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Ed itor's 
Introduction 

Tliis issue presents papers o n  di\,crsc 
comput ing topics-the Internet, 
modern Fortran l a n g ~ ~ a g c  extensions 
for par~llel  computing, and perfor- 
Inance measurenient ofAlpl i .~Scr \~cr  
64-bi t  RISC systems-each I-cprc- 
scnting an area o f  engi~iccr ing 
strength for Digital. Also in tlie issuc 
is J thought-pro\ ,oki~ig  papcr o n  tlic 
prcscr\,ation o f  historical computers.  

Tlic opening papcr o n  the Internet 
l'rotocol \,crsion 6 csamincs tlic S~; I I I IS  

o f  today's Inremet  and looks to\\,nrd 
its ti ~ t u r e .  Digital is one  o f  sc\,cml 
companies participating in the \\,orli- 
ing  groups o f  tlie Internet Enginecr- 
ing Taslt Force o n  the transition t o  
a protocol. Dan Har r ing to~ l ,  
Jim R o ~ ~ n d ,  Jack 1McC~nn,  dnd ~M.ltt 
-7 

1 liom~is report \\,11,1t they Iid\,c Icarncd 
from designing an lP1.6 protonzpc, 
anti compare and contrnst tlic 
\,crsion \ \~i th  the existing protocol, 
I1'\,4. T h e  most import.lnt diffcrcncc 
between the \lersions-one t l i ~ t  \ \ , i l l  
rclic\ic the  strain o n  tlie Internet-is 
the increase in IPv6 o f  address s ~ z c  
ko~n 32 bits t o  128 bits. T h e  . ~ ~ ~ t l i o r s  
conclude \\.ith a look at  f i~ tu rc  \\'ark 
in sucli arcas as s e c u r i ~ ,  ~ n d  ci;it,l link 
interbces for ATIM. 

O u r  ~ ~ c x t  papel--an unnsual one  
no t  only for the issue but  for this 
, ]o~~r~~a/ - te~~ipora~- i ly  nio\,es the dis- 
cussion from computing's h t ~ ~ r c  t o  
its past. M a s  Rurnet and Bob Supnik 
3rg11c that an  understanding o f c o m -  
p ~ t i n g ' s p a s t  is vital t o  its t i~rurc .  T h e  
,~utI io~-s  pl-cscnt n\.o computcr  prcser- 
\,,Ition techniql~es: restoration anti 
s j ~ i l ~ ~ l ~ t i o n .  T o  cxempli$~ i s s ~ ~ c s  in 
restoration, they rc\,ie\\ the status of  
.I project t o  rcstorc a large UNIRUS-  
bascd PD1'-11 system. T h c  section 

2 lligir,ll Tcchnic.al Journa l  

o n  simulntion dcscribcs the types and 
p ~ ~ r p o s ~ s o O f s i n ~ ~ ~ I . ~ t o r s  ~ n c i  presents '1 
case study o fSIk l ,  .I s i~iiuI:~tor imple- 
~ n c n t e d  in C for the snliiy o f  histol.ical 
computer architcctl~rcs.  

In a papcr o n  modern Fortran, Bill 
Celniaster dcnlonstrntcs t l i ~ t  toda!~'s 
Fortran is a \,iablc mainstrcaln la- 
g ~ a g c  for pw'lllcl computing. Since 
its de\,eloprncnr more  than 4 0  years 
ago, Fortran h.ls been cxtcndcd by 
I,ingu,~gc designers t o  mcct the needs 
o f  users, particularly tlic nccds o f  
scicntific/teclinicnI ~ ~ s c r s  \\llio rcquirc 
matliemarical cxprcssivity and code 
optimization. Bill rc\,ic\\,s ke!, f e ' l t~~res  
o f  Fortran 90, rcccnt efforts t o  stan- 
dardize pnrallcl csrcnsions t o  Fortran, 
and shared-memory p~ir,lllelism. H e  
i n c l ~ ~ d e s  tlircc c ~ \ c  studies tlint illus- 
trate the dat'i p,lr,lllcl and single- 
pogrmi-r1i~1ltipIe-ti~1t~i styles o f  
prograniniing. 

T w o  papers describe testing 
metliodologies tli;it ~.csultcii in lead- 
ership system pct-fo~'nimicuundc~- 
the TPC-C bcnchn1.11-It fol- .l clustc~- 
s!,stem and for a si1lgIc-11odc system. 
T h e  first paper presents the c\r,ilua- 
tion o f  an Alpli.iScr\~cr 8 4 0 0  5 /350  
TruCluster configurntion suppor t -  
ing the Oracle Parnllcl Server data- 
base. Judy Piantciiosi, Arc l i~na  
S'~tIia)/c, and Jolin Sli,ilisliober dis- 
cuss the system tuning 2nd the record- 
setting results of thei r  \ \ 8 ~ r I i .  T h e  sec- 
ond paper, by  Tarccflh\\ ,nf,  J o h n  
Sliaksliober, and l>n\,e Sranle!~, loolts 
a t  t\tro optimiz.ition tccliniqucs- 
locking intrinsics . ~nd  Oh11 protile- 
bascd optimiz.ltion-.11111licd to a 
large database progr.im r ~ ~ n n i n g  in  
the  large memory (VLIM) en\+ 
ronnicnt o n  J n  AlplinScr\,cr 8400 
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system. T h e  results of these  optimi- 
zations arc signific,lnt increases in 
t l i r o u g l i p ~ ~ t  and c i a t ~ b ~ s e - c a c h e  hit 
r'ltios. 

T h e  dcvc lop~ncn t  ofAltaVista 
Forum is tlic subject o f  o u r  filial 
p a p u .  Unliltc otlicr group\\rarc prod- 
ucts, AltdVista Forum uses the World 
Wide P\fcb ,IS .In i n k a s t r ~ ~ c t u r c  to  
fncilit,itc tlic rapid dc\~clopmcnt  o f  
coll,ibor.ltion applications for NT and 
U N I S  s!zstenls. 13ah Ming Chiu and 
Dave Griffin cspla i~l  tliis design dcci- 
sion and ~11.11-e tlicir e ~ p c r i c ~ i c c s  \\,itti 
usability studies, an  interpretive lan- 
guage (TcI) h r  building the  toolliit, 
, ~ n d  the inclusion o f  an  indcxing and 
search engine.  

T h e  nes t  issue o f  the,/oio-t7al \ \ , i l l  
feature the nc\\. AlpliaSer\,e~- 4100  
liigli-pcrfo~.m,i~icc nlidr'lngc s e r \ w  
system, a nc\\, i~nplcnlcntation o f  
MEIMOIIY CHANNEL,, and large- 
dntabasc tectinologjes in tlic VLhI 
cn \ i ro~ in icn t .  



Foreword 

Alan G. Nemeth 
C b ? p o ~ i t c  C ' o ~ ? s ~ ~ / l r ~ i t l  
[:,V/X A i.ci?rtoc/~~t.c~ CIHLI 7i'chi1010:<1, 

"The Intcl.net is dying." 1 feel cluitc 
confident \\ ' i l l  rcgi~larly scc articles 
\\,ith this n i c a g c  in the industr!. and 
general press ovcs the nes t  f e n  yc.lrs. 
l:hc message \von'r be as as rlic 
authors of  the articles might bclic\,c, 
.ind the \\,o~-k to  rcmo\.c the ~ i ios t  
tYcquu~tly idc~ltificci p rob lcn~s  \\.ns 
begun years ago  \ \  ithin the Inrcrnct 
Engineering Task Force ( IliTF). 
Inrcr~ic t  I'rotocol \,crsion 6 (1 l'\ 6 )  
is a largc famil!, ofprotocols  that 
form the basis o f  the IETF I-csponbc 
t o  a sct o f p r o b I c ~ i ~ s  identified in tllc 
earl\, 1990s  and fol- \\,11icb the llccd 
is accelcrnrcd h!~ tlic explosion o f  
Internet L I S J ~ C .  

O n e  o f t h e  rn<ljo~. concerns about  
the current Intcrnct is the limited 

, - 
amoun t  ofadtircss spacc. I lie i ~ n J c ~ . -  
lying address fol- 11' endpoints is 32 
bits \vide, permitting .I total o f 4  bil- 
lion distinct uddrcsscs. Although this 
nurnhcr sccms largc (ancl it sccmcd 
truly g ig~ l l t i c  in the early 1970s  \\!hen 
the \viJtli \vas sclcctcd), it is cur~.c~i t ly  
a real, practical barriel- t o  current 
deploynicnr patterns. Large mwrs 
o f  Intcrnct addresses cJn n o  longer 
get the address spacc they ~ i c c d  for 
assignments. Kccausc the Intcrnct 

lias run as a decentralized organization 
over the years, tlicrc is n o  efkcti\re 
central administration t o  support  coni- 
petition for scarce resources such as 
.lddrcss space. Instead, the response o f  
the c o m m ~ ~ l i i t y  is to provide resources 
sufficient t o  keep allocation as a lo\\,- 
o \ , e r h c ~ d  acti\~ity. S o  I h 6  defines an 
address spacc o f  128 bits. This cur- 
~.cntly sccms like a gigantic numbcr!  

But limitcd address space is hard t o  
build into a pcrsuasi\,e case for change. 
End users are riiuch more  likely t o  be  
concerned r l b o ~ ~ t  the  local problem 
ofget t ing just "one more  address," 
rnrhcr than the problems o f  keep 
ing the  Internet as a \\,hole alive and 
ti~nctioning. S o  tlie IPv6 design delib- 
cr,ltcl!r jncorporatcs a set o f  func- 
tionalin, inipro\.cmcnts rliat pro\,idc 
attr,~cti\fc end-uscr capabilities. IP\.6 
includes ~ n u c l i  easier schemes for 
nssigning clddresses, \\~liicli \\.ill reduce 
the ndniinistrati\~c burden for users 
,lnd their neni 'ork managers. 111.6 
~ x o \ i d e s  better fi.a~lie\\.ork for 
cncr!,prion and an espectation that 
it \ \ r i l l  be \\,idel!, 'l\railable and used. 
And 1P1.6 PI-ovides some systematic 
mech~ ln i s~ns  fol- dcscl-ibjng rccl~~csts  
for specific clu;~lity levels in the sc~- \~icc  
offered by tlie transport provider. 
These cnpabilitics \\rill address some  
\,cry real, practical problems that 
d o  afflict individual end users o f  the 
Internet.  

No\\,e\,er, there is 110 expectation 
t h ~ t  it is acceptable t o  stiritch the  set 
oFInternet ~ ~ s e r s  t o  I h 6  either simul- 
taneously o r  cvcn over an cstcndcd 
timc period. I1'\16 must interoperate 
\\.it11 rhc currcnr installed IPv4 pro- 
tocols for an indefinite period. This 
implies ser\,ices that translate bet\\-een 
tlie different addresses (and address 

assignment approaches that case 
mechanical dcri\z'ition o f  IPi.6 
addresses fi.om Il'v4 ,lddrcsscs), 
dual protocol stacks to  permit com-  
munication \\,it11 both p~.otocols 
depending o n  tlic capabilities o f  the 
participants ill the con\nersation, 011d 
schemcs t o  ; ~ c c o ~ n m o d a t c  s c c ~ ~ r i t ! ~  
mechanisms and cluLllity o f  ser\,icc 
requests. 

T h e  entirety o f  Il7\'6 rcprcse~lts 
a lal-g;c implcmcnratio~i effort t o  
be  undcrt,lltcn by mall? different 
organizations. T h e  Inrcr~ic t  rcprc- 
scnrs the largest csnmplc 1 kno\\, o f a  
distributed coniput'ition tlidt lias sur- 
vi\.cd fur 27 yc.ir5. (1 date horn 1969 
\\,hell tlie tirst AIII'ANE?' I Ad\,anccd 
lZesca~.cli Projects Agency Nct\\,ol.k] 
nodes \\.ere inst'~llcd.) With a 
notable exceptions, this compuu t ion  
lids ~ L I I ~  continu'lll\r, despite const,int 
cli,lnges in hdrd\\'.l~c, s o h \ , a ~ - c ,  implc- 
Incnrcss, n ~ i d  o p e r ~ t o r s .  I t  I i ~ s  sus- 
\,i\,ed explosi\.c gro\\,th far hcyo~ id  
the designs o f  its originators. It lias 
done  s o  \\,it11 a \ , o l u ~ ~ t c c ~ .  organiz,l- 
tion dri\ri~ig the dc\,clopmcnt ciircc- 
t ion. T h e  c o m m u n i n ~  spirit h,is been 
cruci.ll r o  11ialiing rhis \ \ ,o~-k.  Ih .6  

is ,In example of  that community 
at  \\,ark; n o  one  org,lniz,ltion cLln 
implement it ,ill, cithcr ,lt a p r o d l ~ c t  
Ic\~cl o r  at  a deployment Ic\,cl. 

