Our testing 
found that using V LM to increase the s ize of the S<..;A to 
5 .0 G B  of phvsical mcmorv yielded optima l pcrt()r­
rnance in ;\ T ruC : lusrer cm·ironmenr. H011·e1·er, it is 
important ro note that on �\ s i ngle -node sen·cr rhat docs 
not run the Oracle PJra l lc l  Sen·cr, 11 e could assign 6 .6 
GB of p lwsical mcmorv to the SCA. ( One reason thJt 
the SGA II'Js smal ler in a n  Oracle P:.1ra l le l  Sen·er cml­
ronment is that mcmorv needed to be set aside t()r the 
D L!' k )  Conseq uent!\', ::ts seen in figure 8, the tpm on 
a sing le -node cluster S\'Stem running the Oracle Par<l l lcl 
Server ( 8 .41<. tpm )  is less than :1 si ngle-node duster not 
running the OrJc le ParJl lcl Server ( 1 1 .41<. tpm ) . 

In <\ !1 OrJclc PJrJ l lc l  Server environment, II'C 
assigned l G B  of mcmorv to the D LM tor the tolloll'­
ing reasons: The D LM ,  u nder the 64-b i t  D igital U N l X  

operat ing svstcm ,  req u i res 2 5 6  bvtcs for each lock.  I n  
add i tion , t h e  DLM must be able t o  hold at l cJst one 
other location ( and someti mes t hree ) tor Jock u l l ­
back . As a resu l t ,  c::tch lock req u i res bet11·een S 1 2  lwtcs 
and 1 ki lo bvte ( KB ) of p lwsic1 l memorv. To rune the 
s�'stem , ll'e added more locks to increase rhc granu ­
larity of rhc locks Jnd  red uce l o c k  comentio n .  We 
observed that t(>r th is conti.guration, a system of this 
size supporting the Oracle Para l l e l  Server  req u i res 
1 million locks ( occupying l C B of me mory ) t()r the 
DLM when us i ng S . O GB of memorv tor the SGA. 

Agai n  b e u ristiCJ l lv, we obsen·cd th:.Jt  if we used less 
memorv for the DL!Vl, rhc rot:� I nu m ber  of locks per 
page ll'aS red uced . The decrease in locks per pJg.c 
increases contention �K ross nodes and hence red uces 
the tpm as rhe number oh10des increases. 

With the he lp of engineers ti·om D igi tJ l 's 
M EM O RY CHANNEL Group, 11 e \\Tre able to usc J 
hardware data :� na lyzcr to me�1sure t he percen tage of 
the M EMO RY C:Ht\ N N EL i merconnect's band11 idth 
used when runn ing  the T I�C-C: benchm:1rk. By us i ng 
the dJta ana lyzer, we determined that we do not 
approach saruration of the PCI - based M EMO RY 

C HAt"JNEL hardware d u ri ng a TPC-C rest, even 
though i t  is cap:1 b lc of susta in i ng a peak throughput 
rare of 1 0 0  J'vi B/s . In bet, ll't obsen ·ed that rhe 
M EM O RY C H A N N E L  bandwidth 11·as nor saturJtcd; 
a TPC-C test req u i red a pc1k throughput rare of 
on ly  1 5  M B/s to 1 7  M l3/s ti-orn the l'vl EM ORY 

C H A N N EL.  As stJted previoush·, the bcnch m<lrk 
speci ti.cation t()rccs 1 5  percent ofrhe data base accesses 
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Noles:  1 .  Each node is an 8-CPU AlphaServer 8400 5/350 cluster system. 
2 .  The n u mber preceding the X ind1cates a m u lt iple of the tpmC measured on a single node running the Oracle Parallel Server. 

Fig ure 8 
Tl'C-C Resu l ts on the Al phaScnn i\400 lc;1 m i l v  

to b e  re mote ,  resu l ti n g  i n  da ubasc .Kcesses across t h e  
,\1\ E lv! O H  .. Y C H A N NEL Using the DJ�D ad mi nistr:t ­
rion sen·ice ;Jni lab le with  t he l i :\' I X  Tr u Ci ustcr soft-
11 <1 1-c , ll'e me:tsu red the D RD re mote read J1erce nt:tges 
to match the 1 5 - percent  re mote ;Jccc,�es Llte . The 
D RD remote write performance 11 as on!\' 3 percent to 
4 percen t  d u ri n g  the stead 1· st:tte and mse to 1 0  per­
cent to 1 1  percent during a chtab;Jse checkpoint .  It is 
i m porta n t  to note that  the  Tl'C-C be n c h n1<1rk  per­
t<mns ra ndom 2K 1/0s using the O rJc lc  Par;J l le l  
Serl'er. Sma l l ,  ran d om I/0 tr:mskrs Jre m u c h  more 
d i Hic u l r  to pedcm11 than Llrge, seq u e n t i ;l l  tr;mskrs .  
Beu use t h e  M EMORY CHAi'JNEL i n terconnect not 
o n k  h ;ls s u fticient band"id t ll tc>r TPC : C b u t  a lso pro­
, · ides cxce.l l c n t  l a te n c1· ( less than 5 microseconds ) ,  ll'e 
;l tT <l b lc to report 1·e n· good sc:t l ing resu l ts .  

I n  the section TI'C : -C Bench mark,  11 e d iscussed that 
the r ime t:t ken t(lr a checkpoin t  i mp;1cts the t h rough­
p u t .  Therct(Jre , 11 e focused on i m prm i ng the c heck­
poiming t ime to i ncre:tse the tpmC n u m ber. h rst,  
11·e used a dedic:1ted PCI bus o n  e:1eh node r(x the 
M EM O RY C H AN N EL i n terconnect ;J n d  t h us 
obtained :1 5 - percent improl'emen t  in ]1ed(mn .. 1nce 
d u ring checkpoi nting.  Next \\'e i m p l e mented the 
h igh ly  opt i m i zed " rastcopl'" rou ti ne in D RD ,  which  
packs dat.1 on the  P C !  when transmitt ing through the  
M J : ,vJ O RY C HAN0:EL interconnect .  

Performance Measurement Results 

In th is section , ll'e p resent om resul ts  r( ) J- the 
Tru Clustn confi gu ration r u n n i n g  the TPC C \l ork­
lo;Jd :1 nd comp:tre them with resu l ts ti·om competiti l e 

Vol . K :--; (> 3 I ')'J 6  

Ye ndms .  \Ve condu cted the test o n  a d a ta base ll'i th  
2 ,592 ll'arehu uses and 2 5 ,9 2 0  em ula ted users .  The 
d at:-tb<1Se 11·as e q u ;J i i l ' d i 1· ided , 1 1  h i c h  means each nude 
conta ined 648 11·;1 re huuses ;md senni 6,4 8 0  e m u l :tted 
users. \Vc s ho11 the i n it i a l  card i n;l l i tl' of  the d :t Llb;Jse 
t:tbles in 'Ta b le 2 .  The card i n.1 l i t1 '  of the h iston·, orders, 
new- order, and order- l i ne ta bles  increased as the test 
progressed J n d  ge n er�ned new orders .  vVe condu cted 
the experi m e n Ll l  runs r< >r J m i n i m u m  of 1 60 m i n ­
u tes . '" T h e  measure tnent  on t h e  S LIT began approxi­
mately 3 m i n u tes afte r  the si m u lated users had begu n 
execut ing tr:\llsactiuns .  The m easure ment period of 
1 2 0  minu tes, hm1·e1·er, started arter the SUT attained ;1 
stead1· state i n  approximate[\- 3 0  minutes. I n  agree­
ment 11 ith the T l'C-C :  specification , we pedc>rmed 
4 checkpoints ;1t 3 0 - m i n ute i nte n·:�[s d mi n g  the mea­
su remcnt period . 

On the S l 'T, 11 e mclSt l l-cd a maxi m u m  throu ghput 
o f 3 0 , 3 9 0 . 6 5  tpmC, which U t11T i l ed a nell' record high 
i n  the competit i 1·e m:trket kJr d a tab:tse a p p l ic.1t ions 
a n d  U :\I I X  sen·ns . VVe repeated the  experi m e n t  once 

Table 2 
I n it i a l  Ca rd i n a l ity of the Data base Ta b l es 

Wa rehouse 
Distr ict 
C ustom e r  
H istory 
Order  
New order 
Order l i nes 
Stock 
Item 

2,592 
2 5, 92 0  

77, 7 60,000 
77.7 60,000 
77.7 60,000 
23,328, 000 

777, 547, 3 08 
2 5 9, 200,000 

1 00,000 



more to emurc the rcprod ucib i l in· of the m:n:i m um 

mc1surcd rpm C. Dig it:� ! Equipmellt  Corporat ion and 
Oracle CorpocH ion :� !so present a pricc/ped(mnance 
ratio of$30S per rpm C. 

I n  T:�b le 3, II'C present  the rota! occu rrences of each 
transaction tq1C �1 1 1d the percentage n-�msacrion mix  
used ro generate the  transactions i n  each rest run .  vVe 
com pare t i l L' t)erccnragc rr:msacrion mix i n  Ta b le  l 
<l l ld Table 3 �1 1 1d obscn c rh.1t our  measu rements are i n  
agreement  \\' i th t h e  Tl'C : - C :  spcc i ticario n .  We present 
the 90th percenti l e  response r ime measu red l<Jr each 
tcms�Ktion n-pc i n  TJ blc 4 .  The 90th percent i le  
response r ime II'C mc<1surcd is \\ e l l  bc lo\\' the T l'C:-C:  
spcc i tiurion requ i rement ( compar·c Table l and Table 
4 ) .  I n  T1blc S,  \\'e present  the m in i m u m , <1\'trage, and 
maxi m u m  kn·in g  �md th i n k  r i mes . Ag<1 i n ,  ,,.c comply 
\\'i t h  the TPC-C: spcc ifiur ion ( compare T�1b le  l a nd 
Table S ) .  

No\\' \\'l' com p�l l'l' the max i m u m  through pu t 
achieved on the AlphaSenn R400 5/3 50 f()l lr-nodc 
Tru C i usrcr con figuration \\ ' ith resu l ts ti-om Tandem 

Table 3 
Measured Tota l  Occurrences of Each Tra nsact i o n  Type 
and Percentag e  Tra nsact i o n  M i x  

Transaction 
Type 

New order 
Payment 
Ord e r  status 
Del ivery 
Stock level  

Ta ble 4 

Total 
Occurrences 

3,645,228 
3, 540, 1 1 9  

336, 2 5 5  
337,423 
337,730 

Percentage 
in  Mix  

44.47 
43 . 1 9  

4 . 1 0  
4. 1 2  
4. 1 2  

M easured 90th Perce n t i l e  Response Ti m e  

Transaction 
Type 

New order 
Payment 
Order status 
Del ivery ( i nteractive) 
Del ivery (deferred) 
Stock level 

Ta ble 5 

90th Pe rcenti le 
Response Time 

3 . 4 
3 . 2  
0 . 9  
0 . 4  
5 . 0  
1 . 7 

Measured K eying/Th i n k  Times 

Transaction M i n i m u m  Average Maximum 
Type (Seconds) (Seconds) (Seconds) 

N ew order 1 8 .0/0 .00 1 8 . 1 / 1 2 . 2  1 8.8/ 1 88 . 1  
Payment 3 . 0/0.00 3 . 1 /1 2 . 1  3 . 7/2 0 1 .4 
Order  status 2 . 0/0.00 2 . 1 / 1 0 . 1  2 . 7/1 2 5 . 6  
D e l ivery 2 . 0/0.00 2 . 1 /5 . 2  2 .7/74.9 
Stock l eve l 2 . 0/0.00 2 . 1 /5 . 2  2 . 7/62 . 7  

Computns and from He\\' lett- P�Kbrd Comp�1m· 
( H P) . 1 7  The Tandem nonstop H i ma la\'J K l0000- 1 1 2 
1 12 -n ode cluster reported 20 ,9 1 R .03  rpmC :  at $ 1  , S32  
p e r  tpm C . O bsetTc that  Digiu l 's  mc<1surcd tpmC 
are 45 percen t  h igher rh �1 n  'Lmdcm 's, �md Digi t�1 l  's 
pricc/pcrfonnance is 20 percent of 'Tandem's cost .  
I n  F igure 9,  \\'e comp�1 rc Digi r�l l 's [Wr f( mnancc '' i rh  
HP's .  The H P  9000 EPS30 C/S 48-Cl)U f( Jur-nodc 
c luster S\'Stcm us i n g  the Oracle Pac1 1 l e l  Scn-cr Oracle7 
\'ersion 7 .3  reponed 1 7,826 . 5 0  tpmC :  : n  5396 . "  
Again ,  obsen·c th:lt the tpmC:  ,,·c mc1su rcd o n  
D igi ta l 's TruClusrer conrigu r.ltion �He S9 percen t  
higher than HP's at  77 percent  of the cost. 

Conclusion and Future Work 

In this paper, \\'C discussed the pcrf(nm �mcc C\ �1 l u �1tion 
of D ig i ta l 's TruClusrer m u l ticompute r  S\'Stcm ,  spccifi ­
callv the AlphaSen·er 8400 5/350 3 2 - C : P U ,  f( Ju r­
node d uster S\'stcm ,  u nder  r i le TPC-C :  ,,·ork !oJd . 
For completeness, \\'C gave an m·cn·ie\\' ofTru C l usrcr 
c l usteri rrg tec h n ologv and the Tl'C-C benchnurk.  We 
discussed tun i n g  strategies rh�n took �1ch·anragc of 
TruCiuster rech nol os')' 1-Catu rcs l i ke the  M b\!I O RY 
CHANNEL i n te rconnect, the D R D ,  �md the D LM .. 
vVe tuned memor\' to usc V LM f< l r  the datab�1sc cache 
and made memorv a l location rr�1ck-ofts t(Jr D I ,M locks 
to red u ce processor stal ls and im prm·e cache h i t  rat ios . 

One common concern is pcrf(mll �mcc scJbbi l i t\ '  of 
c l uster S\'Stems, that is ,  i ncrcmcmal pcd(mn�mcc 
gro\\ 't h  \\'ith the size of the c l ustc l'. In hgurc 8 ,  \\ C 
sho\\'ed the meas u re d  pe d(mn :t tlcc of an S M P  scn·er, 
both \\'ith and \\'i thour the Oracle P�1L1 1 i c l  Sen cr, �1nd 
duster  con fi gurations \\' ith t\Hl, three, �md t(nt r SNIP 
sen·ers. VVe do nor sec l i nc1 1· sca l ing bccl llsc the Or�lC ie 
Para l le l Sen cr i mposes �1 sign ificant �1mou 11t of m·er­
h ead on each c luster nod e .  This m·erhc1d cqu�ncs to 
approxi mate ! \· a 2 5 - pcrccnr r-ed uction in tpmC on J 
per n ode basis .  Ho\\'n'l'r, i t  is imporr�m r to note thJt 
d ue to the r ime constrJi nts ofobtJ in ing aud ited resu lts 
for the p roduct annou nu.: menr,  the testing  tc1m \\'as 
una ble to fl.t ! lv  tunc the sc n·cr and satu r�ltc the se n·cr 

CPUs.  In future testing, addi rion�1 l  pc rt<lJ'Jn�mcc tun ing 
i s  p lan ned to  fu r ther opti mize server pcrf( mnancc . 

The pert(xmance resting of the Tru Ciusrcr  m u l ti ­
com pu te r  system \\'<lS r ime -consuming a n d  expensive . 
Th us, answeri ng "what i f "  q u estions regard ing sizing 
and tuning of va ryi ng c l uster configurations u nder d i t� 
krent  workloads usin g measurements is an expensive 
( with respect ro money Jnd r ime ) task .  ·ro �1d d rcss this 
problem,  we arc developing an a n �1 lyr ica l  pcd(mnancc 
c luste r  model f(Jr capac i ty pLm ning �md tu n i ng . ' "  The 
model wi l l  p red ict the l)cdornLJncc of c lusrn con­
figu rations ( rangi n g  ti·om t\\'o to eight members ) 
with \'arving workloads and s\·stem p�1 ramcrcrs ( hH· 
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Fig u re 9 
Cornp�1rison of TPC-C Results 

n�1 1npk,  memory size, storage s ize,  �1 11d Cl'U po'' e r ) .  
We \\'i l l  implement tbis mod e l i n  Visual C++ to 
tb·e lop :1 c:-tpacitv phntling tool . 
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Performa nce Analysis 
Usi ng Very La rge 
Memory on the 64-bit 
AlphaServer System 

Opti mization tech niques have been used to 

deploy very large memory (VLM) database tech­

nology on Digital 's Alpha Server 8400 m u lti­

processor system. VLM improves the use of 

hardware and software caches, main memory, 

the 1/0 subsystems, and the Alpha 21 1 64 m icro­

processor itself, which in turn causes fewer 

processor sta l l s  and provides faster locking. 

Digital's 64-bit AlphaServer 8400 system running 

database software from a leading vendor has 

achieved the highest TPC-C resu lts to date, an 

increased throughput due to increased database 

cache size, and an im proved sca l ing with sym­

metric multi processi ng systems. 

Vol .  R No . .  'l I 996 

I 
Tareet· S. Kawaf 

D. John Shakshober 

David C. Stanley 

Digita l 's Al f)h:1Scn-cr 8400 enterprise-cla ss sen cr com ­
bi nes a 2 -gig:ll)l'tc-per-scconci ( G B/s ) multiproccssot· 
bus \\'ith the latest Alph:-� 2 1 1 64 64- bit microprocessor. 1 
Betll'een October and December 1995 ,  an AlphaScn-cr 
8400 m u l tiprocessor system ru nni ng the 64- b i t  Diginl 
U N IX operating SI'Stem ach in·ed u npreced e n ted results 
on the Tr::t ns:tction Process i n g  Pcrf()rma nce Cou nc i l 's 

TPC-C lx:nchmark, surp:1ssing a l l  othe r single-node 
res u l ts by a r:1cror of ne:trly 2 .  As o r· Septe m ber 1 996, 
only one other compute r  vendor has come with i n  20 
perce nt of rhe Alph:tScrvcr 8400 system 's TPC-C: 
res u l ts .  

A me mon· size o f  2 G B  or  more , known a s  1-cn· 
l a rge memon· ( V Uvl ) , ,,·as essential to ac h ie,· ing these 
res u l ts .  Most 3 2 - bi r U N I X  s1·stc ms c1n usc 3 1  b its 
tl)r 1 · irr ua l  :-� d d rcss sp:tce,  l t:11 · i n g  l bit  to d itkrcnti atc 
bet\1·ecn s1·srem :\ 1\d user sp:-�cc, 11·h i c h  creates d i fti ­
cu l ries ,,·hen attempti ng ro add ress more t ha n 2 C B  
ofrnemorl' (11 hcther 1 · i nu:1 l or plwsica l ) . 

In con tnst , Digir:.l i 's  A lp ha microprocessors and the 
D i gi tal U N I X  opcr:lt in g system have i mplemented 
a 64-b it  l ' i r tu: d  ad dress space that is fou r  bi l l ion ti mes 
large r  than 3 2 - b i t  syste ms. Tod ay's Alpha ch ips arc 
capable of:tddrcss i n g  43 bits o f p hysical memorv. The 
Al ph aScrve r  8400 SI'Stcm su pports as m anv as 8 plws i ­
c a l  mod u les, c:tch of 11 ·h ich em conta i n 2 C P Us o r  
J S  much <lS 2 G B o f m e mor\'. 2 Usi ng these l i m its, d at:-�­
b<lSC applications te nd ro ac hi e1·e peJk per t(mn:tnce 
usi ng 8 to 10 CPL!s and as m u c h  ;\S 8 GB of me rnon·. 

The c:-.:ampks in this paper :ll'C d rall'n pri rna ri l \· ti·om 
the optimization of J stare-of-the-art  datab:tse app l i ­
cation on Alp haSe rvcr svsrc ms; s i m ilar tec h n ical  con ­
sid erations apply to anv da ra b:1se ru n n i n g in an A lph a  
e n1·iro n m c n t .  A s  o f  Septem be r  1 99 6 ,  th ree of the 
foremost dat:�b:�se comp:mics have ex te n ded their 
prod ucts to expl oit D ig ital ' s 64 -b it  Alpha environ­
ment,  namely Or:�c lc Corpora tion , Svbase,  I nc . ,  and 
In!onnix Software, I nc .  

The sections th:lt  t< l l l c l\\ d escribe  t h e  TPC-C work­
Joad and d i scuss t\\'o d:nab:1sc opti m i z <nions that arc 
usefi.d reg:1 rd lcss or· mc morv size: locking i n trinsics 
and OM i nstJ·ucr ion-ochc pack i ng.  ( 01'1-1 i s a post­
l i n k  time optim i ;A' r :l 1·a i b b l c  on the  D i gi ta l U N I X  
operati n g  S\'Ste m .  ) ' V I  }vi experi m e n ta l  d a ta is rhen 
presented in rhe section VL.M Resu l ts .  



TPC-C Bench mark 

The TPC-C benchmark was designed to m imic com ­
plex on- l ine  transaction processing ( O LT P ) as speci ­

fied by the Transaction Process ing  Performance 
Council . 4  The TPC:-C workload de picts the act ivity of 
a generic whol esa le supplier company. The company 
consists of a n u mber of distributed sales districts and 
associated warehouses . Eac h warehouse has l 0 districts. 
Each district services 3 ,000 custome r requests . Each 
warehouse maintains a stock of 1 00,000 items sold by 
the com pany. The database is scaled according to 
th roughput ( th at is, higher transaction rates use larger 
data bases ) .  Customers cal l  the  company to p lace new 
orders or request the status of an ex isting order. 

Method 

The benchmark consists of rive com plex tr:lllsactions 
that access n i ne d i fteren t  tables . ;  The rive transact ions 
arc we ighted as t( >l lows : 

l .  Forty-three percent-A new-order tra nsaction 

p l aces an order ( an  average of 10 Jines) ri·om a ware ­

house through a single database transaction and 
updates the correspond ing stock le\·el tor each item. 
In  99 percent of the new-order transactions, the 
supplyi ng warehouse is the local warehouse and only 
1 percent of the accesses are to a remote warehouse. 

2 .  Forty-th ree percem-A payment transaction 
processes a payment t()r a customer, updates the cus­
tomer's ba lance, and reflects the payment in the 
d istrict and wa re house sales statistics. The c ustomer 
rcsidem warehouse is t he home warehouse 85 per­

cent of the ti me and is the remote warehouse 
1 5  pcrce llt of the time .  

3.  Four percent-An order-status transaction returns 
the status of a customer order. The customer order is 
se lected 60 percent of the ti me by the last name and 
40 percent of the time by an identification number. 

4 .  Fou r percen t-A del ivery tLmsaction processes 
ord ers correspond i ng to 10 pe nd ing orders tor each 
d istrict wi th lO i tems per order. The correspond ing 
entry in  the new- order table is a lso de leted . The 
de l ivery transact ion is imended to be execu ted i n  
deferred mode th rough a queu i ng mechanism . 
There is no terminal  response for completion . 

5 .  Four pe rcen t-A stock -leve l transaction CX<l m ines 
the q uanti ty of stock for the i tems ordered by eac h 
of the l ast 20 orders i n  a d istri ct and determ ines the 
items that have a stock level below a speci fied 
threshold .  This is a read -on ly transaction . 

The TPC-C speci tlca tion requires a response time 
that is less than or equal to 5 seconds tor the 90th 
percen ti le of a l l  but the de l ivery transaction , wh ich 

must comple te within 2 0  seconds. 

In addition, the TPC-C speci ficat ion requ i res that 
a com plete checkpoint of the database be done . A 
checkpoint t1ushes a l l  transactions com mitted to the 
database from the database cache ( memory) to non­
volati le storage i n  less than 30 minutes. This impor­

tant requ iremen t is one of the more d ift[c u l t  parts 
to tunc 6x systems w i th VLM .'' 

Results 

Table 1 gives the h igh est s ingle-node TPC-C n::su l ts 
publ ished by the Transact ion Process in g Perr(lrmance 
Council as of Septem ber l ,  1 996 . '  

For a comple te TPC- C  r u n ,  a remore terminal  
emulator must be used to s imulate users maki ng trans­
actions. for pe rto nnance opti miza tion pu rposes, how­

eve r, it is convenient to ust.: a back - end -only version 
of the benchmark in which the c l ients reside  on the 
server. The transactions per min ute ( rpm) d erived i n  
this environment arc ca l l ed back-end rpm in  Tab le 2 
and cannot be compa red to the resu l ts of aud ited runs 
(such as those given i n  Table l ) . However, when a per­
formance i mprovemen t is made to tht.: back -end - on ly 
envi ronmen t, performance im prove men ts arc cl ear ly 
seen i n the fu l l  environment. 