T h e  Il'\,6 p ~ p c l -  in this issue 
dcscribcs the tcclinical dcsign nccdcd 
t o  build an IPv6 irnplcrncntation 
For tlie col-c protocols under tlie 
Digi['ll U N I S  operating system. 
Digical has bccn one  of  tlic Ic'iding 
p~.ototypc builders of t l ic  dcsign spcc- 
ifications as they b a \ r  c\,ol\,cti in the 
industry debates. At the timc the 
Internet Protocol Nest  Gcncrntion 
( IPng)  Directorate oftici.llly ndoptcd 



lie! elements o f  the protocol, 
Digital's implementation \\.as 
the onl\r one  running to  demonstrate 
that the design \\,as indccd fe,lsiblc. 
I3ut don't  bclic\~c that \\.e c,ln 
implement all the pieces o f  111.6 ,IS '1 

single company. Tliereforc \Ire clioosc 
to  slinrc the implcment'~tion cxpcri- 
encc t l irol~gli  tliis paper t o  aid othcrs 
j11 tllcir efforts t o  deal with the iniplc- 
mcnt,ltion problems. We also don ' t  
cl,lim completeness; tlie full suite o f  
spccifcdtions for II'v6 is e\rol\,ing, anti 
tlic sok\\.'lre t o  implement it is large. 
We f~~ll!, ehpect that portions o f  ou r  
~ ~ l r i m a r c  product  offcrings \\,ill he 
dc\.clopcd b\, others in the industry. 

Tlie long- term e\rolution o f  the 
In t c r~ ic t  c,lpturcd in tlie IPj.6 implc- 
mcnt.ltion paper is but one  exnmplc 
in this issue of t l ie  extent t o  \\,liicli 
c o m p l ~ t i n g  no\\) has a histol-!, rhat 
gives us 111~1cli insight in to  tlic tiltul-c. 
(:crtainly tlie paper by Supnil< , ~ n d  
1lu1.1ict is an  explicit trip through 
comput ing histor!,. Tlie re-creation, 
I>orh pli!,sicnl and logicell, o f  compur-  
i n s  s!.stclns o f  the p ~ s t  can onl!, help 
remind us that the artif ;~cts \\.c c r c ~ t c  
lin\.c n l o n ~ c l .  life than \\.e anticip,lte. 
As ou r  progrnmmcrs \\,ri re ne \ \  code, 
o r  o u r  li,lrd\\,arc dcsigncrs p r o d ~ ~ c c  
new arcli i tcct~~ral approaclies, o r  ou r  
storage dcsigncrs push the b o ~ ~ n d -  
'~rics on nc\v ~ncd ia  rcchnologies, i lo 
they consider tlie imponderables o f  
running thcsc systems 25 o r  more  
!,c'irs in the f i ~ t ~ ~ r e ?  T h e  \lie\\' o f  .l~-cIii- 
\mists trying t o  prcser\.e tllis liisto~.!~ 
rc~iiinds us o f  tlic difficulty o f  prcscr- 
\,.]tion ake r  tlie fact and o f  the nln.lz- 
ing d ~ l r ~ l t i o n  o f  dcsign decisions. 

T h e  '7q1"r o n  the e\,olution o f  
Pol-r~an is yct another example o f  the 
rich liistory o f  computing. Hcrc  \\,c 

see clc,lrly the c \ d u t i o n  o f  ,l kc!, 
I , ~ n g ~ ~ , l g c  t o  c ~ c c o ~ n ~ i l o d ~ t e  tlic cli,ing- 
ing ~>.xtcr~isofs!~stern arcl~itecti~r.ll 
tic\isns ,lnd p:lrallcl progr,lni con-  
ccpth. T h e  computer  industl-\, f i x -  

q~~cnt l ! ,  dc\,clops commcrc ia l l~~  
inlport.lnt programs b!. e\,olution- 
the 100,000-line program rhat 10 
years I,ltcr I i ~ s  become 10  million 
lines o f c o d c  in ,In assortment o f  
I,lngu.~gcmand comput ing styles. 
Hcrc  the \,cncr,lble Fortrdn ( f r s t  
introti~lccd in 1954!) adds s i ~ p p o r t  
for some ofr l lc  latest approaches t o  
fast sh8stcm inrcrconncct rcp~.cscntcii 
b!, h,lEi\/lO t<Y (:HANNEl_. ,lnd the 
p.lr.lllel ~rcli i tcctures o f  c l ~ ~ s t e r s  o f  
SIMI' s!,sterns. 

i\/lF,ICIORY CHANNEL rcappc,lrs in 
tlic p ~ p c r  nhout TPC-C perfol-mancc 
o n  Tru<:luster systems. This papcr, 
one  o f n  pair o n  tlic issues o f tun ing  
a com~ncrci.~lly important benclim.lrli, 
presents 'In attracti\,c ~ n o d c l  for tlic 
bc~lcti ts  in pcrfornlance tli.lt can be 
dcri\,cii from a \.cr!, fast interconnect 
~ n d  5 0 t h  31-c srrLlcrurcs ro m.ltcli. 
.l'lic pcrformC1lice le\,els ,icliic\,cd 
sli,ltrcr \ \  ol.ld I-ccords o n  a bench- 
m'irk tIi.lr h,ls had cxtcnsi\.e ,Itten- 
tion ,lnd \\,o~-li. 

T11c o t l i c ~  p,lpc~. o n  TI'<:-C pel.- 
fi,l.rn,lncc \\,it11 \.cry I~J -ge  memory 
(VI .IM) ill~~str.ltcs the t ru th  o f  ,ln olci 
dcsign mnsim, "If  ~ i i c ~ i i o r y  is gct-  
ring clicapcr, use more  o f  it!" When 
I>igitnl til-st built a 2-gigab!,tc (GR) 
mcmol-!, ho.lrd, it took morc  th.1n 
,I million dollars' \ \~o r th  o f D M M  
c h i p  t o  pop11l.lte the initi,ll instance. 
Ho\\,c\.cr, memor!, prices ha\,c con-  
tinned t o  d rop  sliarpl!~, dnd toda!. 
o\.cr 40 percent o f  the I-Upl~,lScr\~cr 
8 4 0 0  sysrcnis ship \\.ith 2 Gl3 o r  nlorc 
ofmcrnor!.. T h e  rnen~ol-!~ pricch \ \ i l l  

C O I ~ ~ ~ I I I I C  t o  COITIC do\\.n, and tlic 
insights offc~.cd in this papcr \ \ . i l l  help 
in undcl-st,lnding \\dicrc addition'll 
mcmor!. can pro\.idc real b c ~ ~ c f i r s  t o  
c u t o m c r  \\.orkloads. 

TIic f n'll papcr in the collection is 
o n  tlic Alt,iVistn Forum appro.1~11 t o  
coll,~boration a m o n g  groups  exploit- 
ing the Internet and WWW tccli~lolo- 
gics and brings us back around to  the 
in i t i i  t l i o ~ ~ g h r s  in this forc\vord. T h e  
ul>iiluitol~s nature o f  the Internet pcr- 
nlits , ~ n d  cncournges tools such as this 
tli,lt [~ti l ize computer  systems in new 
\ \  .l!,s. This approach builds on  the 
t,tbric tli.lt \\.c emphasized in tlic 11'\~6 
p.iper hut  sees the Internet 3s a tool 
, ~ n d  .I componen t  o f a  I'lrger solution 
c11ld sllo\\,s lie\\. t o  exploit thcsc c ~ p ~ l -  
bilirics t o  all()\\. ne\ir \\?a!,s o f  \\,orking. 
Using imagin'ltion and building o n  
tlic \\,orli o f  othcrs are characteristic 
o f  the approach tal<en by those \\,lie 

~ r c  cntalysts in tlic industry. T h e  
p .~pcr  dano~ i s t r a t e s  IIO\\, easy it is t o  
build n s!,stem t l i ~ t  \\rould lia\rc hccn 
.I 111'1jo1- projccr just fi\.c \,CJI-S ,$SO. 

l'llis case o f  const ruct io~i  is ,I bcncf t 
of  the pl.og~.arnming t e c h n i q ~ ~ c s  dnd 
infi.1st1.uct~1l.c in\.cstments .lnd a spur 
t o  Ikcep do ing  morc  o f i r .  
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I 
Daniel T. H u r i n g t o n  
James P. Bound 

lnternet Protocol John J. McCa~m 
M a t t  Thomas 

Version 6 and the Digital 
UNIX Implementation 
Experience 

In the early 1990s. the lnternet community rec- 
ognized that the current TCPIIP architecture was 
not capable of sustaining the explosive growth 
of the Internet. In July 1994, the lnternet Protocol 
next generation (IPng) directorate responded to  
the problem with the lnternet Protocol version 6 
(lPv6) as the replacement network layer proto- 
col. Working groups of the lnternet Engineering 
Task Force (IETF) then began to build specifications 
that would address the needs for an expanded 
lnternet address space, an increase in router table 
size, and new technology features. As a contrib- 
utor to these efforts, Digital has implemented 
IPv6 on the Digital LlNlX 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 allow 
Digital t o  incorporate this new architecture into 
existing products. 

As one of its ongoing advanced development cfforts in 
nenvorkung technology, Digital has built an Internet 
Protocol version 6 (IPv6) prototype for the Digital 
UNIX operating system. In this paper, we describe the 
design of the Digital UNIX Il'v6 prototype and its his- 
tory relevant to the Inter~iet  Protocol nest generation 
(IPng) effort 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 that were de\dopcd to  accommo- 
date particular aspects of  the I h 6  architecture and 
issues that required further discussion in tlie IETF. I n  
particular, 11.c discuss the modifications to the trans- 
port layer modules to use nvo distinct nenvork layer 
protocols, along with the implications to the U N I S  
socltet laycr and applications. 111 addition, \ire dcscribc 
the new IPv6 and Internet Control lMessage Protocol 
(ICM1') net\\~ork layer modules, including their inter- 
actions with both thc data link layer and tlie IPv4 
protocol. \Yc rc\rie\v the ne\\, Neighbor Discovery 
Protocol and its algorithms and give details of its 
implcmcntation. 

To  acconirnodatc the dynamic naturc of hlture net- 
works, IP\,6 inc l~~des  mechanisms to d o  both stateless 
arid statefill address configuration, as well as routcr 
discovery; \vc explain the design of a user-mode 
process that implements these filnctions. The paper 
includes a discussion of  enhancements to  well-luiown 
IPv4 services, such as dynamic updates to the domain 
naming service (DNS), as well as general techniques 
to  support the transition of existing applications. The 
paper concludes with an overview of \vliat we have . . 

learned in this project and summ? ' ~ I Z C S  ' our current sta- 
tus and future work, includillg cfforts in nonbroadcast 
~nultiple access (NBlMA) data link technologies such as 
asynchonous transfer mode (ATM) and resource reser- 
vation protocols. 

lnternet Protocol Next Generation 

In the early 1990s, the members of the Internet com- 
munity realized that thc address space and certain 
aspects of the current TCI'/IP arcliitect~~re \\/ere not 
caL>able of sustaining the esplosi\le growth of the 
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Intcrnct. Within tlic IETt', several efforts \\?ere under- 
taken to both study and i~npro\*e the i ~ s c  of the 32-bit 
Intcrnct Protocol (IPv4) addresses, as \\,ell as to idcn- 
t i e  and replace protocols and services that \\!auld limit 
gro\\.th. The 32-bit ,tddrcssing architecture jn the nct- 
\\,ark la!rcr \\,as cll~ickl!. detczrmi~~ed to be the crux ot 
tlic problem, \\,it11 both hard\\,arc nncl l i ~ ~ m a n  limits 
n p p r o x l l i ~ ~ g  f~ndamental  boiu~darics.' 1h.4 addrcsscs 
3rc ~~ncvcnly  allocated in blocks that arc oficn too 
large or  too small; they are also difficult to change 
\vithin any csisting network. 