Tu ning for the system i s  i terative. For each data 
point collected,  dienrs were added to try to saturate 
the server; then the amount  of memory was varied for 
the database cache. A trade-otfbetwcen database mem­
ory, system throughput,  and c heckpoi nt per formance 
req u ired us to tu ne each data poi n t  ind ivid ua l ly. The 
system was contigured wi th a su fficien t n u m be r  of 
d isk d rives and I/0 contro l lers to e nsmc th at  i t  was 
l OO -perce nr C PU sa tu rated and never l/0 l im ited . 
The experime nts reported in this paper usc database 
sizes of approx imately 100 GB,  spread over 1 72 RZ29 
spindles and 7 KZPSA adapter/HSZ40 control ler pairs, 
with each HSZ40 contro l k r using 5 sm a l l  computer 
systems in terface ( SCS l )  buses. 

Tuning Specific to Alpha 

U N I X  databases on Digital 's Al pha syste ms wnc ti rst 
ported in 1 992 .  For dJta base companies to fu l ly use 
the power ofAl pha's 64-bit  add ress space, each data­
base vendor had to ex pa nd the scope of i ts norma l 
32-bi t  a rch i tecture to make usc o f  64-bit  poin ters . 
Tl1us, each database could then add ress more than 
2 G B of physica l memory without a\\'k\\'ard code seg­
ments or other ma n ipu l :nions to the operating system 
to extend physica l address space . 

By 1994, most vendors of large databases were oHer­
ing 64-bit versions of their databases t(>r D igi ta l 's Alpha 
environ ment. As a group chartered to measure database 
pertormance on Alpha systems, D igi tal 's Computer 
Systems D iv ision ( CS O )  Perf<m11ance Group worked 
with each database vendor and with the Digital System 
Performance Expertise Center to improve performance . 
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Ta ble 1 
TPC-C Resu lts 

Price/ N u m ber 
System Throughput Performance of CPUs Date 

Al phaServer 8400 5/350, 1 4, 2 2 7  tpmC $269/tp m C  1 0  May 1 996 
Oracle Rdb7 V7.0, OpenVMS V7.0 

A l p h aServer 8400 5/3 50, 1 4, 1 7 6 tpmC $ 1 98/t p m C  1 0  May 1 996 
Sybase SQL Server 1 1 . 0, D i g it a l  U N IX, 
iTi Tuxedo 

A l p h a Server 8400 5/3 50, 1 3, 646. 1 7  tpmC $ 2 7 7/tpmC 1 0  M a rch 1 996 
l nfo rmix  V7 . 2 1 ,  D i g it a l  U N I X, iT i  Tu xedo 

Sun U ltra E nterpr ise 5000, 1 1 ,465.93 tpmC $ 1 9 1 /tpmC 1 2  Apri l 1 996 
Sybase SQL Server V 1 1 .0 . 2  

A l p h a Se rve r 8400 5/350, 1 1 ,456. 1 3  tpmC $286/tpmC 8 December 1 99 5  
Oracle7,  D i g it a l  U N IX, i T i  Tu xedo 

A l p h a Server 8400 5/300, 1 1 , 0 1 4. 1 0 tpmC $ 22 2/tpmC 1 0  Dece m ber 1 99 5  
Sybase SQL Server 1 1 .0, D i g ita l U N I X, 
iTi Tuxedo 

A l p h aServer 8400 5/300, 9.4 1 4.06 tpmC $ 3 1 6/tp m C  8 Octo ber 1 99 5  
O racle7,  D i g it a l  U N IX, iTi Tuxedo 

SGI CHALLE N G E  XL Server, 6,3 1 3 . 78 tpmC $479/t p m C  1 6  Nove m be r  1 99 5  
I N FO R M IX-O n L i n e  V 7  . 1 ,  I R IX, I M C  Tuxedo 

HP 9000 Corporate B us i n ess Server, 5, 6 2 1 .00 t p m C  $380/tpmC 1 2  May 1 99 5  
Sybase S Q L  Server 1 1 , 
H P- U X, I M C  Tuxedo 

HP 9000 Corporate B u s i n ess Server, 5, 369 .68 t p m C  $ 5 3 5/tpmC 1 2  May 1 99 5  
Oracle7,  H P-UX, I M C  Tuxedo 

Sun SPARCcenter 2000E 5, 1 24 . 2 1  tpmC $ 32 3/tpmC 1 6  A p r i l  1 996 
O racle7,  S o l a r is, Tuxedo 

Sun SPARCcenter 2000E, 3, 534.20 tpmC $495/tpmC 2 0  J u ly 1 99 5  
I N FO R M I X- O n L i n e  7 . 1 ,  
Sola r is, Tuxedo 

I B M  RS/6000 PowerPC R30, 3, 1 1 9 . 1 6  tpmC $ 3 5 5/tpmC 8 J u ne 1 99 5  
D B 2  f o r  AIX,  A I  X ,  I M C  Tuxedo 

IBM RS/6000 PowerPC J 30, 3 1 1 9 . 1 6 tp m C  $ 349/tpmC 8 J u ne 1 99 5  
D B 2  for AIX, A I X, I M C  Tuxedo 

Table 2 
Amount of M e mory versus Back-end tpm, Data base-ca che M iss Rate, a n d  I nstruct ions per Tra nsact ion 

Database Back-end 
Memory (Normal ized 
(GB) tpm) 

1 1 .0 

2 1 .3 

3 1 . 5 

4 1 .6 

5 1 . 7 

6 1 .8 

'T\vo optim izations general ly reali zed 20 percent gai ns 
on A l phJ svstems.�  These were 

I .  Opti m i zation of spin lock pri m i tives su ppmted no"· 
l)\' D E C :  C compiler i ntrinsics 

2 .  OJ\11 proti l e - based l i n k  opti m i zation , 1\'hich pcr­
t(mns instruction- cache packing d u ri n g  the tina l  
l i n k  of the database 
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Relative Relative 
Database-cache Instructions per 
M iss ( Percentage) Transaction 

1 . 0 1 . 0 

0 .73 0 .75 

0 . 58 0 . 63 

0 . 50 0 . 5 7  

0.42 0 . 50 

0.40 0.45 

I n  add it ion, the Digi tal UNIX operating syste m 
1·ersion 3 . 2  and h igher 1·crsions ha1·e optim i zed 1/0 
code paths and su pport ad1·;mced processor :�ftin i tl' 
<lnd other sched u l ing al gmi th ms that  h ave been opti ­
m i zed for e nt c rprisc-c Llss commercia l  pertorm Jncc.  
With  these opti m i i'.Jt ions, cb tabasc performance on 
Digital 's Alpha SI'Stcms has bcm signincamlv impr<m:d .  



Lock Optimization 

Locks :m: used on mu l tiprocessor svsrcrns ro svnchro­
n i:r.c atomic  Jcccss to shared data .  ;\ l ock is e ither 
u IlO\I'ncd (c l ear )  or owned ( se t ) .  A kc\' design decision 
leading ro good m u ltiprocessor pcrt(mn<lncc and scal ­
ing i s  p:�rr i r ioning the shared data and :1ssociarcJ loc ks .  
The d iscussion of how to partit ion data and associ:ncd 
locks ro min imize contention and the n u m ber of locks 
req u i red is beyond the scope of this p:1pcr. 

The implementat ion o f  locks requ i res a n  aromic 

tcsr -and-scr opera tio n .  O n  a particu lar  S�'Stcm,  the 
implement a tion of the lock is depcndcnr on the primi· 
tii 'C rcst-:\11d -ser capabi l i ties provided lw the lurdware . 

Locks arc uscd to S\'nch ronize a tomic access to 
shared cbta . A shared data c lcmcnr that req u i res 
atomic  access is associated ll'i th a lock rh�u must be 
�1equircd and hc ld  while the data is modified . On m u l ­
tiprocess ing systems, locks are used to synchronize 
atomic :�cccss to shared data .  A sequence of code that 
<lcccsscs shared data protected by a lock is cal led �1 crit­
ical section .  A cri tical  section begins wirh rhc acq u is i ­
tion of a lock and ends  with the re l ease of rh;lt lock.  
A l though i t  is  poss ib le  ro have nested cri ric.1 l  sections 
where m u l tiple locks are acqu i red and released , the 
d iscussion in  this  section is l i m ited to a crit ical section 
ll' i th a single lock. 

To pro1·idc  atomic access to shared data, the cri tica l  
section running on a gi1·en proccssor locks the data b\· 
:tcq u i ring the lock associated with the sh�1 rcd data .  I n  
rhc s implest c:�se, if  a second processor tries t o  acqu i re 
access to sharcd data that is a l rcady locked , the second 
processor loops and conti n u a l lv retries the access 
(spins)  u nt i l  the processor owning the lock re leases i t .  
I n  a complo case, if a second processor tries to acquire 
access ro sh:lrcd data that is already loc ked , the second 
processor loops a few times and then,  i f the lock is sti l l  
owned b y  another processor, puts i tse lf  into a wait 
stare unri l  the processor owning the lock re leases it .  

The Alpha Arch i tecture Reference M;mual specifies 
that " . . .  the order of reads and writes done in an Alpha 
implemem�uion may d i ffer from that spec i fied lw rbe 
programmer. "" ThereFore, p rocess coord in :nion 
req u i res a spcci:1l test- and -set operation that is i mple­
mented through the  l oad - loc ktd/srorc -cond i rional 
instruction seq uence.  To provide good pcrh:mnance 
and scal ing  on  multiprocessor Alpha systems, it is 
i m portant to optimize the rest-and -set operation to 
min imize ! J tcncy. The rest-and -set opcr<Hion can be 
oprimi;,cd by the fol lowing methods : 

• Usc a n  i n - l ined load - l ocked/store-condit ional  
scq ucnce through an embedded assembler  or  com­
pi ler i mrinsics. 

• Prc loJd J lock us ing a s imple  loJd opcr;Jtion prior 
to J load - locked operation . 

• If a lock is hc ld ,  spin on a simple load instruction 
rather than a lo�l<.i - locked instruction sequence.  

The basic harch� "arc bu i ld ing  b lock used to i m ple­
ment the acq u is ition of a lock is  the test-Jnd -sct 
operation .  O n  many microproccssors, an  aromic  tcsr­
and -stt operation is provided as a s ingle instruction .  
O n  an A l pha  microprocessor, the  test-and-set opcrJ­
tion needs to be bu i l t  out of load - locked ( LDx_L) and 
store-co n d i rion;l l  ( STx_C ) instructions . The LDx_L 

. . .  STx_C i nstructions :1 l l ow the Alpha microprocessor 
to provide  a mu l tiprocessor-sate method to implement 
the rest-and -set operation with min imal restrictions on 
read and wri te orderi ng .  The load- l ocked operation 
sets a locked rl ag on the cache block contain ing  the 
data i te m .  The srorc-cond i rional  operation ensures 
that no other processor has modi tied the cache block 
before i t  stores the data.  If no orhcr processor ILlS 
modified the cache block, the sto re -cond it iona l oper:l­
tion is successfu l  and tht dar:� is written to memorv. If 
a nother processor has mod i fied the cache b lock, the  
store-condit ional  operation tai ls, and the data i s  not  
written to memory. Opti m i zi n g  the  test-and -set  
sequence on  AlphJ systems is  a complex  task that  pro­
vides s ign i ficant pcrt(>rmancc gains .  

Figure I shows code sequences that Digita l 's  CSD 
Performance Group has given to database vendors to 
impro,·e locking in trinsics in  the Alpha em ironment. 
These code sequences can be used to i mplement spin ­
locks i n  the D EC: C compi ler  on the Digita l  N I X  
operating svstem.  

Using O M  Feedback 

As previously mentioned, OM is a post- l ink  rime opti ­
mizer avai lable on the Digita l  U N I X  operating system .  
I t  pertorms opt imizations such a s  compression of 
add ressing instructions md dead code el imination 
through the usc of feedback. The pertonnancc 
improvement provided Lw OM on Alp h:t 2 1 1 64 
systems is d ramatic f(x rhc tc> l loll'ing two reasons . '  

• The 2 1 1 64 microprocessor has an  8 - k. i lo lwtc ( KB )  
d i recr · mdppcd i nstruct ion cache,  \l·h ich makes 
code p lacement c xrrcmch' i mportant .  In a d i rect­
mapped cac h e ,  the  cod e Lwour  and l inking order 
maps one rr>r one to i ts place ment  i n  cac h e .  Thus 
a poorlv chosen instruction stream layour or  s i m ­
p ly  u n l u c ky c o d e  p lacement vvith in l i braries c 1 n  
a l rer ped(mnancc b y  10  t o  20 percent .  Rou tines  
are freq uent ly  page a l igned , which can incrc:Jsc 
the l ike l i h ood ofc1ehc co l l is ions . 

• The h igh c lock  rate of the Alpha  2 1 1 64 micro­
processor ( 300 to 500 megahertz [ iYl H z ] )  
req u i res a cac he h i c rarclw to attempt to ketp the 
CPU pipe l i nes fi l l e d .  The pena ltY of a first- l eve l 
cache miss is 5 to 9 c\-c lcs ,  ll'h ich means that  an 
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/ / T E S T _A N D _ S E T  i m p l e m e n t s  t h e  A l p h a  v e r s i o n o f  a t e s t  a n d s e t  o p e r a t i o n u s i n g 
/ / t h e  L o a d - L o c k e d  . .  s t o r e - c o n d i t i o n a l i n s t r u c t i o n s . T h e  p u r p o s e  o f  t h i s  
/ / f u n c t i o n i s  t o  c h e c k  t h e  v a l u e  p o i n t e d  t o  b y  s p i n l o c k _a d d r e s s  a n d ,  i f  t h e  
/ / v a l u e  i s  0 ,  s e t  i t  t o  1 a n d  r e t u r n s u c c e s s  ( 1 ) i n  R D . I f  e i t h e r  t h e  s p i n l o c k  
/ / v a l u e  i s  a l r e a d y  1 o r  t h e  s t o r e - c o n d i t i o n a l f a i l e d ,  t h e  v a l u e o f  t h e  s p i n l o c k  
/ / r e m a i n s u n c h a n g e d  a n d  a f a i l u r e s t a t u s  ( 0 , 2 ,  o r  3 )  i s  r e t u r n e d  i n  R O .  
I I  
/ / T h e  s t a t u s  r e t u r n e d  i n  R O  i s  o n e  o f  t h e  f o l l o w i n g :  
I I  0 - f a i L u r e ( s p i n  l o c k  w a s  c l e a r ;  s t i l l  c l e a r ,  s t o r e - c o n d i t i o n a l f a i l e d )  
I I  1 - s u c c e s s  ( s p i n l o c k  w a s  c l e a r ;  n o w  s e t ) 
I I  2 - f a i L u r e  C s p i n l o c k  w a s  s e t ;  s t i L L  s e t ,  s t o r e - c o n d i t i o n a l f a i l e d )  
I I  3 - f a i L u r e  ( s p i n l o c k  w a s  s e t ;  s t i L L  s e t )  
I I 
# d e f i n e T E S T  A N D  S E T  ( s p i n l o c k_a d d r e s s )  a s m (  " L d l  $ 0 , ( $ 1 6 ) ;  \ 

" o r  $ 0 , 1 , $ 1 ; \ 
" s t l c $ 1 , ( $ 1 6 ) ;  \ 
" s l l  $ 0 , 1 , $ 0 ;  \ 
" o r  $ 0 , $ 1 , $ 0  \ 
C s p i n l o c k_ a d d r e s s ) ) ;  

I I  B A S I C _ S P I N L O C K_A C Q U I R E  i m p l e m e n t s  t h e  s i m p l e  c a s e  o f  a c q u i r i n g a s p i n l o c k .  I f  
I I  t h e  s p i n l o c k  i s  a l r e a d y  o w n e d  o r  t h e  s t o r e - c o n d i t i o n a l f a i l s ,  t h i s  f u n c t i o n 
I I  s p i n s  u n t i l t h e  s p i n l o c k  i s  a c q u i r e d . T h i s  f u n c t i o n d o e s n ' t  r e t u r n  u n t i l  t h e  
I I  s p i n l o c k  i s  a c q u i r e d . 
I I  
# d e f i n e B A S I C _ S P I N L O C K_A C Q U I R E ( s p i n l o c k_ a d d r e s s ) 
{ L o n g  s t a t u s  = 0 ;  

w h i l e ( 1 ) 
{ 

i f  C * C s p i n l o c k_ a d d r e s s )  = =  0 )  
{ 

\ 
\ 
\ 
\ 
\ 
\ 
\ 

s t a t u s = T E S T  A N D  S E T  ( s p i n l o c k_ a d d r e s s ) ;  \ 
i f  ( s t a t u s  = =  1 )  \ 

{ \ 
M B ;  

b r e a k ;  
\ 
\ 
\ 

} 

F igure 1 
C(ldc Sequ ences tor I ncki n g;  l nr ri nsics 

i nsrruction -cachc m iss r:nc of  1 0  ro 1 2  pc rcenr can 
c tfecti , ·cl, ·  sta l l  the C P U  7 0  to 80 perce n t  of  the 
ri m e .  Converse l 1·, d e c re a s i n g  the m i ss rate b1· 
2 pnc e n t  can i n c rease t h m u gh p u t bl· 10 percent. 

O lv\ pertorms profi le- based opti mi zat ion . A p ro-
gr�l l l l  is ti rst partitioned into bas ic  b l oc ks ( that  is, 
regions con tai n i n g  o n h- one en trance :1nd one e x i t ) ,  
�1nd i nstr u mentat ion code i s  �1dded to cou n t  t h e  n u m ­
ber of ri mes each block. is exec u ted . The i nstrumented 
version of the program is run ro cre�lt<:: �l ked back ti l e 

rh::tr  conr a i ns �l proti l c  of h�1sic b lock cou n ts .  OM rhen 
uses  rlle ked back to rcuTa n ge the b l ocks i n  a n  opti m a l  
\\'<)\' r()r t h e  ti rsr - ln·e l  caches O i l  the A l p h a  c h i p .  The 
d e tai I s  of t h e  proced ure t(Jr using OM m a1· be rou nd 
i n  rhe m a n page for cc on the Digita l L! l\: I X  opcr:1t ing 
SI'Stem but  can be s u m mari zed as t(>l]oii'S : 

I ) i,:itJ I  Tcchn icJI JournJI Vol .  R No. 3 I <J\16 

\ 
\ 

• B u i ld executable ll'i th - n on_s h a rcd ·om options, 
producing prog. 

• Usc p ix ie  to prod uce prog . p i x i e  ( the  instrumented 
execu ub l e )  and prog . Add rs ( :tdd n:s�es ) .  

• Ru n pro g . p i x i e  to pmd u ce 1)ro g . C :o u n rs ,  ll'hich 
records the basic b lock coums.  

• Noll' b u i l d  prog ag:� i n  ll' i th  - n o n_sh a red - om - WL, 
< >m_i rcorg_reedback. 

V LM Results 

ht'-ure 2 shm\·s the i n cruse in th ro u g h p u t  real i zed 
,,· hen u s i n g  V L M .  �ore that  t hroughput nearll· dou ­
b l es as rhc amou n t  of memor1· a l located ro the data­
base cache is l 'aried ti-om I GB to (J c; n .  Of course, t he 
m·cr:t ll S\'Stem rcq ui res addi rio n a l  me mor\' bn·ond 
rhe database cache ro r u n  U N I X  i tse l r' and other 
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processes. For example, an 8 - G B  system al lows 6 . 6  G B  
to b e  used tor the database cache.  

Performance Analysis 

Why docs the usc of V LM i m prove performance by a 
t:Kror of nearly 2 )  Using statistics w ith in  the database, 
we measu red the data base-cache h i t  rat io as memory 
was added . F igure 3 shows the d irect correlat ion 
between more memory and decreased d atabase-cache 
m isses: as m emory is  added,  the  d atabase-cache m iss 
rate decl ines from 1 2  percen t  to 5 percent .  This raises 
two more questions: ( 1 )  Why d ocs t h e  database -cache 
m iss rate remain  at 5 percent)  and ( 2 )  vVhy does a 
s ma l l  cha nge i n  data base-cache m iss rates i mprove the 
throughput so greatly? 

The answer to the tl rst  q uestion is that with a d ata ­
base s ize of more than 100 G B ,  it is not poss ib le  to 
cac he the entire database .  The cac he i m proves the 
transactions that are read - i n tensive, but i t  does not 
ent ire ly e l i m i nate r;o conten tio n .  

2 3 4 

M E MORY IN GB 

KEY: 

-- BUS UTILIZATION 

B-CACHE M I SS RATE 

fs------..6 I-CACHE M I SS RATE 

-- DATABASE CAC H E  M I SS RATE 

Figure 3 
Cache M iss Rates and Bus Uti l ization 

5 6 

To answer the second q uestion,  we need to look at 
the AlphaServer 8400 system's h a rdware cou nters that 
measure i nstruction-cache ( I  -cache )  miss rare, board­
cache ( B -cachc )  miss rate, and the bandwi d th used on 
the multiprocessor bus. \Vith an increase in  throughput 
and memory size, the VLM system is  spanning a larger 
data space, and the bus u ti l i zation increases from 24 
percent to 3 2  percent. I n tu itively, one m ight think this 
would result in  less optimal i nstruction-and data-stream 
local ity, thus increasing both miss rates. As shown in 
Figure 3, this proved true tor i nstruction stream misses 
( I  -cache m iss rate ) but not true t(Jr the data stream, as 
represented by the B -cache m iss rate. The instruction 
stream rarely results in  B - eadle misses, so B -cache 
m isses can be attributed primarily to the data stream . 

Performance analysis req u i res carefu l  examination 
of the throughput of the system under test. Tht: appar­
e n t  paradox just related can be resolved if we normal­
ize the statistics to the throughput ach ieve d .  F igure 4 
shows that the instruction-cache misses per transaction 
d ecl ined sl ightly as tl1e memory size was increased ti·om 
1 GB to 6 G B -and as transaction th roughput doubled . 
Furthermore, the R-cac he works su bstanr.ia l lv better 
with more memory: misses d ecl ined by 2X on a per­
transaction basis. Whv is  tl1is  so) 

Analysis of the system monitor data r(Jr each run 
ind icates that  bri nging the data i n to memory h e lped 
reduce the I/0 per second by 30 percent.  Ifthe  trans­
action is  forced to wait for l/0 operations, it is  done 
asynchronously, and the database causes some other 
thread to begin executing.  Without VLM , 1 2  percent 
of transactions miss the d atabase cache and thus stall 
tor I/0 activity. With VLM , only 5 perce nt of the 
transactions m iss the database cache,  and the time to 
perform each transact.ion i s  greatJy reduced . Thus each 
thread or process has a shorter transaction latency. The 
shorter latency contri butes to a 1 5 -percent reduction 
in system context switch rates . \Ve attri bute the 
measu red improvement in hardware miss rates per 
transacti o n  when using VLM to the i m prove ment in 
context switc h ing.  

The performance cou n ters on the Al pha m icro­
processor were used to col lect the n u m ber of i nstruc­
tions issued and the n u m bt:r of  cycles." In Table  2 ,  
the  re lative i nstructions per transaction resu l ts are the 
ratios of i nstructions issued per second divided by the 
n u m ber of n ew-ord er transaction s . (In TPC- C ,  each 
transaction has a d i fferent code path and instruction 
count; there fore the i n structions per transaction 
amount is  not the total n u m ber of new-order  trans­
actions . )  The re l ative d i fkrence between instructions 
per transaction ror 1 GB of database memorv versus 
6 G B  of database memory is the m easured effect of 
el iminating 3 0  percent of the ]/0 operations, satisf)�­
ing more transactions ti·om main memory, red ucing 
context switches, and reducing lock contention.  

Digital Technical Journal Vol .  8 l"o. 3 1 996 63 
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Improved CPU Scaling- More Efficient Locking 

A ti n�1 l  bendi t  of us i n g  VLM is i mproved sym metric 
m u l ti processing ( S M P ) sca l i ng . lkcause the T PC - C  

work l oad h a s  several transact ions wi th h i gh read con ­
ren t, h:wi ng the data availa ble in memon·, rather than 
on d i s k , �1 l lows an SJ\!1P S\'Stem ro pe rt(mn more e fti ­
ciemh-. More requ ests can be sen·iced rbar �1 re c loser  i n  
cvc lcs ro rhe C P U .  Data fou n d  i n  memorv i s  kss tha n 
a. m iuosecond a\\'J\', \\'hereas cbta t(n i ! Jd  on d isk is 
on the order of m i l l iseconds J\\'J\'. 