When the IETF called for replaccmcnt proposals, 
Digital participated in this industry-\vide cffort by 
submitting \\!l~itc papers outlining issues and by dcvcl- 
oping and c\laluating prototT\ipes of the \w-ious pro- 
posals, Digital also participated in the IE'l'F \\forlting 
gro~~psaand in the IPng directorate, \\~Iiich liati tlic 
rcsrx)nsibility for making the ultimate decision. I n  Ju ly  
1994, the IPng directorate selected the Internet 
Protocol \.enion 6 (1116) as the replaccmcnt nenvork 
layer protocol, and IETE \\,orking groups began to 
b ~ ~ i l d  spccificatio~ls. "The Recornnlendatio~l for rlic 
IP Nest Generation Protocol" summarizes the candi- 
dates and explains the selection of this protocol.' 

Digital UNlX Prototype 
The current Digital UNIS IPv6 prototype pmjcct is 
Digital's most recent acidition to an ongoing effort to 
dc~lclop and evaluate the competing Il'r~g proposals. 
This began with the Si~nplc Internet Protocol (SIP), 
\\,liich ~ ~ s e d  eight octet addresses. SIP was latcr mcldcd 
\vith another early proposal and bcca~nc known as 
Si~nplc Internet Protocol Plus (SIPP), the direct 
antecedent of 11'\,6.' The prirnary goal of Digital's 
efforts h:~s been to e\,aluate the technical feasibility of  
tlic proposcti arcliitect~~rc ancl pro\ridc fccdbaclc to the 
IF,TF \\,orking groups. This is critical to the stantlards 
clc\clopment process in the IETF, \\.llich rccl~~ircs n1~1l- 
tiplc jndcpclldcnt ancl intczroperable jn~plc~ilc~itntio~is 
of 3 spcciticatiorl before it may become an  Intcrnct 
st;tndnrcl. An additional goal has been to  cvaluatc sys- 
tem design altcrnati\,cs to gain the cspcricncc nccdcd 
to allo\v Digital to incorporate this nc\\. architccti~rc 
into existing products. Digital has niadc thc protohpc 
available to researchers within the company as a sourcc 

code distribution and Inore reccntl!. has begun to sup- 
ply binary kits for early adopters and evaluators in the 
Intcrnct con~munity. As the IR.6 protocol , ~ n d  archi- 
tecture mdturcs, use have begun to focus on ho\v to  
Ocst i~ltegr~itc tlie code illto thc D~gital U N I S  prodilct. 

IPv6 Overview 
To underst:~nd the s!rstem-\vide impact of IPv6, \\.c 
rc\*ic\\*somc ofits ~ic\\.fcatures and contrast them \\.it11 
the IPv4 model. IPv6 is both a complctcly nc\v 
nct\vork layer protocol and a major revision of  the 
Intcrnct architecture. At both le\~els, it builds upon 
and incorporates csperiences gained wit11 ll'v4. 

Figure 1 sho\\!s the evolution of the packet format 
into the ne\v TPv6 Iieader. It retains sonic fields (vcr- 
sion, source, and destination address), clarifies the role 
ofot11c1.s (for csample, the Time -To Li\,c [TTL,] fcld 
is rcnamcd the H o p  L i ~ i ~ i t ) ,  and introduces new ones 
(such as Flo\\, 11)) with as yet untapped potential. The 
ncrt  header fi cld allo\\.s for modirlar construction of 
complex packcts: difkrcnt 1leadt.1- npcs  can he chnincd 
together to  provide specialized functionality, includ- 
ing sccurin and source routing. Findl!; all licadcrs arc 
structured to allo\v 64-bit alignmcnt, \\.hich should 
allo\v optimal processing both at sourcc and dcstina- 
tion systc~ns, ;IS \\.ell as in transit.' 

Tlic most striking departure fro~ii  I1'\,4 is the 
address size: it has increased horn 32 bits to 128 bits. - > 1 he 11'\,6 addressing architecti~re is rich, \\lit11 prcfiscs 
ti)r ni~~lticast addresses and prcdcfincci scopes for both 
unicast and multicast addresses. One  special type of 
unicast address is the link-local address, \\lhich permits 
corn~n~~nicat ions  \\,ith only those s!fstems directly con- 
ncctcd o n  the same link. This allo\\!s a standard boot- 
strnppjng mechanism, so that systcnis can Icarn about 
neighbors and scr\-ices before a routablc atitlrcss is 
'lssig~ied to an intcrfacc. \Jarious addrcss assign~ncllt 
options lin\,c bccn defined, including liicrarcliical 
models bnsccl up011 rcgional rcgistrics and scr\,icc 
proviclcr identifiers."" In each casc, care has been taken 
to  ensure proper route aggregation, \\.liich \\.ill help 
yiclcl Inore efficient bacltbonc routcr pcrfor~nancc. 

Multiple liicans of acquiring addrcsscs have bee11 
defined k,r 11'1.6 addrcssing, \\;it11 the goals of al lo\\,ing 
tlcsibility through different administrati\~c policies 
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a~icl, pcrhaps Inorc important, ofdemanding that nct- 
\vork addrcss reassignment be supported throughout 
the arcl-~itccturc. Tlic two neu. addrcssing services are 
Statclcss Address Autoconfi g~rration and the stateful, 
transaction-based Dynamic Host Configuration Pro- 
tocol version 6 (1>H(:l'\~6).7Y~n the st.ltcless model, 
address prctiscs arc Icarncci by listcni~ig for router 
ad\fertiscrncnt packets. Addrcsscs ~ r c  formed by com- 
bining tlic prcf s \\.it11 linlc-specific token such as the 
48-bit Ethcrnct liard\\,are addrcss. I n  tlie statcfi~l pro- 
ccclure, hosts Ilia!, rcqucst addrcsscs, configuration 
i~iformntion, and scr\.iccs from drdicatcd contigura- 
tion ser\,crs, \\,it11 routers potcnti,~ll!r scr\'ing as relay 
stations cil~ring the initid pIi3sc. In  botli cases, tlie 
resulting ;iddrcsscs have associated lifetimes, and  sys- 
teltls r~lust be prepared to both learn addrcsscs 
and rcleasc cspjred addrcsscs. Combined \vitli the 
ability to  rcgistcr updated addrcss information with 
DNS serlrers, these mcclianisms provide a path toward 
~ictc\lork rcnunibcring, a goal that has provcd difficult 
to achieve in the I l'v4 world. 

Finally, the Internet Control Mcssagc Protocol ver- 
sion 6 (ICMPv6) was dcvclopcd.~This specification 
aimed to merge the fi~nctions of two distinct Ih14 pro- 
tocols for reporting errors and status, ICMP for uni- 
cast packct trans~nission and tlic Internet Group 
~Mcssagc Protocol (IGMP) for multicast traffic. 

Tlic messages defined in this protocol arc catcgo- 
rizcd as either crror o r  inhr~national,  ~ 4 t h  a family of 
Iiiessages in the second g l - 0 ~ 1 ~  L I S C ~  to provide the 
Neighbor Disco\rcry Protocol."' Nciglibor ciisco\,ery 
sen8es mi~ltiplc purposes \\,it11 tlic o\,crall theme of 
pro\,iding a systc~n \\,it11 ropologicnl and cn\,ironmcn- 
tal hints. For csnmplc, link-la\rcr addrcss resolution, 
router discovcr\l, destination addrcss redirection, 2nd 
addrcss autoconfigurntio11 mechanisms arc a11 specified 
using neighbor disco\,cry packct ~ p c s .  

Although thc ncn\,ork Inycr did experience the largest 
amount of change, F i g ~ ~ r c  2 sho\\,s tliat the effects of 
this \\fork touch nearly all aspects of the Digital U N I S  
system. IiVc point out csamplcs ofdecisions made due to 
our f i ~ n d a ~ ~ ~ c ~ l t ; ~ l  design pllilos~phy, \\,liicli is bascd 
upon integration \\lit11 tlic UNIX system framc\\,ork, 
modular and cstcnsiblc sohvarc, support for m~~l t ip l e  
operational policies, and a dcsirc to take advantage of 
the Alpha platti)nn \vitliout compromising portabiliq. 

In the follo\ving sections, bvc study these topics in 
depth, beginning with tlic nct\vork laycr, then cover- 
ing the transport laycr modifications and the new 
neighbor discovery algorithms. Aticr that, wc discuss 
address autoconfiguratio~i mechanisms and their 
effects upon tlic system. We concludc with services 
tliat will be affcctcd by the transition ti-om IPv4 to 
IPv6 SLICII  as thc socltct application progra~nrning 
interface (API)  nncl DNS. 

COMMANDS 

USER . . . . . . . . . . . . . . . . . . . .  
KERNEL 

I LINK-LAYER I 
MODULES 

AND NEIGHBOR 

Figure 2 
Base Platform Changes 

Network Layer 

In this section, \ve review the processing rcquircmcnts 
of  the IPv6 modules, including l<:MP\.6, cstcnsio~i 
header options, and fragmcntation. All early design 
decision was made to  base the nch\'orlcing subsystcm 
on  the Berkeley Standard Distribution (RSl)) 4.4 
model and code base, \\,hich allo\vs grcar Hcsibilinr in 
dealing \vitli ~nultiplc ncn\,ork layers." ?'his also has 
the ad\rantage of providing support for \.ariablc-bit- 
length netmasics (also !UIO\\~II as Cll>li-st\.lc nctnlaslu, 
from Classless Inter-Do~iiain Routing), \\,liich ,11-c 
appropriate to botli I h . 4  and IP\,G.'? Wc ha\ r  also 
tried to take rnas i~n i~m aditantage of the 64-bit Alpha 
architecture \\,hen i~nplementing 11'\.6, \\,liilc ~nalting 
certain that this implementation \\,auld run o n  32-bit 
CPUs as \veil. For csaniplc, the cliccksi~m routines 
operate on 32-bit quantities (~llo\ving the carry to 
o\,erflo\\~ into the upper 32  bits of  a 64-bit rcgistcr). 
The checlzsum routine is also designed to allo\\l it to bc 
issued to  multiple Alpha csccution units, \\,hich 
remains a topic for f i~rther in\rcstigation. 

Adaptations to Existing IP and ICMP Routines 

The IPv6 and ICMPv6 routines arc completely 
independent of the corresponding IPv4 and ICMPv4 
routines, and tlie processing styles have distinct differ- 
ences. In IPv6, the incoming packet is treated as bci~lg 
read-only, \vhile the BSD Il'v4 code ~iianipulatcs f clds 
within the I h 4  heaclcr. We also avoici unnecessary use 
of the 111-pullup routine (\\~liicli co~isolidatcs chained 
memory b~rff2rs into a single large buffer) bccnl~sc this 
could cailsc the packet to bc nccdlcssl!. lost. Fin~ill!?, 
instead of passing nulmerous arguments \\,hen calling 
fro111 hnction to fi~nction, a comliion data structure is 
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~ ~ s c d  t o  store Iicccssar!z ciata and  pointers; h r  most 
function calls, it is only necessary t o  pass a pointer 
t o  tliis structure. Tliis redl~ccs the stack o\.erhcad ,lnd 
also !riclds m o d ~ l l a r  ,)lid c:~sil\r cstcnsible subroutines. 

lPl.6 lias a cicdic.~tcd interrupt processing thread, 
,lnd rccci\,cci 111.6 packets arc placed o n t o  thcir o\\ ,n 
interface i n p ~ ~ r  queue  (ifcll~cuc). PVhcn an I h . 6  pacl<ct 
is t.llicn off tlic i fc l~~cuc ,  basic \d id i t \ ,  tests are done ;  
only ~ f i c r  p,lssing them is tlic packer testecl t o  see if it 
is ciircctcci t o  '1 ~111ic,lst o r  ,I ~ i i l ~ l t i c ~ s t  '~ddrcss. 