\Ve ha,·e sho\\'n how this s ituation i mpro\'es the 
overa l l  svstem th roughput . In add it ion , i t  imprm·es 
S M P  se<; l i n g . Figure 5 shows the rel:ltive sca l i n g  
bcrwccn 2 CPUs and 8 CPUs with o n ly 2 C B  ofsystcm 
memory ( 1 . 5 G B  ofdatabasc cac he ) com pa red to the 
sdmc configurati ons h avi ng 8 G B of svsrc m memor y  

( 6 .6 C B  ofdatabase e1cbe ) .  
'vVc used t he performa nce cou nters on the A l pha 

2 1 1 64 m icroprocessor to monitor the nu mber of 
cvc l cs spent on the memorv b�u-ricr i nstruction .'' 
1V!cmon· bJ.rriers �1re requ i red for i m pkmeming 
m u tu�1 1  �-xc l usion i n  the A l p ha procL·ssor. The\ '  �1 rc used 
lw all locki ng primiti \·es in the dar�1base and rhc operat­
i n g  s\·src m .  With VLM ar 8 GB of mcmon·, we mc:t­

su7-c,i :1 20- pcrcenr decline in time spem in the mcmorv  
b:1rricr instru ction . Larger memory i mp l tcd l ess con­
rcn rion t()r crit ical  d isk and l/0 c han ne l resou rces and 
rhus less rime i n  the memory b<lrricr i nstruction . 

Conclusions 

Open S\'Stcm d atJbase \'endors J. t-c expa nd i ng i nro 

mainti·amc markets as open svstcms acq u i re grcner 
process i n g  pm\ er, larger fj() SU bS\'Stcms,  :111 d the 
�1bi l i n· to d c l i\·cr higher throughput  � 1t  rcasonJb le 
resp<;nsc ti mes.  To th is e n d ,  Digita l 's A lphJScn er  
1\400 5/350 S\'Stcm usi ng Vl.M d a t:t basc tcc h nolog\' 
has de m onstrated substanti a l  g:-� i ns in commcrc i <1 1 
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F igure 5 
CPU Sca l i n g  \Usus M e mory 

performance when compared to systems with<�u r  the 
capab i l ity to u sc V Uvl .  The usc of u p  to 8 G� of me�ll­
ory h e l ps incrc:1sc sysrcm throughput by a factor of 2 ,  

even tor dat�1bases that span 50 GB t o  100 G B  i n  s i z e .  
The D igita l  Alp haScn-cr  8400 5/3 50 svsrem c o m ­

bi ned w i t h  the D ig i t:t l U N I X  operating S\'Stcm to 
<ldd ress greater t iLl ll 2 G B  of me morv h as made possi ­
b l e  i mprmnl T P C - C :  resu lts tl·om sc\·era l \'cndors. I n  
rb is paper, \\'e ha\·c sh0\\'11 ho\\ ' VLM 

• Increased rhc throughput b\' a factor of nearh · 2 
• I ncrcJ.sed the lht�lb<tsc-c:tchc hit ratios from 88 per­

cent to 95 percen t  

B y  using monitor tools des igned for t h e  Alpha p l at­
form , we have measu red the c fkct of VLIVI in  issuing 
tewer instructions per transaction on the A lp ha 2 1 1 64 
microprocessor. VVhcn rr�1nsactions a re satistied by 
data that is al rcalh' i n  me morv, the CPU h as kwer 
hard\\'are c:�chc mi�scs , kwer memor\ '  barrier  proces­
sor sta l l s ,  bstcr locking, and better SNI P  scali ng . 

Future D igital  A l p haScn·er systems that \\·i l l  be 
capab le  of using more p h , ·s ica l memon· '"i I I  be ab le  to 
fu rther explo i t V I.. 1VI d:t ra base technologY. The resu l ts 
of ind usrrv-standard bench marks such as TPC-C, 

wh i ch tor�c pwblcm s izes to grow with i ncre:tscd 
throughpu t, wi l l  com i n uc to de monstrate the rea l istic 
va lue  ofstatc-ot�rhc-arr computer arc h itectu res . 
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Bui ld ing Col laboration 
Softwa re for the Internet 

Colla boration software for the Internet's World 

Wide Web involves the development of shared 

information systems for network computing. 

The AltaVista Forum version 2 .0 software from 

Dig ital contai ns extensions to World Wide Web 

technology that faci l itate col laboration on the 

Internet. The extensions consist of a toolkit 

and a set of colla boration appl ications. The 

tool kit components include a built-in data­

base with an indexing and search capabil ity. 

Generic appl ications include d iscussion, docu­

ment sharing, and ca lendar appl ications and 

administrative functions for managing users, 

teams, and access control. 

Di1;iral Technica l  )ou rn.ll 

I 
Dah Ming Cbiu 

David M .  Griffin 

The I n ternet :\ lld the World  Wide We b (WWW) 
ha\'e cha nged t i K  scope of network co mputi ng .  As 
the I n ternet user pop ul ation has gro\\' ll , so has the 
demand r( >r better \\'a\'S to col la borate Oil the I nternet. 
Some examples I nc lude  tile a b i l i t\' to sh are and d iscuss 
issues of common in terest, coa uthor documen ts, :\ lld 
track project  sr.nus.  Al though tolL w's W W W  is ideal 
for pu bl i sh ing i n r(mn ation , it  req u i res considerable 
c usto m i zed progra m m i n g  to s u pport colla boration . 
The AltaVista Forum version 2 . 0 prod u c r  is both a set 
of coiLl borati,·e appl ic:nions and <1 too l ki t  ( platform ) 
that bci l i tates C:1S\', eftic ient, Jnd rapid de1·e lopment of 
col la bor,Hii'C appl ications for the Imemct for both 
U N I X and Windoii'S NT s\·srems .  

In  th is  paper, \\'e d escribe o u r  experiences in  buil d ­
ing col l a borJtion sofu,·arc f()r t h e  I nternet .  We begin 
with ,1 brief d i scussion of WWW tec hnolog\' and 
grou pware applications.  Then we present om design 
p h i l osophy and the h·amework of the softw:m: and d is­
cuss the appl iutions suppl ied b1· Al taVistJ Foru m .  
Fol lo\\' ing th:n, \\'e discuss the ,·arious C\pcriences 
gai ncd in dn-c loping sofu\'Jrc tor the nc" I n ternet 
parad i g m .  vVe con c l ude the paper lw d iscussi ng o u r  
p lans tor futurc de1·e l opmenr eft(>ns. 

World Wide Web Technology 

Tod a\''s Inrcrnct \\'JS origina l ly  a go,·c rn ment-funded 
computer ne t"·or·k that fac i l i tated col l aboration 
among :1c1de mi c researchers. l n r(mllation exc hange 
\\'J.S condu cted lw mcms of ele ctronic  mai l  ( c - ma i l ) 
and til e  tr�1 11Skr. o,n t ime,  bu l leti n - board st\k 
d iscussions "·ere su pported b\' the Nct\\'Ork Ne\\·s 
Transfer  Protocol ( N NTP) ,  ll'b ich  propagJted rc �tual  
discussion threads ro a large n u m ber of NNTP senns 
for viewi ng. \Vith the d evelopment of the W W W  tec h ­
nol ogv, colb hor�lt ing over the Internet h ;�s become 
e\'e!l eJ.SJcr. 

The vV WW tec hn ology consists of the h> l l o" i ng 
c lements :  

• Unii'Cl'S<11 rcsouree locator ( U RL), a com ention ror 
int(xmJrion n;l lning and l i n king 

• Hype rtext markup lan guage ( HTlvlL) ,  a text-based 
JangtL 1ge f(lr i n ftlrnUtion renderi ng 



• Hvpertexr  Transfer  Protocol ( H TT P ) ,  a s imple  
c l ient-sen-cr protocol ro tnnsport i n formation 
associ:tted ,,·ith a U RL 

• vVe b browser, a program th:tt renders HTM L docu­
ments ,  provides U R.L  cac h i ng,  and su pports a 
d i rector\' fi.lr U R.Ls 

• vVcb server, J server that responds to req uests for 
i n fi.>rmJtion fi·om the We b browsers 

Information Access 

WWW technology h as transformed the way users 
access i n fi.>rmation through computer  networks. 
Access to i n ti.m11ation on the I nternet was pr imaril\' 
text- based ; with the W vVW, users :tre �1 ble to :tccess 
inti.m11:t tion i n  m u lt imed i a  tornnr. The combination 
of fu nc rion al in·  ( in formation l i n ki n g, gra p h icl i  i nter ­
f..1cc, �md uching) ,  extensi bil i n• ( for deal i n g  with new 
protocols and new i nformation t\'pcs) ,  case - of use, 
and low cost appealed to a wide range of u se rs i n  
homes, offices, a n d  corporations.  I n  addi tion , t h e  
M os�� ic-sty lc  of " point-and -dick" graph ical I n ternet 
browser has become the most widely accepted user 
in tcrbcc fi.>r network computing. 

The most popu b r  use of the W W W  tochy is f(lr pub­
l i sh ing i n f(lrmation, and the  proc<.:ss i s  comparable  to 
the wa1· a n <.:wspaper pu b l ish<.:s or a tclc,· ision station 
bro:tdc

.
asts i n ti.m11ati o n .  The roks of the i n fcm11ation 

prm·idcr ami the i n formation consumer arc c lcarh­
ddi ncd . The i n tcm11at ion p rovid e r  ga thers and orga­
n i zes the pertin en t  inform ation, converts i t  to the 
HTM L scripting fonnat, and mak<.:s i t  :wai lab le  on a 

Web scn'Cr. The i n formation consu m <.:r, afru obta i n ­
i n g  i n i tia l  access to the vVe b  s<.: rv<.:r ( as o n e  might tune 
i n ;o the correct: television station ) ,  can then browse 
and search ri.>r  various types of i n tcmlution av::J i ! a b l e  
on rh:1t  server. The l i n ki n g  c<pabi l i ty of U RL a n d  
H T M  L ::d lows t h e  references or l i n ks t o  ::�dd i tional  
i n f( >rmation on \'arious sen·ers to be casi lv pub l i shed 
a long ll' i th  th<.: origina l  i n formation . 

l n comrast, m u lt ip le  i n formation pr01 ·i d c rs '' ork 
in col bborJtion ro generate the content of shared 
i n f( mnarion.  For the pu rposes of this paper, \\'e ,,·i l l  
assu me t h a t  there is only one n·rx of uscr- i n f(mlla­
tion col l :� borators. 

Collaboration and Groupware 

The W W W  is uscfi.tl tor many t\'fXS of col la boration . 
for o:.unplc,  a project team may ne<.:d to keep track of 
project status a nd i n dividual  progress; pcopk with 
a common i n terest ( e .g . ,  fi l m  enthusiasts ) may wan t  to 
sh are �1 nd d iscuss their views on that topic; �1  customer  
support group may n eed a S\'Stem to provide on- l ine  
ansll'crs to  rea l -world c ustomer problems; or se,·era l  
:� urhors ma1· ,,·ish to work on �1 doc u ment rog<.:th<.:r. 

Todav, severa l computer  :t ppl ications faci l i tate such 
col l a boration . Col l ectil-ci l', these applications are 
known as  grou p'''<1 re .  Lotus Notes is a popu lar  group­
ware appl ication . '1\-pical h-, grou pware appl ications 
support the fol l owing capabi l i ties:  

• Management of a set of users and groups 

• Storage of shared i n ti.mnation i n  a database ( some ­
rimes with rcplicnion Clpabi l i ty )  

• Viewi n g  i n tcmnarion stor<.:d i n  t h e  data bases by 
means of a graphical  i n tert:Kc 

• Protection of the col laboration environment when 
nec<.:ssary throu gh authentication ;md access con rroJ 

G rou p,,·arc SI'Stcms :trc b u i l t  to run in homoge ­
neous c l ient  c n,·i ronmcnrs, such as the M icrosoft 
Windo11 ·s em·i ronmcnt .  The1· reh· on specific c l ient­
server tech n ol ogv, which is often proprietary, to sup­
port remote opcrJtions .  