If tlic packet is t o  ,I multica\t ~lcidrcss, the destina- 
tion is coml7arcd t o  the cn,lblcci 1P\-6 ml~l t ic ;~sts  for the 
intcrf,lcc o \ v r  \\,liicli the p ~ c k c t  \\,,IS rccci\.cd. If the 
dcstin,ition mutclics, the packet is passed up t o  normal 
pacltet processing; othcr\\,isc, a cop\r o f  tlie packet is 
pnsscci t o  tlic m ~ ~ l t i c n s t  for\\,articr. 

Similarly, ~ in ic~ ls t  l>,~cltcts ,11-c checked t o  scc that the 
destination m,ltcIics o n e  o f  tlic system's ndcircsscs. In  
tlic special cnsc o f  the pacltct bcing t'irgctcd t o  a link- 
loc.il acicircss, only tlic link-loc~ll .~dtfrcss for the recci\r- 
ing intcrhcc is comp,lrcd. If there is ,in exact match, 
the  p ~ c l t c t  is proccsscd normnlly; otlicr\visc, it is 
p'lsscd t o  tlic ~ ~ n i c a s t  pacltct for\varding r o ~ ~ t i n c .  

Header Processing 
Akcr ,i pacl<ct has bccn ~iintclicei t o  a 10~31  acidrcss, the 
IP\,6 licacicrs must bc proccsscei, independenti!! o f  
\\,lietlicr the paclict is ~nulticast o r  unicast. Tliis p ro-  
cessing is clone in a common routine t l i ~ t  h'indles ,111 
n , p u  o f  11'1.6 Iicndcrs. A n u ~ n b c r  o f  actions rn'l!, result 
from the  \zcrification and anal!,sis phase, incluciing an 
1<:1\/11'\~6 p ~ c l t c t  bcing scnt back t o  tlic source, the 
pacltct being silcntl!, dropped,  o r  bcing for\\,arclcd t o  
another  nodc d ~ ~ c  t o  J source route. If none o f  these 
possibilities occurs, the ncxt 11'1.6 hc.ldcr in tlie packct 
is ~ ~ ~ ~ c c s s ~ i .  

If the Iic,ldcr is .I kno1i.n I]'\.(, header t!,pc, the 
\Ct IS ~ppropr ia rc  routine is cnllcd. If not ,  this p ~ k -  

' 

prob.ibly dcstincci fo1- ,lnothcr protocol moclulc s ~ ~ c l i  
,IS T'CI', tlic User l ) < ~ t ~ g r n r n  Protocol (U1)1'), o r  
1(:1UP\v6. Tlic Iic,lcler type is looltcd up  in tlie list o f  
,lctivc protocols . ~ n d  p ~ s s c d  t o  the matching protocol 
input  ro~l t inc .  If n o  entry is h u n d ,  lC1\?P\r6 crror  
may bc 5cnt back. 

Header Options 
Sincc tlic Ilop-b!~-liop and destination node  lieadcrs 
J i a \ ~  the sLlmc format, a c o m m o n  routine processes 
both t!!pcs. As tlic ro i~ t inc  processes e ~ c h  opt ion,  
it \ralid.~tcs the opt ion.  If-'this hils, it clieclts \\~hctlier 
nn 1(;1\/11'\,6 par,lmctcr problem error slio~rld be 
sent,  \\,hctlicr the pacltct should be discarded, o r  the  
option ignored. 

ICMPv6 Processing and Checksums 
Upon receipt o f  .In 1(:1\/11'\,6 pncltct from '1 n o d r  In the 
nct\\.ork reporting nn crror o r  other  inform,ition, it is 

first validated for correct packct formnt and cliecl<sum. 
Tlic pacltet is then f ~ r t l i c r  proccsscd b,lscd upon its 
ICh/111,6 type \.'due. If it lias an I C M h 8 6  crror type (i.c., 
t\,lx \ ' a l ~ ~ e  ICSS tliali 128), tlic appropriate 11otifcntions 
are scnt t o  the affccted protocol. Neighbor ifisco\rcry 
packcts, \\~liicli arc 311 information,~l, lia\,c a numher  o f  
addition,~l consistcnc!. cliccl<s, anti tlie packct is 
droppcd if it bils t h c ~ n .  After the I(:h/11'\fl packct 11,ls 
been ~ r o c c s s e d ,  it is ~ I s o  sent t o  .III\' I<:1\41'\.6 [a\\' sock- 
cts that  Iin\.e r e c ~ ~ ~ e ~ t e e l  rcccptio~l of  that t\,pc. Tlie 
exception t o  tliis rule is .In I(:h/ll'\.6 cclio rcclucst 
p x ' k t ,  \\~liicli is 11ot copicci t o  tlic la\\. sockets. 

When  an IC1blll.6 ccho  rcc l~~csr  is rccci\,cci anii 
\ralidatcd, tlic ICi\41'\.6 echo response p ~ c k c t  is prc- 
parcd. In  the ~rp icn l  cnsc, it is identical t o  tlic echo 
request except ti)r tlic I(;iM1'\,6 type ,111ei cliccltsuln 
\zaluc. Tlie exception \ \ r o ~ ~ l d  he ,In echo rcclucst scnt t o  
a ml~lticnst address, in \\*liicli c ~ s c  '1 source adcircss 
must also 17c sclcctcd. R ~ t l i c r  tlian computing the 
checltsu~n o n  tlic p ~ c k c t ,  tlic rccci \ui  clicclisu~n is 
si111~-71y adjusted cio\\rn by 1, silicc tlic sole ciiffcrcncc 
bcnveen tlie tn ro  paclicts is the value o f  the I(:l\/ll'v6 
type fields, 'lnd 1<:M1'\r6 ccho  rcclucst and echo 
response types diffcl. by 1. 

1Pv6 requires all nodcs t o  s ~ ~ p p o r t  ~nulticasting, 
specifically le\.el 2 as dch~lcci in "Hos t  Extensions for 
Il'iUulticasting."" A l t h o ~ ~ g h  tliis \\,,IS \~rritrcn fol- 11'\.4, 
thc s.lmc gcncral ~ l g o r i t l i ~ n s  arc ~lsccl for I1'\,6. O n e  
n o t < ~ b l r  exception t o  this is that the ~nulticnst adcircsscs 
used for 11eighhor solicitions ~ n d  tlic prccicf ncd linli- 
local m~llticasts such ns all-nocics ,ind ,ill-routers clo 
n o t  rrcluire periociic status repol-ts. 

Path Maximum Transmission Unit Discovery 
O n e  o f  the significant differences bct\\.ccn 1 h . 4  and 
I h - 6  concerns f ~ - , ~ g m c n t , ~ t i o ~ i ,  In I1'\.6, fi-agmcnt.ltio11 
111a\~ be d o n c  olil!, 1 7 ~ .  the nodc  fi-om \\.Iiich 3 p.~ckct 
originates. For\\';7rcicrs, \\.IiicIi l i i ~ ! ~  be r o ~ ~ t c r s  o r  I I O S ~ S  
acting upon  s o ~ ~ l - c c  r o ~ ~ t i n g  I ic~c icn ,  arc 11ot pc~-~i i i t t cd  
t o  ti-'igment p~c l ic t s .  -The burdeli is o n  tlic originating 
11odc t o  send ~ ~ a c l i c t s  that arc smnll enough  t o  fit 
th rough  311 tlic linlts ,llong tlic paths t o  tllcir dcstina- 
tions, \ \~hcrc  each link type may have ,I different maxi- 
m u m  transmission unit ( I U T U ) .  To case tliis burcicn, 
IPi.6 defines a minimum linlt IUTU o f  5 7 6  b!'tcs. A 
nodc ma!, use this 3s tlic upper limit o n  paclict size and 
be assured that its pacl<cts urc sufticic~itl!, s ~ i ~ a l l  t o  
reach tlicir destinations. - Llic i n i ~ ~ i ~ n u r n  MTU o f  311 the linlts in '1 path 
benvccn n\,o nodcs is rcfcrrcd t o  as the pntli I M T U . ' ' I I ~  
Inan!! cases, the p ~ t l i  MI'U \ \ , i l l  cscccd 5 7 6  bytes, and it 
is dcsirablc t o  s c ~ i d  the largest possible pacltcts. 11'\,6 
pro\.idcs a ~nccli.lnism by \vhich 3 11odc may disco\.cr 
a path's MTU." \&'hen ,I for\\..lrdcr cJnnot  k)r\\n:lrd n 
pacltct b c c a ~ ~ s c  tl1e packet is too Iargc k)r the ncxt hop's 
linli MTU,  it scncls nn I ( : I \ I I ' \ ~  l'nckct Too llig (l'TI3) 
message back to the s o ~ ~ r c c  o f  tlic packet. ?‘lie PTE 



message contains the MTU of the constricting linlc. 
The source node adjusts its packet size to fit through 
this link. 

Path MTU information is kept on a per-destination 
basis and is stored in the ro~lting table entry for a given 
destination. Packcts sent on that route \\,ill bc sized 
according to the path MTU value. When a PTB mes- 
sage is received, the appropriate route is updated to 
contain the new path IMTU value as reported in the 
PTB message, and a tirner is started. When the timer 
expires, tlic path MTU value is increased to the 
(known) MTU of the first hop link. This allows the 
nodc to detect increases in the path IMTU. 

Switches are provided to disable path lMTU discov- 
ery system-widc, on a per-destination basis and on 
a pa-socket basis. When path LMTU discovery is dis- 
abled, packets are limited to 576 bytes. 

Fragmentation 
A packet that is larger than the lMTU of tlie path on 
which it is to be sent must be fragmented. Unlike IPv4, 
the IPv6 header contains no fields to carry fiagmenta- 
tion information. Instead, this infor~nation is carried 
in a specialized estension header, called the fragment 
header. As shown in Figure 3, the fields in the frag- 
ment hcader include an offset, in eight octet units, and 
an identifier common to all fragments of  the original 
pacltct. 1M (managed) flag is used to indicate inter- 
nicdiate fragments; the terminal fragment has the bit 

RESERVED 
\ 
\ 

NEXT HEADER RESERVED FRAGMENT OFFSET \ 1 M 

I IDENTIFICATION 1 

Figure 3 
Fragment Header 

cleal-ed. Note that the amount of data in a fragment 
packet is derived from the total pacltct length. 

The first step in the fragmentation process is 
to idcntifjl the fragmentable and unfragmentable parts 
of the original pacltet (see Figure 4). 'The unfrag- 
nicntable part of thc  paclcet consists of the Il'v6 header 
and any estension lieadcrs that must be processed by 
each node traversed by the pacltet (c.g., hop-by-hop 
header, routing header). The fragment Iieadcr is 
appended to the unfragmcntable part. The rest of the 
paclcet is divided into fragments, and each fragment is 
appended to a copy of the LIII~I-agmcntable part plus 
fragnlent headcr. 

When the fragment header is appended to the 
u~lfrngmentable part, nvo fields in the unfragmentable 
part must be updated. First, the payload length field in 
the IPv6 header 11111st be upciated to reflect thc length 
oftlie fragment pacltct. Second, the ncxt header field 
in the last header of the unfi-agmcntable part must bc 
changed to  indicate that a fragnient headcr follo\\s. 

A copy of the unfragmentable part is created for 
each fragment packet. As an optin~izntion, Digital 
UNIS allo\vs portions of a pacltrt to be shared among 
copies of the paclwt, to avoid an actual data copy. As 
with IPv4, care must be taken to c l l s ~ ~ r e  t l~a t  fields 
being updated are not co~i ta i~led  in shared buffers. 
This is typically accomplished by copying tlie portions 
that 1n11st be updated into a private memory buffer 
(mbuf) .  Unlilte IPv4, the ~~nfragmentable part may 
not fit in a single mbuf, and the Il'v6 fag~nentation 
code must be capable of handling this case. 

To reduce the possibility of fragment loss at the 
source node, all tlie fragnient pacltets arc built before 
any is passed to thc data link for transmission. 

A question that arises herc is how big should 
the fragment pacltets be? Should they be sized accord- 
ing to the path IMTU, or s h o ~ ~ l d  they be limited to 
576 bytes? The former yields the desirable larger 

FRAGMENT PACKETS 

FRAGMENTABLE PART 
ORIGINAL PACKET . 

UNFRAGMENTABLE FRAGMENT FIRST I PART 1 HEADER I FRAGMENT 1 

UNFRAGMENTABLE 
PART 

UNFRAGMENTABLE FRAGMENT SECOND 1 PART I HEADER I FRAGMENT I 

FIRST 

I PART 

1 SECOND 1 ,'.:I 
FRAGMENT FRAGMENT FRAGMENT 

Figure 4 
Fragmcn tation 
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packets, \\,hilt the latter avoids ~~ndesirab. lc  fragment 
loss (due  t o  tlic fragment packct being t o o  big). T h e  
Digital U N I S  111~6 prototype supports  cithcr choice 
o n  a systcni-\\ride, per-destination, o r  per-socket basis. 
This is an csamplc o f  scparnrion o f  mechanism from 
policy, a bnsic g ~ ~ i d c l i n c  bcing ~ ~ s c c i  'icross tliis projcct. 

Reassembly 
T h e  reassembly process reconstructs the original 
packet from f r a g n ~ c n t  packets. Fragments belonging 
t o  the samc packct arc idcntifcd b\r a combination o f  
s o ~ ~ r c c  11' ~ d d r c s s ,  ncs t  licadcr n rpc  ( f r s t  header o f  the 
f r a g m e ~ ~ t ~ ~ h l c  part) and t?,lgmcnt idcntifer. Incli\.iclual 
fragments arc q ~ ~ c u c d  \\,ithi11 rlic ncnvork layer until the 
original packct can be completely reasscmblcd, at \\lliich 
point it is passed t o  tlic appropri.itc protocol module. 

When all fragnlcnts have arrived, the original packet 
can be reasseniblcd. A singlc copy o f  the  unfragment- 
ablc part is kept, and the data from each fiagment 
packct is appended. T h c  payload length fcld o f  the I h . 6  
he.ldcr is updated t o  rctlcct tlic le~igtli  of the rcasscni- 
bled p.~cl<ct, .lncl the ncst  hcacicr field o f t h c  last header 
o f  the unti-agmcntal~lc part is restored t o  reflect t l ~ c  frs t  
header in the hagmcntable part. 

As with the fragmentation code, care must be taken 
s o  that  fields being upclatcd arc n o t  in buffers sharcd 
\\,it11 othcr  copies o f t h c  packet. 

When tlie f rst fragmcnt o f  n packct arri\ges, a timer 
is started. If the timer cspircs bcforc that  packet is 
co~iiplctc ,  the frag~iicnts arc discarded. I f  t l x  o f k c t  
zero fragment has been rccci\,cd, an lC1M1'\~6 error  
nlessagc is scnt.  

Forwarding and Routing 
If a rccci\.cd packct docs n o t  niatcli o n e  o f  the s!,stcm's 
aclcircsscs anti the system is not  acting as a router,  the 
packet is silcntly ciroppcci. Othcr\\,isc, an at tempt is 
liiadc t o  for\\rard tlic packct. T h e  first step in for\\,ard- 
ing is t o  do a I o o k ~ ~ p  in the routing tnblc; thc n3pc of 
lookup depends o n  \\~hctIicr the  packet contains a 
nonzero  tlo\v labcl. I f  it docs, the lookup is based o n  
both the  source address and the tIo\v labcl.; othcr\\.ise 
the c.lcstin,lrion addrcss is use(!. If the lookup succeeds 
nncj tlic length o f t h e  packct firs \\,itliin the MTU o f t h c  
result.~nt ~ . o ~ ~ t c  and interface, the pacltct is transmitted 
t o  the ncst  h o p  as jndicated hy tlic route .  Otherwise 
d n  appropriate I(:Ml)\r6 error is scnt back t o  the origi- 
nating node. 

Tunnels 
Tunnel ing is a ~ncclianism that allo\\s packets o f  o n e  
nct\\,orlc ty1.x t o  be c n c a p ~ u l ~ ~ t c c i  anci for\\rarded within 
a ncnvorlt l~!fer p ~ l t c t  of the samc or ,I different type. 
IP1.6 packets can be t ~ ~ n n c l c d  o\,cr either IP\r4 o r  IPx.6 
ncnvorks, as may 1Pv4 pncltcts.""' T h e  t u n n c l i ~ ~ g  rou-  
tine takes as input  a packct, prepends the appropriate 

IP hcader for the ncnvork over \\,Iiich the packet \ \ , i l l  
be tunneled, and transli~its the resultant packer ovcr 
that  net\\lork. Tunnels  arc unidirectional; there need 
n o t  be a corresponding tunncl in the  reverse direction. 

Rather than lin\ri~lg niultiplc tunncl interfaces ( o n e  
for each possil2lc combination o f  protocol Y o\.cr 
p r o t ( ~ o 1  X ) ,  tlie Digital UNIS implcmcntntio~i uses 
a single t i~nnc l  intcrfacc. Tllis nlctliod \\,as the S L I ~ ~ C S -  

t ion o f  Keith Sklo\\.cr o f  thc Uni\,crsitl\z o f  Cnlifos~~in 
a t  B e r k ~ l c \ , . ' ~  \VIien the intcrficc is initialized, onl!. 
automatic tun~ic l ing  o f  I I'v6 ovcr I P\.4 is enabled.'" 
To configure n static tunnel,  \\.hcrc f red  end  points 
are ~ l s e d ,  a s t ~ t i c  route is aticicci t o  t l ~ c  rout ing tables 
\\.ith the proper  cicstinstion and gatc\\.n! ( tunnel  end 
point) addrcsscs. 

When  a pacltet is prcscntcd t o  the tunnel j ~ ~ t c r f a c c ,  
it looks u p  tlic route  entry o f  the destination address. 
T h e  route  contcnts tells the tunneling routine how the 
packet is t o  be encapsulatccl and h ~ ~ v a r d c d .  routc's 
g a t ~ ' \ ~ a y  xdciress indicates \\lhat underlying ncnvork t o  
use, and tlie route's destination address indicates \vliat 
type o f  pacltct is bcing t ~ ~ n n c l c d .  

W i e n  a tunneled pacltct is rccci\~cci, the initial 
hcadcr is stripped anci the resulting packet is p l ~ c c d  o n  
the appropriate I h 6  o r  IPv4 ifilucuc. 

Transports 

O n e  o f  the strengths o f  tlic IPng effort \\,as the  corn- 
mitment  t o  prescr\.c tlic \ \ ~ c l l - ~ ~ ~ ~ d c r s t o o d  trJnsports,  
T C P  and UDP, upon \\,liicli a \\'caltli o f  appl ic ,~t io~ls  
ha\fc been built. 

T h e  1Pv6 specification calls h r  tlircc p '~r t ic~~l; l r  
requiremelits o f  ~ ~ p p e ~ - - l a y c r  protocols: 

1. T h e  pseudoheader checksum must  accommodate 
larger "dresses. 

2 .  T h e  m a s i m ~ ~ r n  packer lifcti~nc is no longer 
c o m l x ~ t e d .  

3. T h e  largcr I h . 6  licncicr(s) must  be t,llien into 
account  \\hen c o m p ~ ~ t i n g  the m a s i m ~ ~ m  payload 
size (e.g., TCP's ~ n a s i m u m  segment  size [IMSS])." 

In addition t o  these mandated moclifcations, \vc had 
t o  nialte a fi~ndamentnl design choicc. With t\\.o diffcr- 
en t  nenvork In!lcr protocols in the system, cach using a 
different size address, o u r  design clloicc coulcl lia\~c 
been t o  use nvo inclcpcnclcnt transport mociulcs, one  
for cach network la!u-. Figures 5 and 6 sIio\v the inde- 
pendent versus the integrated tr.l~lsport dcsign options. 

Although the  indcpcndc~l t  model offers an clcmcnr 
o f  dcsign simplicity, i t  \vnstcs ~ n c m o r y  by ciuplicating 
each transport la!~cr f i~nc t ion .  In  the L>igital UNIX 
irnplcmcntation, tliesc modules arc implcmcnted in  
tlie Iternel, and d~rplicntion \ \ , o ~ ~ l d  be cspcnsi\rc. Also, 
the design ancl use oFa singlc programming interface 
t o  access both sets o f  scr\~iccs \\,auld be complicated. 
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The a b ~ l ~ t y  to malntaln, let alone extend, the code base 
\\rould ~ l s o  suffer. Fortunatcl\l, duc to thc fact that 
IPv4 addresses are a well-defined subset of the entire 
IPv6 address space, it is relatively straightforcvard to 
implement tlie transports so that a single set of mod- 
ules can be ~iscd over both network la!ler~.~" To  accom- 
plish this, \vc increased the storage space al.located 
for addresses and separated those f~~nct ions  that are 
dependent upon a particular ~ienvork layer. We discuss 
each of these issucs in this section. 

Storing Large Addresses 
T\vo specific data structures must be niodified to 
accom~nodate addresses larger than the 32-bit IPv4 
type. Tlie first of  these is tlie sockaddr struct, \vIiich is 
used \\,\.hen dealing with the BSD socket layer and 
passed along to user applications. Tlie second is the 
Internet Protocol Control Block (PCB) data struc- 
ture, the in-pcb. In this section, we review the modifi- 
cations to each structure. 

A program that uses a transport does so by means of 
the BSD socltets interface and passes addressing infor- 
matio~i in a sockaddr structure. For 1P1.6, this is a 
sockaddr-in6. Internally, tlie structure is defined so  
that 64-bit alignment is preserved; however, it has the 
follo\ving public definition: 

s t r u c t  s o c k a d d r - i n 6  C 
u - c h a r  s i n 6 - L e n ;  
u - c h a r  s i n 6 - f a m i l y ;  
u - s h o r t  s i n 6 - p o r t ;  
u - i n t  s i n 6 - f l o w l a b e l ;  
s t r u c t  i n 6 - a d d r  s i n 6 - a d d r ;  

Althougli the concept of ;i sockadclr is generic in the 
BSD architecturc, the Bo\v label and in6-addr mcJn- 
bers of  tliis structure are unique to I h 6  and \\,auld be 
used only in tlie AF-INET6 address family. Tlie details 
of this are specified in Reference 21. 

The in-pcb data structure is crcatcd for each socket 
using TCP, UDP, or o t l~e r  clients of the net\\rork layer. 
I n  addition to storing the source and destination 
addresses, various other pieces of information recjuil-cd 
for proper communication are stored here, including 
the port numbers, options and flags, a pointer to the 
socket receiving the data, a header template, and a 
pointer to tlic routing entry for tlie given destination. 
For Il'v6, this basic model has been retained, and addi- 
tional infor~nation is stored. This information includes 
local and remote tlow labels and indicators of which 
address family the application is using and which net- 
work layer the transport communication is using. 
Finally, a partial checksum of the transport pseudo- 
header is stored here as \\lcll; its use is dcscribcd in the 
following section. 

In addition to  the explicit storage of tlie nen\,ork 
layer and address hmily, the funda~llental technique 
that facilitates the use of a comnion transport is the 
storage of IPv4 addresses in an IPv6 format. This is 
known as an Il\r4-niapped addrcss and is described 
in "IP Version 6 Addressing Architect~lre.""' This 
address format js explicitly reserved to store addresses 
of systems that are capable of using only the IPv4 
protocol, and thus is an appropriate form of storage 
in the PCB for con~munications that will be sent using 
the IPv4 protocol, as opposed to  IP\r4-compatible 
addresses, which are sent using IP\16 pacltcts. These 
mapped addresses are of the  follo\\ring form: 

These addresses arc manipulated \\~ithin the IPv4 
TCP and UDP protocols by means of macros that 
allotv the IPv4 addresses to be inserted, estractcd, 
or compared whilc in an IPv6 address structure 
(in6-addr). As a n  example, the code ft-agmcnt in 
Figure 7 sho\vs an address being extracted for use 
in evaluating a co~lfigurablc IPv4 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 nenvork-layer-specific 
f~lnctio~ls are used to interface to either IPv4 o r  IPv6. 

Tliere are two partic~llar instances in which the 
transport layer has interactions with the IPv6 ncnvork 
layer over and above the exchange ofdata packets for 
input o r  output. These are the notification and update 
of  path MTU, which is required in IPv6, and the 
potential to refresh the neighbor discovery cache 
based on forward progress; i.e., if the transport kno\\s 
that data is reaching its destination, it can validate the 
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Figure 7 
Code Fragment of a Il'v4- napped Address 

current nenvork layer path. We investigate each of 
these issues in tLlrn. 