The popu lari n· and rapid growth of the I n rerner and 
the WWW h ave created an open,  u ni1-ersal , and easv-ro­
program i n fi·astructure that can readily serve several 
groupware fu nctions. Engineers ar Digita l 's I ntemer 
Sofuvare Busin<.:ss G roup recogn i zed the porenti:1l  of 
using rhe W W W  as the u ndc rlvi ng i n frastructure f(Jr 
grou pware solu tions :md at the same time saw th�1t the 
groupware appl ications ;l\'a i l ab le  todav ha1·e fc,uures 
that the W W W  lacks.  Our goal \\'as to add grou p11 arc 
features to the WWW to fac i l i tate collaboration .  

We starr<.:d exp lori n g  the idea of us ing the I nrcrnc t  
a n d  the W W W  t(Jr groupware appl ications in th<.: sum­
mer of 1 994 . 131' the end of that 1·car, \\T had b u i l t  
a prototype r h ::� t  supported t h e  s i m p l i fied d iscussion 
( bu l l eti n - bcxmi ) katu rcs oLm i n ternal prod uct known 
as DEC Nor<.:s . 1  This prototype generated consid era ble 
i n terest among activ<.: DEC Notes users who were 
seeking a s imi lar  sol u tion b u i l t  around an l mc rnet 
i n fl·astructurc.  Based on their  kcd back, the prorotvpc 
\\'as redesign<.:d :� nd became :1 product . '  

B1· Septe m ber 1 99 5 ,  \\'e h: td b u i lt several col bbora­
ti,·e app l ications to run 01-cr the W W W. I n  a \\'Orkshop 
organiz<.:d by the World Wide Web Consorti u m  and 
the .Massac h u se tts I nst itu te o f  Tec h nologv, \\'e par­
ticipated in discuss ions on h o\\' ro extend the W W W  
tec hnologv t o  su pport col l ::�boratio n .  AJ I  t h e  \\'mk­
shop participall ts prese nted their  ideas to the \V\V W 
Consortium t(>r review.-' 

Design 

I n  this  s<.:ction,  we sum marize o u r  d esign p h i losoplw 
and d iscuss the framework and appl ications dn·clopcd 
for th<.: A l taVist:<1 foru m prod uct.  For our design , \\'C 
adopted an object-ori<.:med :tpproach,  ,,·h ich meant 
that we wou ld haYc to mod u la ri ze the Yarious compo­
nents tor reuse and mod i fication . 
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Design Philosophy 

O u r  fund:m1ental  design ph i losopll\' req u i red using 
the I nternet and its  i n ri·astructure as b u i l d i ng b loc ks 
r(>r our  col laboration soft\\'are . A fte r years of experi ­
menting and col l a borati ng to develop an open 
process, the Internet developers realized that the 
I n ternet had reached :1 state ofcrit icJI  mass. In the case 
of networks and con nectivitv, reac h i n g  critical mass is  
:t tremendous i mpetlls r(1r agt·cci n g  on a common 
stand�1rd . As more and more users access the I n ternet, 
the need tor soft'll'a re dc,·c l opmcnt for the Internet 
a lso i ncreases . I n  add i tion , the \'e n· n ature of the 
I n ternet demands an open stand ardization process to 
ensure the l ong-term viab i l i ty of a �1roducr.  

O u r  phi losophy a lso incl uded the reuse o f  e xisting 
open software as bui ld ing blocks whenever poss ib le .  
In  ad d i tion to our c hoice of bui l d i ng upon t he 
l nrernct and the W W W tec h n o logy, we selected 
the Tool Command La nguage ( TcJ ) as the primarv 
la nguage tor dn-eloping most of our arpl ication and 
user i n terface fu nction s . '  V/c a l so rook ad\'an tage of 
the datJbase l i bran· in the Berkelev U N lX distri but ion 

. . 

t(>r bui l t - in  database support.' 
Another objecti,·e WJS to m�1 kc S U IT our software 

wou ld be easy to porr to a l l  the rel eva n t  operating 
system platforms. This principle guided our selection 
of components and he lped us iso late a smal l set ofplat­
form -dependent  f'u nctions i n to a speci a l  l i brary for 
porti ng the software. 

As  stated earl ier, we tried to take a n  object-oriented 
approach "·hene,·er possi b le .  The alh·antages of ou r 
appro:tch became incrcasingh· apparen t  as more peo­
ple bcc:tme i nvol\'cd with the software dn·e l opment. 
The object-oriented approach m:tde component reuse 
feasi ble . 

Framework 

Our fi·amcwork organizes the Alta Vista Forum soft­
wJre i mo two layers: toolkit  and �1pp l ications. The tools 
required to bui ld the applications overlap each other. 
We ha,·e used them to bui ld generic appl ications, 
inc luding a d iscussion appl ication that su pports usns 
d iscuss ing a set of related topics, much l i ke ne\\·sgroups 
do; a c:1lendar appl ication that surports users' ab i l i ti es 
to sched u l e  events on J spcciti.c date and at a particubr 

APPLICATION DISCUSSION 
LAY E R  APPLICATION 

DOCUMENT 
APPLICATION 

t ime;  and a nc\\'spapcr <lpp l icnion th<1t prm·ides a per­
sona l i zed news fi ltering sen·icc .  W'c e nvision that, 0\·cr 
ri me,  the ti:amc\\'ork we have dc\'c l opcd w i l l  support 
:1 n u m ber of d i\'crsc applicnions . Figure 1 shows the 
Alta Vista For u m  tool kit :md �1ppl ication layers. 

The toolkit  is a com bination of both C and Tel code 
that creates the fol lowing i n terEKc components: 

• B u i l t- i n  database . The appl icnion uses a bu i l t- in 
cbt<1base ro ston: its object i nsLm ccs . The database 
is  �1 ,·en· s imple re lat ional  mod e l  with an object 
h icr:t rclw relationsh i p  bci l i t\ '  a\'a i l ab le  to those 
<lpp l ic1 tions th at need it. The l i brarv a l so prm·ides 
i m·nsions on certai n attri b u tes to support fast 
rcrric\'al and sort ing based on attri bute va l ues . 

• Bui l t - in  i ndexing ;�nd sc:1rch .  An i ndex i ng and 
search fu nction complements the d;�ubase by 
provi d i n g  a h igh-speed q uery fac i l i ty. for less­
structu red objects, i t  is  often c:tsicr to indc:x them 
<1 1ld look them up using a search tool .  

• C.� raphical uscr interbcc support. The use ofa graph­
iC11 user i nr cr£1cc i nsulates appl icnions ti.·om ha,·­
ing to deal 'll' ith HTM L dirccr lv and cope \\'itl1 i ts 
changes over time .  Abstract definitions or· user inter­
race objects also tend to si mpl i�1 and clari�' the code 
and create a more unit(mn appc1rance on the screen. 

• Access contro l .  All appl ications req u i re some form 
of :tcccss control to regulate who can access, create, 
modi t\', and delete various objects. 

• I n te rnationa l ization . An i nrcrn,niona l i zation tac i l ­
i t\' g<nhcrs strings th:tt  appcar i n  t h e  user i nrer bce 
i nto message cata logs ri.1r later tr:mslation to d i fter­
c nt la nguages. 

• Platform-speciti.c s uppon. A specia l  l ibrary isolates 
those operating syste m -dependent fu nctions that 
vary from platform to p l atr(m11 . Certain ti le system 
accesses and d ate/time l i brary accesses arc exam ­
ples of t h i s  component. 

Armed with ali the compone nts in the too lkit ,  an 
A l ta Vist�l Forum application consists of a set of tu n c ­
tions, each respond i ng to a di lh:rent user request . The 
organi zation of a n  appl ication is  mod u lar. A function 
can <::<1 1 1  ,·arious objects th�lt  arc d di ncd separate!\· as 
parr of the app l ication,  inc luding the r(> l lO\\'i ng:  

USER LISTING, 
REGISTRATION 

CALENDAR 
APPLICATION D 

TOO LKIT 
LAY E R  

DATABASE. I N D E X I NG/SEARCH. GUI  L I B RA RY. 

Fig ure 1 

ACCESS CONTROL, INTER NATIONALIZATION S U P PORT, 
P LATFORM-SPECIF IC F I L E  SYSTEM. AND T I M E  S U P PORT . . .  
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• GLlp hica l  objects such as defi n i tions of bu ttons, 
roo l bJ.rs, various objects that arc parr o f  a r(xm 
( e . g . ,  se lect boxes, rad io buttons, c hec k  boxes, text 
boxes ) ,  and icons.  

• D �1t�1 b�1se enrries, the defi n i tions ohlwir  J.ttr ibutes, 
�md defa u l t  values. 

• User i n te rbce aggregate objects such as t<.mns, 
views, d ia logs , and error m essages . 

• De bult  access control pol ic ies, inc luding dct� u l t  
groups, access righ ts, and thei r m:.1ppings,  t o  con­
trol who can access i ndivid u a l  t(Jrums and what  
actions thev can rake within the m .  

This approach t: nca psu btes t h e  deta ils i n  lo\\· - l e\'e l 
mod u les,  malting the software more read a b l e  and 
mai ntai nab le .  I t  a lso makes i t  c:ts\' ti:)r difk re n t  ti.mc­
tions to reuse the objects. 

To fu rther tac i l itate code sh �1ri ng, the tt·amework 
�1 lso J ! l ows ::�ppl ications to i n herit  a set o r· Fu nc tions 
�md objects that have been gro u ped togeth er <lS a 
pseudoappl ic:Jtion . for example , the access control 
tn�l l lagenlellt ti.mctions can be group<.:d into a 
ps<.: u d oappl icat ion and cert<l in button and too l ba r  
d e fi n itions c a n  b e  grouped i nto another pseudo­
app l ication . A l l  applications that  ne<.:d ac<.:ess comrol 
J n d  the common graphical  obje<.:ts that knd a consis­
te llt " l oo k - a nd - ree l "  <.:an i n l1erit rhos<.: fu nctions and 
objects ti·om pseudoappl i<.:ations. 

The AJt<JVist�l Foru m  p rod uct \\ Orks in con j u nction 
\\'i th  th<.: Web bro\\'ser and the Web scr\'l'l'. Th<.: Web 
browser submits req uests to the 'vV<.:b sen·er \\'h<.:never 
th<.: use r opens a l i n k .  If the l i nk po i n ts to <1 ti le ,  then 
the W<.: b suver sends the ri le to the brows<.:r, which i s  
the normal i n tera<.:tion.  The l ink can <l iso poillt to pro ­

grams on the server; i n  th is  c<Jse, the \Nc b serv<.:r  
invokes the program a n d  then t h e  progra m responds 
to til<.: user. 

Wh<.:n the l i n k  points to t h e  Al taVista forum, the 
Wd> scr1·n i ll\'okes the Al taVista for u m  d ispat<.:her 
progra m th rough the common gat<.:11·ay i n terrace 
( C :GI ) . Bas<.:d on the in tormation pass<.:d a l ong \\ i th 
the user req u est,  the d ispatcher i m·okes a specific 
<lpplicn ion , which, i n  tu rn ,  ca l l s  1 ·ar ious tools i n  the 
tool kit  to r<.:spond to the use r's req uest.  figure 2 i l l us­
trates th<.: i n tera<.:tion of the A lta Vista forum soh-ware 
with the \Neb browser and server. 

I I HTTP I WEB WEB 
BROWSER I I S E RV E R  

t HTTP 

Figure 2 

Parameters arc p<1sscd to the d i spatcher from seg­
ments of the URL. The dispat<.:her p<1rses the U RL  int o  
the pie<.:es that p rm·itk the Ol'era l l  control o f  the pro­
gra m :  ( 1 )  the foru m  n am<.: ,  ( 2 )  the access comrol ar<.:a 
name,  ( 3) th<.: mcssag<.: n;Jm<.: , and ( 4) the message 
argu mellts.  

I 

Ea<.:h tor u m  is an i nst�Hll'C of an app li<.:ation object. 
For example, many d iscussion forums are avai lab le  on 
various topics. Each d isc ussion t(>rum h<Js i ts own name 
at the time of creation ; however, the same discussion 
<1pplication Gln be used to man<Jge all the forums. 

An <Jc<.:ess control area contains a set of for u ms Jnd 
a common user/group d a ta base . An administrator 
group bdps ad m in istn the user/grou p  datJ.base Jnd 
esta b l ish  o\·cra l l  a<.:c<.:ss control pol icies for the em·iron­
ment.  A user rcgistns onlv o nce with a n  access con trol 
area.  Based on the access control area location,  the 
lwpe rtext s<.:n·cr not on)\ '  k nows \\'here to ti nd th<.: 
user's cretkntia ls  t(Jr authemication p u rposes but  a l so 
knows how to a u t h <.: n ticat<.: the user and pass the 
a uthen t icated usn identi ty to the A l ta V ista foru m 
environment.  G iven the user identity and the acc<.:ss 
control loclt ion,  Al taVista forum software can a lso 
look up the user profi le , check a<.:cess contro l ,  <1 nd pcr­
torm other uscr-sp<.:c ific functions.  

The m<.:ssagc n<Jme and message argu ments 
then se lect pa rtic u lar actions to perform with i n  the 
appl ication . 

Generic Applications 

The Al taV ista forum pro d u ct suppl ies a set of g<.:ncric 
appl ications that mJk<.: the so!hvar<.: i m mediate !\' 
usa b l e .  T l 1<.:  <1pp l ic1 tions are d escri bed in this  sectioi� . 

User and Group Management and Lookup This <lppJ i ­
cation provicks a n  i ntn bce for user registration 
( ei ther  bv the user or by J. n admi nistrator) .  Users can 
supp l y and modit\' their  busi ness <.:<Jrd i n formation 
such as phon<.: n u m bers and e - m a i l  add resses. Us<.:rs 
c<Jn also set ce rta i n preference parameters that he lp  
the A.l t<J Vist�l For u m  software tai l or i ts respons<.:s 
( e . g . ,  n a ti1·e LmguJg<.: and preferred d ispLw t(mn ats ) . 

I n  addit ion ,  grO U f)S can be created and mod i fied :1s a 
set of us<.:rs. This <lpp l icnion a lso prm·ides th<.: i n terbc<.: 
tor l ist ing and sc1 rc h i n g  t(Jr  user and group i n forma­
tion tor a ll t<>r u ms .  As d i scussed e<Jrlier, t he A l taVist�l 

U HTML 
FI LES 

CGI INTERFACE 

l ALTAVISTA 
FORUM 
DISPATC H E R  

l mc racr ion of AitaVist<l Foru m ,  W<.:b l)roll'ser, and Web Server 
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forum prod uct can su pport a l l  the users that  a VVc b 
server can handle  s ince only  one reposi torv of users 
:1 11d groups is necessary. 

Com m u n ity, Team, and Personal Vistas A vist:� is 
�mother term for home p:�gc, which is a p lace for thc 
uscr to log i n to the W W W. Once in the com m un ity 
vista , the user sees :1 set ot· publ ic t( > rums and l in ks to 
pcd()rm ,·arious tasks, c g . ,  rcgistcr oneself, look u p  
reams o r  join a team , pcrt(mn Air:� V ista Forum :�dm in ­
isrrati,·e tasks ( if an ad m i n isrr:�tor) ,  and so on . For this 
reason , the com m u n i tY , · isra is also c 1 l led the s u m m i t .  
ln  m u c h  the s a m e  \\·a,·, �� tom ,·ist:� keeps track of a l l  
the t(>rums and l i n ks tor :1 group o f  users, and a per­
son a l  vista performs this fu nction Fix a s ing le  user. 
Both tcam and personal  vistas ctn own torums that arc 
nor visi b le to the p u b l i c  comnHmity vista . 

Discussion Much l i ke a b u l leti n - board d iscussion 
gro u p  or D igita l 's D EC Norcs sofT\\'are, tb is appl i ­
Gttion permits users to share i d eas on a set o f  re l ated 
topics. Users create topics and replies th:n torm a h ier­
archica l  tree ( a lso kno\\'n as thrc1dcd topics),  prO\·id i ng 
J " av klr users to n avigate through ex isting d iscussions.  
Other methods of read ing the existing d iscussion arc 
also provide d .  These inc lude c h ronological ly navigat­
i n g  th rou g h  i tems not read ; l i sti n g  u n read i tems on ly  
and selectively read ing them; and sc:trch ing tor topics 
and repl ies containing ccrt:� i n  words that \\'ere e n tered 
d u ring a parti c u l ar time period b\' a certain au thor. 
Users can also create m u l ti p l e  d iscussion forums ro 
discuss d i fferent topics; this is true t(Jr the fol lowing 
�1ppl icuions as \\'el l .  

Document Sharing The document shar ing appl icJ­
t ion e n �1 bles users to orga n i Z-e docu ments  of the same 
type i n to h ierarchica l ly orga n i zed tlJ i dcrs. ln add i tio n , 

it keeps track of versions of the docume nts, attach ­
me nts, and comments . As w ith the d iscussion appl ica­
tion, users can bro\\'se through Jnd search f(x specitlc 
documents using a \':triet\' of methods. 

Newspaper The nc"·spaper appl ic :�t ion l ets users 
select a speci fie source of i n  t(Jrm;ttion :�n d  then ddi n e  
h i rers t o  present on lv those items of potentia l  i n terest. 
A good example of an i n hJrma rion sou rce on t h e  
I n ternet is one of t h e  real - r i me news teeds. Usi ng t h e  
ncwsp;�pcr appl ication, i t  is  Jlso poss ib le  t o  read a n d  
monitor o t h e r  i nform:� tion sou rccs, e . g . ,  c -m J i  I s e n t  to 
a d istri b u tion l ist  or i nformation ;�ppcari n g  on a set of 
\VWW s i res .  

Calendar The ca lendar :�pp l ication permits users 
to e n ter a set of sched u l ed C\'C i l ts ( or a to-do l ist)  a n d  
prese n t  t h e  C\'ents as a c a l e n d a r  ( sometimes c:�Ucd 
a d i a rv ) .  The appl ication supports req u ests to add 
i tems to the ct lend:�r, rhus :� I  lowing the ca lendar to be 

Vol .  tl No .3 1 996 

used as a sched u l i ng too l .  AJ rhough a ca lendar  tor u m  
can b e  s e t  u p  tor each person , i t  is  equal lv  usefu l  
to h :�,·e a team cal end ar, a com m u n i ty calendar, or 
C\'C l l  a calendar for J speci fic t)Vc of event. 

Experiences 

In this section,  \\'e summarize some of our experiences 
:111<.i discuss rhe lessons 11·e learned a long the \\'J\'. As 
�� res u l t  ot· o u r  d ecis ion to rclv on the VVe b brmYscr 
�1s the u n i\'ersa l  user  i n terbce,  \\·c had to rcsoh'e some 
u n i q u e user i nt er bce issues . Bcc1usc \\'C c h ose to usc 
Te l t(Jr dc,·c loping higher- b·c l objects ,  \\'C h ad to cope 
with using an i n terpretive bnguage .  We designed the 
dat;:J b�lse and index ing and scarch i nt c r b ccs based 
on e x tensi b i l i ty a n d  port a b i l i ty go:� l s .  F i n a l ly, in the 
des ign o �· �1ccess con tro l , we had to cardu l l y  weigh 
rbc  pros a n d  cons ofsimpl ic it)' and Hcxi bi l i t)1• 

Coping with the User Interface Defined in HTML 

Very car lv  i n  the d esign phase, \\'C decided to ma ke 
A lta Vista Forum cl ient- independent,  " i th the e xcep­
tion of dtpende nce on tbe vVc b lm)llscr. This decision 
11·as b�1scd on the bet that the \Vcb browser was a l rcadv 
ti·cc ly  avai lable on most of the pi :. Hf(mm. VVc expected 
the browser to become �� u bi q u i tous nct\vork fi·ont  
end , a l l owing us to focus  on bu i ld ing groupware fi.mc­
tions on the server. This mcmt th:H \\'c were bced with 
the t�1sk of design ing the user inrcrbcc using l-JTM L'' 

Si nce HTML was C\'Oh' i n g, o u r  ti rst step was to 
d di nc gt·�lphica l  objects in more :�bstract constru cts 
su pported by o ur rool kit .  Each construct encaps u lates 
the spec i tics i mo a representation oL1 grap hica l  artifact 
i n  HTI'-1! L i n the too l ki t .  Thus  :1s HTM L e,·okes, or as 
the page d esign changes, on lv  one are:� needs to be 
upd�l ted . For example,  a se lect box object on a form 
mav be defined as fol lows: 

f o r u m  s e L e c t b o x  s . L a n g u a g e  
- m a p t o  L a n g u a g e  \ 
- L a b e l  " S e l e c t  a l a n g u a g e : "  
- L a b e L b r e a k  

s . l a n g u a g e  a d d_o p t i o n E n g l i s h 1 s e l e c t e d  
s . l a n g u a g e  a d d_o p t i o n F r e n c h  2 

I n  this ex:Hl1 ple,  a select bm is ddi ncd to beg i n \\' ith 
�� L1 bcl  and some spac i ng :1 11d then to contain t\\'O 
options:  E nglish and Fren c h ,  with Engl ish as the 
dcbu l t .  The val ues l and 2 arc interna l  representations 
ofthe se lected values. Also, the " nnp- ro " S\\' itch spec­
i �ies that th is  object m ust correspond to the language 
�lttri b u rc in the database, a katurc that 11·as included to 
s imp I in' d ata base update . 

Note that a lthough a !Jbcl  is spec i ti c d ,  no specitiCl­
tion is prO\· ided to represent rh:�r l ;1 bc l  in  a particu lar  
t(m t  or tvpeface . Neither is the  :�ctu:l l  S[XKi n g  tor labe l  
break specitied . These decisions :trc mad e i n  the for u m  



select box part of the toolkit procedure,  w hich trans­
lates this object into HTML. 

Most of the early Web browsers were single-window 
based .  This l imitation was especia ll y  p roblematic for us 
because most of our applications provide some organi ­
zation to the i n tixmation content .  A much more nat­
u ral  way of browsing tor our e nvironment would 
i n clude at least rwo windows: one showing the context 
and the other showi ng the content of a speci fic i te m .  
For this reason, w e  i n troduced m u ltiple na\rigational 
methods. For example, the d iscussion appl ication 

• Allows hierarc hical navigation ( previous, next, u p )  
• Allows navigati o n  in chronological ord er ( ne x t  

u nseen, what's new) 
• Provides a category view that lists topics accord i n g  

to their category 
• Su pports content- based search or an index - l i ke 

fi.mction 

Newer versions of Web browsers support tl·amcs, 
which have mu lt ip le window - b rowsing capabi l i ties 
(a l though the standards in this area are sti l l  a bit 
vague ) .  We are u pdatin g  our applications to take 
advantage of these new features. 

Usabil ity studies guided our decisions as we were 
d esign ing forms and dia log boxes . I t  i s  l i kely that 
many potentia l  users of our product are fam i liar with 
vVindows-stvlc user i nterface objects. Because the 
earlv Web b;·owscrs ( e . g . ,  M osaic) were UNfX- based , 
l ittl� attention was given to providing a h u man­
computer i nterface that resembled the more widely 
used Windows i n rert:1ce. However, our u sa bi l i ty 
studies ind icated that m <my personal  comp u ter ( PC )  
users had d i fficu lty using Web browsers out-ofthc­
box . For example, a user might expect a d ialog box to 
h ave certa in  standard buttons, such as OK, cancel , and 
clear. Ideal lv, the user would know what to do with 
these butto1;s withou t any tra in ing.  To make our soft­
ware easy to learn, we tried to rol l ow the same user 
i nterface s rvlc that was alreadv famil iar to most users. 
S ince we w�rc l imited by HT1Vt L  and browser design, 
this was not a simple task. Thus we were often forced 
to prod uce rough facsimiles of the more wel l - known 
i nterface artifacts . 

I n  s u m mary, we found usabil i ty studies to be 
extremely val uable when designing end - user applica­
tions. For this reason ,  it is i m portant to a l locate 
enough time i n  the prod uct design cycle to col lect user 
ked back bctore beginning product developmen t .  

The Pros and Cons of Using a n  Interpretive Language 

As mentioned earl ier, we sel ected Tel as the language 
for bu i l d i ng the Alta Vista Foru m  toolkit .  Tel is a 
highly portable, extensible,  and freely avai lable l <ll1-
guage that was origina lly designed to be embedded i n  
a larger fra mework.' However, i t  is also a n  interpretive 

language, which supported o u r  goal of rapid a nd 
iterative development of collaborative applications 
tor the w w w. 

vVe exte nd ed standard Tel to p rovide a set of com ­
mands and objects that formed t he AI ta Vista Forum 
toolki t :  data base, HTML generation , access control ,  
internationaliza tion,  user protile management, and 
pl atform-specitlc support.  Many of these extensions 
supported an object- based e nvi ron ment ( i . e . ,  the 
environment supported standard Tel objects and our 
s imple  i n heritance mechanism ) .  The use of these 
extensions made it easier to develop applications than 
i t  wou ld have been with Tel (or any other language ) ,  
a lone.  As a resu lt, these extensions r(xm t h e  basis tor 
fu ture development tools. 