Path MTU discovery, as previousl!/ described, is 
triggered by ICMP messages processed in the network 
laycr, with lcarncd inforlnation stored in the r o ~ ~ t i n g  
tablc. In the course of  processing a PTB message, tlic 
transport layer is notified through its control input 
(ctlinput) path. This is r cq~~i rcd  bccausc tlic rcccption 
of  such an ICMP message indicates that the packet in 
transit has been discarded, thus the protocol may need 
to take appropriate action. In the case of  TCP, it is 
necessary to recompute the masimuni seglnent size 
and retransmit the affected d a t ~ .  Although this is not 
required for UDl', which is J pure datagram scr\~icc, 
this luiowlcdge can bc madc a\lailable to  the corre- 
sponding socket ocvner. 

The othcr interaction between an upper laycr and 
thc 1P laycr occurs \\,hen the upper layer, specifically 
tlic TCP transport, \\/islies to  indicate that communi- 
cations with a destination host has niadc forward 
progress, for the purpose ofrcsett i~lg the timer in the 
neighbor discovery cache. This positive feedback 
mechanism is described in the nciglibor unrcachability 
cletcction portion of the "Neighbor Disco\~cry for 11' 
Version 6" specification and prevents unnecessary 
probing of the current path."' VVhen acl<no\\rlcdg- 
mcnts to previo~~sly sent data h w e  been received, the 
TC1' updates tlie routing tablc entry by nieans of an 
RTM-CONFIRM rnessagc. This call is lhandlcd by the 
neighbor discovery ~iiodulc, \vhich rcscts the internal 
neighbor discovery state for appropriate route entries, 
as described later in this section. 

Source Address Selection 
&Ian!/ ;~pplications d o  not spccifil a particular source 
addrcss to use \\Then initiating com~~iunications 
with a remote Ihost but instead use tlie symbol 
INADDR-ANY, \vIiich allo\vs thc transport to stlcct 
a sourcc address (and corresponding intcrL~cc) to L I S ~ .  

For most 113.4 s!lste~iis, this is a tl-ivial exercise if only 
a single addrcss on  a single intcrficc exists. However, 
multiple addresses per interfiacc \\rill be a conlnion 

occurrcncc on I1'\16 hosts, and so the process of 
choosing a source addrcss to use bccorncs iniportant. 
Thc source address selection is typically done whcn 
tlie PCB is bound to the application's socket, but  this 
function is also available to Lrsers of raw sockets and to 
othcr nct\\rork-laycr uscrs s~icli as ICMPv6. 

The source address selection function takes as argu- 
rncnts a dcsti~lation address and an optional intcrfacc 
pointer. The latter is used whcn kno\vn, but in thc case 
of initiating a transport connection it is ~ L I I I .  The 
dcstinatioll address is first checltcd against tlic list of 
current prefixes that have bccn advcrtiscd on  the 
host's links, \vliicli \ \ ~ o ~ l l d  indicate \vhich interfjce to 
use. ( I t  also iudicatcs that the destination is a potential 
neighbor, but this knowledge is not used at this 
point.) Next, the address is tested for multicast versus 
unicast, and then the scopc (link-local, site-local, 
orga~~ization-local, and global) is eval~~ated.  Finall!!, 
a local address of  equivalent (o r  greater) scope than 
the destination with the longest prefix 111atcIi is 
rctumcd. The scopc 111ust be taken into consideration 
to  ensure that the destination system \vill be able to 
succcssfi~ll\~ respond to the communication. The 
longest prctix match is a n  attempt to ensurc a rcason- 
~ b l c  routing path between the two systems, \vhich 
could involve a cornplex  nix of service providers. 

Checksum Optimization 
Although the Il'v6 hcader itself does not contain a 
checksum, thc TCP, UDP, and ICMPv6 protocols d o  
require a 16-bit one's coniplcmcnt checksum calcu- 
lation to validate the integrity of transmitted and 
rcceived data. Pcrfor~ning this checksurn can be a n  
expensive opcration. While this prototype was being 
dc\,clopcd, some alter~iative nicchanisms \\Icre invcsti- 
gated, such as varyi~ig the size of thc sum \rariablcs and 
o p e r ~ n d  units and tight \iersus expanded loops. The 
sclcctcd algorithm offered thc best pcrformancc for 
the Alpha processors, while r c t a i ~ l i ~ ~ g  the ability to  be 
used o n  32-bit processors. 

At thc point \vhcrc thc PCB is establislicd for trans- 
port co~iimunications, a partial checksum is calculated 
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for the IP\16 pseudolicadcr, n~hich  consists o f  the source 
and destination addresses, the paclzet payload length, 
and thc nest  header value. This partial chccltsum, with 
the exception o f  tlie payload length (which varies per 
packet), is then stored in the PCB, t o  be passed along 
\\iith the pointer t o  usel- data within the memory buffer 
t o  the chcc lzs~~m fi~nct ion.  T h e  initial checltsum calcu- 
lations are d o n e  using 32-bi t  ~ ~ a l u e s  in 64-bi t  registers, 
and later are collapsed t o  tlie final 16-bi t  ~11111. This is 
codcd as one  large C statement, adding the various 
pseudoheadcr components in piecemeal fashion. This 
allo\\~s the compiler t o  schedule the instructions for 
optimal pcrformancc. Tlie final packet checl<sum can 
then be c o m p ~ ~ t e d  by adding the partial checksums for 
tlic pseudoheader with the checltsum \~alues for tlie 
data itself, plus the pa)!load length. 

Neighbor Discovery Overview 

T h e  Neighbor Discovery specification describes sev- 
eral important  aspects o f  an I h 6  node's behavior in 
relation to o ther  IPv6 nodes connected t o  a c o m m o n  
linlt. I P \ 6  nodes o n  tlic same linlt use neighbor disco\,- 
el?' t o  discover each other's presence, t o  determine 
each other's link-layer addrcsscs, t o  find routcrs, and 
t o  maintain reachability information about  the  paths 
t o  active neighbors and reliiote destinations.1° These 
f ~ ~ n c t i o n s  are performed \\/ith se\,eral 1C~VlPv6 mcs- 
sages and options, as s h o u ~ n  in Figure 8 .  T h e  same 
messages are also ~ ~ s e d  for address autoconfiguration 
and duplicate address detection, as described in "Il'v6 
Stateless Address Ai~toconfig~~r,at ion."  ' 

Interface Initialization 
Mihen an intcrfacc is initialized for use \\iith 1Pv6, a 
link-local address niay be created ivithout any external 
configuration, allowing the  system t o  begin transmit- 
ting and rccciving pacltets t o  nodes sharing a c o m m o n  
link. 'This is performed by appending an interface 
tolten t o  the predefined link-local address prefix, 
FE80::. T h e  length and content  o f  the interface tolzen 
is link specific. For  example, the address tolten for an 
Ethernet  interhlce is tlie interface's built-in 48-bi t  
IEEE 8 0 2  address, resulting in a linlt-local address 
such as FE80::0800:2RBE:6260." 

Duplicate Address Detection 
13efore a ~ ~ n i c a s t  address can be assigned t o  an inter- 
face, '1 process l u ~ o \ \ ~ n  as duplicate address detection 
( D A D )  must be pel-formed.' This  process provides a 
degree o f  assurance tliat nvo  nodes d o  no t  use the 
same address 011 the  same link. Tl ie  basic mechanism 
in\~ol\les sending an ICbIPv6 neighbor solicitation 
(NS) ,  \\!liere the target address is the address being 
tested. If another  node  is using the  address, it will 
respond with a neighbor ad\lertisc~iient (NA).  i\/Iulti- 
cast is used for both NS a n d  NA packets, so  DAD can 

be performed for all unicast addresses, including the 
first address assigned t o  the interface. 

While an  address is undergoing DAD, it is said 
t o  bc a tentative addrcss. I t  is no t  used t o  receive 
pacltets, nor  is it ~ ~ s e d  ill ou tbound  pacltets. T h e  
LA6-TENTATRE flag in the in(,-localaddl- structurc 
identifies addresses in this state. When  a duplicate 
address is detected, the el-ror is logged and the 
LA6-DADFAILED flag is set in the in6-localaddr 
structure. I f  a duplicate addl-ess is no t  detected, tlie 
I ,A6TENTATIVE flag is cleared, making tlie adclress 
available for iise 011 the interface. 

Address Resolution 
I n  IPv6, the  function o f  mapping unicast 1P\36 
addresses in to  link-layer addresses is performed using 
ICMPv6 messages. This  is a departure from IPb.4, 
which relied 011 separate protocols (e .g. ,  Address 
Resolutioll l'rotocol [ A M ] )  t o  perform this func- 
tion.'"IP\l6 unicast address resolution is defined in 
a generic manner  and can be run  over any linlt layer 
that  provides a link-layer mi~lticast ser \~ice (this 
includes point- to-point  and broadcast links, special 
cases o f  multicast). This protocol map also he used for 
~io~imulticast-capal3lc media (c .g . ,  nonbroadcasr mul- 
tiple access [NBMA] media such as ATM), provided 
that the  link layer provides the necessal-y ser\riccs. T h e  
function o f  mapping multicast Il'v6 addresscs into 
link-layer addresses is specific t o  each link type. 

r .  

I h e  unicast address resolution f i~nc t ion  uses nvo  
1 C M h 1 6  message types: the NS and the NA. When a 
nodc  needs t o  resolve the unicast 113~6 nddrcss o f  
a neighbor t o  a link-layer address, it bi~i lds  an NS 
containing the I h 6  address t o  be resol\wl ( target)  
and sends it t o  tlie solicited-node ml~lticast address 
corresponding t o  the target address. As ,In optimiza- 
tion, the node includes its o\vn link-layer ,~ddress as 
an option in tlie NS message. 

When an address is assigned t o  an interface, a node 
is required t o  join the solicited-node multicast g r o u p  
corresponding t o  that address, s o  a nocic \ \ ) i l l  receive 
NSs sent t o  its solicited-node m ~ ~ l t i c ~ s t  adclress. U p o n  
I-eceipt o f  an NS, tlic target node builds an NA con-  
taining its linlt-layer xidress. T h e  NA also contains the 
IPv6 target address, s o  that tlie soliciting node  can 
associate the response \\lit11 the corresponding recluest. 
T h e  NA is then sent back t o  the soliciting node. 

Upon receipt o f a n  NA, the soliciting node can map 
the target 11116 adclrcss t o  tlie corresponding link-layer 
address and send any pacltets that \ \ w e  q ~ l e ~ ~ e d  ajvaiting 
address resolution. Once  a nodc has resol\,cd an 11'\36 
address, the link-layer address is cached until it must 
be replaced o r  deleted. A diffcrcnt linlt-la!~cr acidress 
may be received in a subsequent NA packct, \\.it11 the 
0 - b i t  (override flag) set t o  indicate a ne\\, value. If 
tlie 11cighbor ~~nrcac l iab i l in  detection algorithm 
(explained in the nes t  section) clctects tliat thc caclied 
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\lalue is not reachable, tlie mapping \\lill be deleted. 
7'he address resolution process has several implica- 

tions for the implementation. Outbound packets must 
be quelled pending link-layer address resolution, and 
link-layer addresses must be stored sonie~vliere. Tlie 
"Neighbor Disco\lery for I P  Version 6" specification 
describes a conceptual neighbor cache to  hold this 
information."' The Digital UNIS I h r 6  prototype uses 
several data structures to  implement the neighbor 
cache. An nd6-llinfo structure keeps track of  each 
entry in the neighbor cache. This structure contains 
the queue header for packets awaiting link-layer- 
address resolution. The link-layer address is stored in 
the routing table, in a host route entry for the destina- 
tion Ih l6  address. The RTF-LLINFO flag in the route 
entry indicates the presence of link-layer information. 
Each nd6-llinfo structure contains a pointer to the 
corresponding routing table entry, and tlie routing 
table entry points baclc to the nd6-llinfo structure. 

The use of routing table entries to hold the linlc- - 

layer-address information is an optimization. A rout-  
ing table entry is associated with thc majority of 
packets transmitted for reasons other than address res- 
olution. Storing the linlc-layer address in the routing 
table entry avoids the overhead of a separate link-layer- 
address table. This approach is modeled after the BSD 
4.4  system's AN' implenientation. 