From the begi nning,  we k new that the choice of 
an i n terpretive l a ngu age was going to i nvolve trade­
oft$ . I n  fact, performance, which was o u r  most cri tical 
trade-off� continues to be a concern tor the engi neer­
ing team .  Although the performance of an interpreted 
language is lower than that of a compiled language, 
last  processors have made t he use of an interpreter 
worthwhile beca use of the redu ced expense of devel ­
oping applications. The u sc of Tel in the Al taVista 
Forum sofuvare certa in ly  takes advantage of this .  
Al though the applications and part of the tool kit are 
written i n  Tel, many critical parts are i m plemented i n  
a compiled language ( such as C )  to stay wi thin per­
formance requ i rements .  The engineering team is con­
t inua lly search ing for ways to i m prove pcrt(Jrmance 
whi le  accommodating requests tor new features and 
tracking the rapid l y  evolving WWW environment.  

The second trade-off was the a bsence of a sophisti­
cated d ebugging and proti li ng environment .  Partly 
due to the l imitations of Tel and partly d ue to the 
stateless natu re of WWvV transactions, some of 
the more sophisticated development tools that pro­
grammers expect to see are not read i ly ava i lab le .  
Despite these shortcomings,  rapid developm e nt is still 
possi ble;  however, we expect even larger gain s  as we 
correct these problems in the fu ture.  

Interfacing to the Database 

Several factors ( p ri marily porta bi l ity and cost)  i n fl u ­
enced o u r  decision t o  b u i l d  a hybrid data base rather 
than the m ore customary re lational database . The 
database i n  the AltaVista Forum toolkit consists of a 
B - tree i n dexed fi l e  ( from the Berkeley nd bm package ) 
tor storage of basic attrib u tes about documents, which 
i s  backed by the file  system for the nonstructured data . 
This design, combined with the search engine 
(d escribed i n  the next section ) ,  is q u ire effective for 
the types of applications we i n i tially d eveloped with 
the Alta Vista Forum tool kit.  

I n  effect, the database is organized as a collection of 
documents (or entries ) that have u nique identifiers 
( document I D s ) ,  hierarchica l  docume nt numbers, a nd 

Digir,1l Technical journal Vol .  R No. 3 1 996 7 1  



72 

a set of attrib u tes that is s imi l a 1· to a relational database 
tab le .  The too l kit provides each en try with a set of 
b u i lt - in  attri bu tes ( su c h  as t it le,  creation a n d  modi ­
rication dates, and author) .  The appl ications can then 
del iver addit ional  attri butes.  

The tool kit  provides the means to retrieve, mod i r)r, 
and iterate through the col l ection of en tries in a 
straigh tti:xward manner. Because the attrib u tes are 
part of the appl ication description and are not stored 
in a separate database, the too l ki t  can use i ts knowl ­
edge of the attr ibu tes to s impl ih' cert a i n  com mon 
operations.  For example ,  because transferring data 
h·om HTM L forms to tbc data base and back is  a basic 
operation in colla borative appl ications,  t l1e toolkit can 
l ink fields on t<xms to database attri b u tes, m a king it  
possib le to store them with a s ingle command. To s up­
port a dynamic  development environme nt ,  the toolkit 
a lso upgrades data bases in real time as new attri bu tes 
arc added or deleted . Th is perm i ts the application 
dn·eloper to concen trate on the task at hand rather 
than worrv about database ma nagement tasks. 

Al though the pri marv organ i zation mechanism is a 
fht table i ndexed by document identifiers, the database 
i n tegrates a hierarchical  re lationship between entries 
when necessarv. B ecause hierarchies are common in 
col laborative appl ications ( e .g . ,  f() ld ers/ documents 
and topics/repl ies ) ,  it was important  to rdlect this i n  
a natural way i n  the database. 

In add ition to attri b u tes, the datab�1sc offers proper­
ties. Compared to attri butes, which arc stored tor each 
cntrv i n  the database, properties arc stored with i n  
each foru m .  Appl ication designers c a n  use these prop­
erties i n  a ny way they desire : thcv �1re s imple key-va lue 
relationships .  The A l ta Vista Forum software uses 
properties to i mplement a variety of tCatures, from 
:1cccss control pol i cies to the backgrou n d  color of the 
screen display. 

User properties are an extension of standard tor u m  
properties . They a c t  l i ke f()ru m  properties except that 
they arc tied to the user who is executing the transac ­
tion . User properties keep chtabasc locki ng to a m i n i ­
m u m  beca use, i n  col laborJti\'C appl ications, a user w i l l  
tvpica l ly execute only o ne transaction at a t ime. 

Indexing and Search: The Way of the Future ? 

O ne key design decision was ro i n c l u d e  a n  i ndexing 
and search engine as a bas ic  component of the pro d ­
uct.  A lthough the database is often t h e  centra l piece o f  
a groupware product, an index i n g  and search engine 
often plays a si m ilar  role t()r a WWW site .  This deve l ­
opment i s  compl etely consistent with t h e  phi losophy 
of the W vVW- i n formation is l i n ked as needed , not 
necessari ly fo l lowin g  any structure.  Database use is  
more su i table for i n formation objects that have some 
un iform ity i n  their defi nitions. 

The basic function of the indexing engine is  to map 
a set of words to a document conta in ing t hose words .  
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( Th e  term document is used i n  a generic sense . It can 
be any logical entity associated with a set or words . )  
The i ndex ing i n formation must  b e  stored i n  such a 
way that s u bseq uent searches based on i ndivid ual  
words (and phrases ) are  efficient and speedy. The 
indexing engine i n  the Alta Vista For u m  too.l kit i s  
basica l ly t h e  s a m e  i ndexing cngi n c  ava i la b le on the 
A ltaVista Web s ite . 7  Designed and i m p l emented at 
Digita l 's System Research Center, i t  is  h i gh l y  scalab le  
a nd efficient . 

·rhe bu i l t- i n  database fu nctions as a rcpositorv t()r 
en tries with a predefined set of attri butes .  It prO\·ides 
hst retrieval when the entries arc identified using either 
an entry ID or a h i erarch ica l  I D , Jnd it pn)\'idcs si mp le 
creati ng, updati ng, and sorting fu nctions associated 
with retrieva l .  The i ndexing and search engine comple­
ments the AltaVista Foru m data base: it  provides a 
content-based search method :1nd fu nctions at higher 
spee d .  S i nce the search e ngine is ex tremely fast and 
sc1bble,  we a lso use i t  to index some of the attri bute 
values in the database . This a l lows us to use the search 
e ngine tor certain compute- intensive sea rches that 
otherwise would be pert(xmcd by the database. 

Based on our experie nce, we expect the capabi l i ties 
of the indexing and search engine to continue to 
expand . As the popu l arity of the W W W  technol ogy 
contin u es to grow, the vol u me of p u b l ished i n forma­
tion wi l l  a lso increase. Only a sma l l  a mo un t  of this 
i n fi:m11ation can be effectively  captured in databases .  
The indexing and search engine is  an  i n va l u a b l e  tool 
t()r m i n i n g  useful i n formation out of the vast amou nt 
of data stored i n  these databases . 

The Dilemma of A ccess Control 

Desi gning access control is very chal lenging because 
users :1nd a d m i nistrators have d i fferent req u i rements .  
On t h e  o n e  hand,  a d m i nistrators want a h i g h  degree 
o f tl c x i b i l ity in contro l l i n g  access . Their issues inc lude 
the  td lowi ng:  

• What type of i n formation is  subject to access control >  

• S ho u l d  access control be dctincd for e\'erv poss i b le 
access/action tvpe> 

• Should there be arbi trary fl ex ib i l i ty 1 11 d e fi n i ng 
gro ups ( i nc luding nesti ng) >  

On the other  hand,  users have stated that they do 
not l i ke products in which access control operations 
arc comple x ,  especial ly i n  the case of a prod uct that 
is su pposed to help people col la bor:nc . I n  a majority 
of scenari os ,  they argue that very l ittle access control 
is need ed.  

for  th is  reason,  we tried to stri ke a ba lance between 
ad m i n istrators' needs and users' prdcrences. Although 
vve recognize the i mportance of access control ,  we did 
not give it precedence over prod uct usabi l i ty. S i nce 
usabi l i ty was our  priority, and the time avai lab le  to 



work on it was l imited, we d ivided our efTorts between 
making access control flexible  and choosing default  
options that would promote collaboration.  

vVe defined access control tor the whole database 
( foru m ) ,  rather than for individual entries and attrib­
u tes of entries. However, some entry-level access con­
trol is necessary. For example, it is preferable to let  only 
the owner (or the creator) of a n  entry modify and 
delete that entry. As a resu lt, we al lowed the group def 
inition to include entry-specific logical users, rather 
than provide a general mechanism for entry-level access 
contro l .  Therefore, a group may contain a member 
who is the owner of the current entry. D uring access 
control checking, the cu rrent entry's owner is looked 
up and matched against the currently logged-in user. 

Instead of letting the administrator define access 
control for each possi ble incoming access/action, our 
framework al lows the application defi n ition to group 
accesses together into logica l access rights. For exam ­
ple, for the discussion application ,  we defined the fol ­
lowing access rights: 

• Read -Includes all read U RLs (difrerent v1ews, 
whether for a single entry or a l ist of entries) 

• Connibute-lncludes adcling a topic or reply 

• Modi r)r-lncludes any form of modification or 
deletion 

• Moderate-Includes such functions as creating key­
words, polling options, controUing number of levels 
of replies, and setting certain entries as hidden 

• Administrate-Change access control or other 
kinds of resource consu mption policies 

By defi ning these access rights, the administrator only 
needs to estab lish who can do these five operations, 
rather than define nu merous other kinds of opera­
tions. I t  is sti l l  possible to change and add to this 
group of access rights by making sim ple modifications 
to the appl ication definition. 

Our basic strategy for making access control easy to 
manage is to set up defa u lt policies of access control 
that apply to as many situations as possible, within rea­
son. The deEmlt policy is added to the appl ication def­
inition. I f  the administrator is satistled with the default  
pol icies, then the access control can be used as sup­
pl ied . For the discussion application, the defaul t  policy 
is the following: 

• Read -Al l users, including a nonymous 

• Contribute-All users, excl uding anonymous 

• Mod ir)r-Owner (creator) of entry and moderators 

• Moderate-Owner of the forum 

• Administrate-Owner of the forum 

To simplir)r implementation , we chose not to a llow 
nesting of groups. Our design al lows tor adding it in 

the future as long as it makes management of access 
control policies easier. 

Futu re Directions 

To date, we have received encou raging feedback from 
users. Of the ways tha t  we can continue to improve 
the Alta Vista Forum product, we fee l  the tollovving 
deserve the highest priority. 

First, we need to provide better ways to help users 
deal with information overflow. Although we have 
bui lt  ways to tl lter and search information into our 
application, further simpli tlcation is  necessary. We 
are working on smart agents that brin g  the relevant 
information to the user's fingertips . 

Second, a n umber of the functions that we provide 
can be more easily performed on the client machine. 
The Java language is the best candidate tor providing 
these functions since it  enables us to handle a wide 
variety of client platforms. I nitial ly, we arc looking into 
using Java to improve certain user interface problems, 
such as opening additional windows on the client 
machine to notifY users of new information. 

Third, synchronous col laboration using video, 
audio, and whiteboard will soon become feasible and 
cost effective. It  is important tor us to help bring users 
together through both sync hronous and asynchro· 
nous methods of collaboration.  For example, users 
should be a ble to use the calendar application to 
schedu l e  a meeting over the I nternet, and Windows 
should be available to the user automatical ly. 

Fourth, as the AltaVista Forum software matures, 
we hope to add to its performance and increase 
its scalabi l ity. As its environment evolves, we are look­
ing into ways to bypass the CGI interrace and usc a 
compiled language tor more of the toolkit implemen­
tation . We also hope to add support tor large commer­
cial databases. 

Finally, we wi ll continue to add innovative applica­
tions to our product .  We recently built  a prototype of 
a customer-support application that keeps track of 
problem reporting. We are looking into other applica­
tions such as project management, group review, and 
survey and decision-support systems. 
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