Neighbor Unreachability Detection 
Neighbor unreachability detection (NUD)  has its 
roots in the dead gateway detection in Ih14 but has 
been generalized in IPv6 to include all neighboring 
nodes (not just g a t c ~ a y s ) . ~ ~  Unlike 11\14, the rnecha- 
nisms supporting N U D  are an integral part of IPv6. 
11'116 nodes monitor the reachability of neighboring 
nodes to which packets are being sent, An IPv6 node 

relies on reachability confirmations to determine tlie 
reachability state of a neigllbor. I n  the absence of any 
reachability indications, an IPv6 node n~ill periodically 
use an NS to acti\iely probe the reachability o fa  neigh- 
bor. Ai NA sent in response to an NS provides reacha- 
bility confirmation. The S (solicited) flag in the NA 
is provided specifically for this purpose. If neither 
method succeeds within a given period of time, a 
neighbor is considered unreachable. Figure 9 sho\vs 
the neighbor unreacl~abilit)~ states. 

A reachability confirlnation may take several differ- 
ent  forms. Any packet received from a neighbor can be 
viewed as a reachability confrrnation, provided that 
the pacltet c\lould only have been sent by the neighbor 
in responsc to a paclcet sent from the local node. 
A TCP aclu~o\\lledgment is one esample: receipt of 
a TCP ACI< indicates that a packet sent to the neigh- 
bor did in fact reach it. Another exa~nplc is an ICIMP\I~ 
redirect message. Rcccipt of a redirect message indi- 
cates that the neigl~boring router received a packet 
from the local node. 

In tlie Digital UNIX IPv6 prototype, the nd6pllinfo 
structure holds NUD state and retrans~nit count infor- 
matio~?. A field in the routing table entry is used for 
NUD timers. Tlie RTF-LLVALID flag in the route 
entry is used to indicate that the neighbor is reachable. 
A nc\v routing message type (RTM-CONFIRM) 
\\.as defined to pass reachability confirmations to the 
neighbor cache. This mechanism is used by TCP upon 
receipt of new ackno~vledgments. 

Autoconfiguration 

One of the goals of IPv6 is to \vork properl!~ in a 
dynamic nct\\lork e~nrironrncnt without the need for 
manual intervention on each system attached to thc 
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ncn\.orlt. The solution is to allo\\* important picccs o t  
i~iformntion to be Icarncd and the s!-stcln to autocoli- 
figure itself using this data. IPv6 autoconfiguration 
c~~compasscs the ti)llo\vinb r ~tcnis: ' 

Router discovery 

On-link pct i  s disco\.cr!* 

Intcrhcc ntrributc configuration 

Stateless ;iddress config~~ration 

S t ~ t c f ~ ~ l  address config~~r.ition 

Tllc mccl.lnnisn~ for dcl.i\~cring this infol-rn'ltioll to 
the Ilosts is rlic router advertise~nie~nt (TW) pacltct of 
the Nciglibor l)isco\~cry Protocol. In tlic follo\\,ing 
sections, \\,c describe the methods \ \~c  dc\,clopcd to 
procc~stlncsc pnckcts and i~pdate the systc~ii. 

Host Autoconfiguration Daemon 
To p ~ ) c c s s  tlicsc RAs, \\.c designed n host d.icmon 
called ~ldbhostd, \\.hich resides in the application space 
of the lligitnl UNIS operating sys tc~l~.  Wc dctcrmincd 
t11at a L I S C I - - I ~ ~ O ~ C  d a e m o ~ ~  \vas the most efficient 
to implement I Pv6 autoconfig~~ration fc)r the fi)llo\\.- 
ing reasons: 

A user-mode dacmon \vould avoid ler~ic l  bloat. 

M.lintcnn~lcc and cstensibilin~ \\rould be c,lsier. 

The hl~iction is not performance critical. 

Thc autoconfiguratio~i processing is implcmcntcd 
.IS a single esccutahlc image, as a coliesi\.e scr oftightly 
coupled modules. 'l'hc dnerlion currently is dcsignccl 
as a single-threaded application that i~scs a dispatch 
mechanism to call cacli specialized fiunction niodulc in 
turn. W \\.ill csnminc the idca of hn\,ing this dacmon 
run as a mulritlircadcd application in the hlturc. 

'l'lic ndbhosrd dacnnon comnnunicatcs \\.it11 the 
nen\.ork suhs\~ste~ni in tlnc Iwrnel through multiple 
tcchniqucs. F i p r c  10 sI1on.s the autoco~ifigi~~-nrion 
~x-occssiing ~inodulcs. Tile Inn. socket interfncc is uscci to 

rccci\.c IMs, and J/O control messages (ioctls) arc used 

to mnnipulnte Iterncl data structures. Also, tlic routiug 
tnblc is updated ns neccssar!; b!, mews of .J. ran. socket 
intcrfiicc to the I'F-ROUTE protocol hmily. 

W dcsig~led the J1%6 ran- socket's intcrfilcc \\.it11 
the abilih to  pass only specific ICMP\,6 messages to 
n user and to filter extraneous packets or  protocols. 
7 .  

1 lie nd6liostd daemon sets n socket option to rccci\pc 
o~~l!. neighbor discovery Rgs. I t  then crccutcs ;I ciis- 
patch rolltine that polls the ra\v socltct, a\\,aiting 
pnckcts. W e n  data is available on the socltct, the dnc- 
m o n  dctcrmincs the characteristics of the message, 
crc~tes  ;I data structure to contain it, 2nd calls the ncc- 
cs~nr!~ f~nct ions  to perform autoconfigul-ation. ?'hc 
disp;~tcli ~iiotiulc, in addition to polling socltct dcscrip- 
tors, S L I ~ P O ~ ~ S  J'lcccssary timer Inanngcmcllt filnctions 
sucl~  as creation, deletion, rind expiration. Figurc 11 
slio\\,s tlic npplici~tion daemon design center. 

Kernel Interface Data Structures 
In many \\ays, the data link interface is tlic fi>cus of 
I1+6 nutocontiguration support. The kernel c la t~  struc- 
tures k)r I h 4  interfaces arc not sufficient to jrnplcmc~~t 
the ncccssar! IP1.6 tiinctions. We designed and implc- 
mcntcd nc\\. intesfiice data structures that encapsulated 
the existing I h.4 structures. This allo\\-cd us to avoid ;I 

rcconnpilarion of  the existing data link dri\.crs o n  the 
13igitnl UNIS operating system. In  the filturc, 1j.c \\.ill 
attempt LI dcsig-11 ill \\rhich thc intcrEicc StrLIctiIrcs 
I1'\,4 and I l'v6 arc completely integrated. 

As slio\\~n in Figire 12, \\Ie designed an  in6-itiict 
srrucrurc to support each data linli typc (c.g., 
t;,thcrnct, I'PI', loopback) 2nd used the csistilig 
ifiict structures to point to thosc link in[-erf,lccs. Tlic 
in6-ifiict lias its o u n  in6-ifaddr structure k)l. cncli 
II'vO address configured in the dntn structure 
in6-IocalaJJr. Wc also defined rlic in6-router struc- 
ture to support each routcr availnblc For the implc- 
mentation. Thc in6-router structilrc spccitics the 
intc~.Eicc o f  the router, neighbor cache route, ;ind 
the 1 P1.6 address of the router. 
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Autoconfg~~ration Interface Structures and Rclationsliips 

Interface Attribute Autoconfiguration 
To autoconfigure tlie interfaces for IPv6, \\re created 
new ioctl filnctions to create, delete, ~ ~ p d a t e ,  and 
access thc interfaces. In additio~l to  their use by the 
nd6hostd daemon, these ioctls may be ~ ~ s e d  by any 
future modules that need to access or  manipulate the 
interfaces. This might include specialized configura- 
tion utilities, Simple Nehvork Management Protocol 
(SNMP) nianagelnent hu~ictions, security tools, or  
LI\~ICI- SCI-\ icca. 

The interface module to update and maintain inter- 
face structures for ndbhostd serves nvo purposes: to 
L I ~ C ~ J ~ C  ~ i < > t , ~  l i ~ i l i  ~ r r ~  i l x ~ ~ c h  ~ ~ c ~ n i ~ l c ~ l  1,)) ~ I I L  R,\, < I I I ~ I  10 

111~int.lin tlie ciata structures as a set of linlzed lists for 

router disco\~ery, on-link prefiscs, and addrcss configu- 
ration. F i g ~ ~ r c  13 shows the interhcc attribute updates. 

Router Discovery 
hi RA packet has mandatory and optional parts. 
Bcfore a default router is added to the routing table, 
the following interface attributes must be determined: 

1 . Receiving interface 

2 .  Cl~rrcnt hop limit 

3. Reachable and retransmit times for use in NUD 

The link-local address finm tlie so~~rcc, l i n k - I ~ ~ P I -  
option o f t h c  RA is then addcd to thc routing t,~l>lc', 
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IntcrLicc Attribute Updates 

and the Iternel data structures k)r routcr intbrrnation 
arc upd.ltcd. The routcr lifctimc ficld in the 1Wdcfincs 
Iio\\, long this router ma), bc used as a d e f a ~ ~ l t  routel.. 

The ndbliostci daemon first updates the intcrf~cc 
attributes. A tinier is sct ~ ~ s i t i g  the appropriate routine 
from the ciispatcli module. When the timer expires, 
the delete dcKx~lt routcr routine is callcd, and the 
routcr is deleted from the routing table. The daemon 
must also be able to dclctc the rourcl- if it recei\,es an 
1W \\,it11 a zcro lifetime \7;1lue, \\,liicli can occur \\,lien a 
node is acting as n routcr b ~ l t  is rcsct to be ~1 llost. 

On-link Prefixes 
An on-link prefix in TI36 def nes a subnet a11d is typi- 
cally configured on a routcr for a specific link by the 
ncnvork administrator. The routcr tlicn ad\fcrtiscs this 
prcfi s to all nodcs connccteci to that linl< as a prctis 
option, appended to an IW. A pretis option dctincs ,I 
singlc prefix only, but an 1W may contain niore th;in 
one such option. As sho\vn in Figurc 8, tlie prefix 
option pro\.ides tlie fbllo\ving information: 

Prcfs length 

Link- or L-bit, \\~liicli is sct if tlic prcfis is dircctl!~ 
rcaclablc on link (i.c., a neighbor) 

Autono~nous- or  A- bit, \\rhicli is set if the prcfis can 
be used for statclcss address conf g ~ ~ r a t i o n  

The length of time the prefix is \ d i d  

The dac111on adds the prcfis to t l ~ c  routing table. 
Then a timer ro~ttinc is c:lllcil fro111 the disparcll mod- 
I I I C  J I ~ L I  ib kc1 t;)r thc ~ i m c  tllr k>r,cti,y ~z \.,)lid. W ~ I C I I  1 1 1 ~  

dispatch routit~e calls the delctc on-link prefix nlodulc, 
the prefis is dcletcd fion~ the routing tablc. A prcfis 
c.111 .IIXJ bc dclctcd I \ . I ~ C I L  ,I I ~ C M  K,\ ~)rcsc '~~ts  t l x  pro- 
fix \\.ith a lifetime of zero. In that c,lsc, the on-link 
prefix modulc \\.ill stop the timer routine and delete 
I I I C  prclii II*OIII t11c ro11i111g I.II>Ic. 

Address Configuration 
Address configuration is one of thc nc\\. paraciigms 
that InLlst bc supported in I11\,6. '1'1\~o configuration 
methods, stateless and statcftll, are pro\ridcd to auto- 
configure addresses for a ]lost. The M-bit flag in a n  Kii 
message determines \\.hich method to i ~ s c  and i n h r n ~ s  
a host. I n  addition, the othcl--bit ( 0 - b i t )  flag is pro- 
\,idcd to configure other nct\vork parameters required 
for the host's operation on thc nen\~orli \vIicn tlie 
statefill config~~ration is uscti. 

Adtircss autoconfigurntion in IPi.6 supports thc 
~b i l ig ,  to dynamicall), rcnumbcr a link or  a colnplctc 
network througll thc use of lifetimes specified in the 
1W message. The \ d i d  lifetime is the timc the address 
has bcfixc cspiration. When the timer expires, ;ill con-  
nections using that addrcss arc dropped b!~ tlie ilnple- 
mc~ltation, ancl n o  lie\\ conncctiolls arc permitted. 
The preferred lifetime is provided to inform an  implc- 
~ncntation that a n  address is about to expire; it typi- 
cally is set to a lo\\lcr \value than the valid lifctinic. 
When this tinlcr cspircs, the addrcss is said to enter the 
dcprec~ted state, at \\.hic11 point an iniplcn~entatio~i is 
~xr~ i i i t t cd  (as a config~rration option) to prc\,cnt nenJ 
comm~~nications using this ndclrcss as a source 01. dcs- 
t i n~~ t ion .  'l'liis niodcl is designed to pro\~ide net\\,orli 
ad~ninistrators with control over the use of net\\ro~-k 
addresses \ \ . i t h o ~ ~ t  manual intcr\,ention ofeach host o n  
the ncn\rork. The stateless niodcl is intended for users 
\\rho d o  not necd tight co~itrol over address config- 
~u-ation; statcfi~l mechanisms \vill be used \\,here thc 
: w i r n i ~ l i < t r ~  t l lw IIYII>~ t(\ dc-Iei?:~re 2dclr(h<ct*c h 2 c ~ r i  o ~ i  :I 

c i i c u ~ / s c r ~ ~ r  I I I C I ~ I O L ~ .  Ilisi~rc 14 SIIO\I,S thc . ~ ~ . l c l r c ~ ~  
;iutocontiguratio~~ diagmni. 

\4'hr*n the. ci:>c.nion rc.c-c.i\.cc nn R A .  alld the A-hit is 
XI, rlic c l . ~ c ~ i ~ o r ~  (.;In 11% LIIC prctiscs po\ , idcd to  per 
tbrm stateless addrcss configuration. The daernon uses 
the on-link prcfi x(es) pro\-idcd in the RA to configure 
,~~i~l rcsscs  t i ) r  d n  it~lcrl;\ic. .=lcl~lrcs~rs .~rc crca~ccl, 
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ciclctcd, o r  ~~pci,ltcci o n  tlic inrcrkicc based o n  the pre- 
&:..,>c, ..-.I li&:~L-..~,, .-,,,.,.:..,%,I i.. *I.,. D A , - , , . I F , . +  
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perhaps in the most \\ridcsprc~ci u\c in tllc illci~~str!, ,111if 

Interactions with Stateful Address Configuration is a\,ailable un '1 \ \  iclc \'.i~.ict\' ofpl,ltti)rliis: the bcnctirs 
\;\Jhcn the daemon rccci\.cs ,In ILL\, and tlie managed ofs tandarc i iz~~t io~i  arc con~pcl l ing.  
hit tlag is set, tllc I ~ o s t  c ,~l i  use s t ~ t c f ~ ~ l  xidress  con-  
figuratioll, using 1)1-1(:1'\,6. 1)H(:I'\,6 is implemcntcd 
,IS scp.lrntc d, lc~i lon pl.occss in oul. pl-otonrpe. 
L)H(:P\.6 cicfincs .I complete rlc\\. model f rom the 
c ~ i s t i n g  1)H<:I'\.4 i ~ i i p l c ~ n c ~ i t ~ l t i o ~ ~ s  in the industr\ .  t o  
if!,~l~~nic,lll! e o ~ l f i ~ ~ ~ r e  ,~ddrcsscs. T h e  use o f  link-local 
addrc~scs,  multic.~\t,  ,tdcircss c o n h g u r ~ r i o n ,  and inher- 
cnr S L I D D O I . ~  tiw d \w '~mic  r . c n ~ ~ m b c r i ~ i l ~  o f  hosts in 
11'\.6 ca~lscci .I 11c1\. n~.cl~i tcctu~-c ~ n c i  design in the 
1)M(:I'\.6 spccific.ltion. A co~npul-ison o f r h c  31-chitcc- 
t ~ ~ r , l l  cl1,lngcs hcr\\,ccn I)H(:I'\.4 ~ n c l  1>~1<:1'\~6 can be 
ti)unti in rhc 1)H(:I'\.6 s~>ccific,ltion." 

Application Services 

lVost 1'<:1' nnci U1)I' ,~pplic,ltions can he used \\,it11 
I P\,O \\,itll ~.cl,lri\,cly minor mociitications. T h e  primary 
issue is the larger ,iddress size, both for internal storage 
nccds ill r l ~ c  a~pIic,1tioll ,111d ti)r adcil-css transfer across 
s!rstcm i~itcl.kiccs. 111 this section, \\,c re\ic\\r these 
iss~les ,111ci o r l~crs .  

A PI 
hi\. API cul.t.cntly in use fi)r 11'\,4 could be modified 
for 1P\6,  but  onl!, tlic I1SI) sockets A P I  is being in\,cs- 
tigntcd \\,irllin the IEI'F for n\.o reasons.' ' First, large 
I I L I I I ~ ~ ~ I - s  of ,lppl~catio~lc ~ l s c  r l ~ c  sockets interface for 

DNS AAAA Support 
DNS pro\.ides support  for 111,lppiliy 11,lrncs t o  11' 
addresses and ~l lapping I P ,lddrcsscs l>ncli t o  tlicil. cor- 
responding nslncs.'" .l'lic t\y'c A rccoul.cc rccol.cI i5  

~rseci t o  liolcl ,111 I h . 4  ,itici~.cc. Since it\ s ~ z c  is fixcej 
a t  4 b\rtrs, ,i nc\\  resource ~.ccord r\q.rc, Ai\.M, \\ ,IS 

defincci t o  hold 11'1.6 .~cidl.csscs.' ' l ' l~c l)icit,ll U S I S  

Address Manipulation Routines 
A typical 11' in~plcnlcnr,lrio~i pro\,itics sc\.crnl Ii[>ral-!' 
routincs for 11iallipul.lring I l '  ~dt i rcsscs .  -1'Iicsc illclucfc 
routines for con\,c~-ring .ldtircsscs bcr\\.ccn hillnr!, .lnci 
textual ~-cp~-esentariolis .11lci 1.o~lti11cs  ti)^. trnnslaring 
names t o  addresses a11d .itldrcsscs t o  Il'lrncs. N c \ \  I . ~ L I -  

tines had t o  be pl-o\iJcci t o  pcl.ti)l.~il t l~csc  f~~llct iol ls  
fol- 113.6 addrcsscs. 'l'llc 1)igitnl UN l S 11'\,6 protot\,pc 
pro\'ides the routincs dcscrihcci ill "l3,lsic Socltcr 
Intcrhcc Extensions for 11'\.6." , 

inetd Daemon 
T h e  inetd daemon el-catcs socl<cts o n  hchalf of,lpplic,l- 
tions, in\.olting tlic a p ~ ~ l i c , i t i o ~ ~ s  011l\, \ \ . I ~ c I I  ~ ~ c c c i e d  nlici 
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pilssing tlic o l x ~ i  x)ckcts t o  them. Witli tlic ad\,cnt 
o f  tllc Af.'-INF,T6 socket y p c ,  illctd \vas modified 
t o  accept a n e \ \  application configuration opt ion in 
its co11figu1-ation tile. T h e  licy\\.ord inct6 is used t o  
inciicatc a n  ;lpplicarion that  \\.ants t o  use AF-INET6 
soclicts. T h c  Itc\r\\.o~-ci inct ( o r  the abscnce o f  a kcy- 
\\.orel) i~ldicatcs use o f  AF-INli'l' sockcts. 

Applications 
A ?.pica1 application nccds onl!. minor modification t o  
use the AF-INET6 address hmily. Applications that  
LISC ;~dci~.csscs .is p~1. t  o f  their dcsign o r  ~wotocol ,  such 
as tlic File T I - n ~ i s k r  Protocol (F'TP), rcql~irc  morc  
cstensi\,c moiiif c , ~ t i o ~ i .  'The l>igi rnl  LINIS 11'\.6 proto- 
t!yx includes sc\.cl-'11 basic applications that Iln\.e been 
modified t o  support  II'\,6, including Tclncr anci FTI'. 
.. . I licse programs \\,ere ~iiotiificd t o  11sc I P \ 6  socltcts, 
addrcss s t r u c r ~ ~ r c s ,  and library r o ~ ~ t i n c s .  Note  tliat tlie 
IPv6 sockcts also suppor t  c o r n m i ~ n i c a t i o ~ ~ s  o\.cr I h 4 ,  
so that npplicxions need n o t  ~iiaintain separate sockcts 
for 11\14 and I I ' \ r 6 ,  and a single csccutable image can 
intcrot>w'itc \\/it11 both types o f ~ . c ~ i i o t c  systcm. 

Future Work 

Future implementation c f h r t s  \ \* i l l  includc security, 
routing, statcfi~l ;iddress configuration, d!lnamic 
~ p d a r c s t o  DNS, IPv6 over PP1' and ATILl, resource 
rcsc~.\.; i t io~l,  ,ind scl-vice loc:ltioll. In addition, \ire \ \ i l l  
re\,ie\\. clcmcnrs O ~ O L I I -  existing dcsign allti imple~i ien-  
tation n~.chitcctllrc t o  incl-case pc~.ti)~.rnn~ice and t o  ease 
the transition from II'i.4 t o  I k . 6 .  Wc \ \ . i l l  conr in l~c  t o  
p;irticipatc in the I h . 6  i ~ i ( i ~ ~ s t r \ '  ~ i ~ ~ ~ l t i \ . c l i d o r  interop- 
cmbilit\f ciScnts, \\.hich is .I practical and conccntrateci 
effort t o  cicbug the specifications and tlie code hase. 

Ih.6 sccurin~ supports both tlic autlicnticntion and 
the cncr!ption of I I I .6  packets end-to-cnd.'TThe mod-  
ule tbr tlicsc ti~nctions \\.ill reside in the Iccrnel and most 
l i  kel!. \\,ill  be cnl led .I[ rlic point \\.licrc the IP1.6 ucnvork 
Ia\scr packet is processed. A key nianagcnicnr fiarnc- 
\\,ark is bcing dcvclopcd t o  support  bo th  autlicnticn- 
tion and enel-yptio~i. . l o  access the Itcy manngcmcnt 
interface, ;I sockets AI'I extension \\ill be pro\-ided to 
supply tlic keying criteria ti)r the security modules. 
1-0 tcst tlic intcropcrability .ind robustness o f  

the 11'\~6 inlplcmcnrnrions, a test ~ l c n v o r k  kuo\\.n as 
the 6130NF. 11~1s hccn crcntcd 011 tlic I n t e r ~ ~ t ' t .  This  
nascent tcst bed is currcntl\j bcing b ~ l i l t  \\lit11 stutically 
defi~ied t ~ ~ n n c l s  connecting 11'\f1 ncn \~orks .  O L I ~  nest  
stcp in I l'v6 dc \~c lopmcnt  \ \ , i l l  bc t o  implcmcnt rout-  
ing protocols, starting \\rith l l o l ~ t i ~ i g  1nfo1.1nation 
Protocol vcl-sion 6 (1<11'\~6) (or ~ ~ n i c a s t  routing. 
Subsccli~cnr goals \\rill be to suppor t  O p e n  Shortest 
Path First \,el-sion 6 (OSl'Fv6) and to pro\.icic ~ n i ~ l r i -  

Statef~ll address conf ig~~r ' l t io~ i  \ \ . i l l  17c i~nplcmcnrcd 
as spccificd in L>H(:I'\,6 2nd \ \ r i l l  co~ l ta in  a client, n 

servcr, and 3 I-el,i\.-agent. This \\.ol.l< \ \ , i l l  be tiglitl\r cou-  
pled \vith cl!.n~~rnic updntcs t o  1)NS t o  pro\ridc ; i ~ ~ t o -  
configurntion in c o ~ i j u n c t i o ~ l  \\,it11 autoregistratio11 in 
tlie directory scr\.icc. E\.cn for ncn\.orlis tliat i ~ s c  stare- 
less nddl-css autoconfigi~ration, 1)HC:1'v6 \\.ill be  a\,ail- - 

able to configure ot l ic~.  parameters fix tlic host and t o  
add,  delete, and update name i~lformntion associated 
\\,it11 addresses in 1)NS. 

Additional data link intcrfaccs \\.ill be supported f ix  
PPP and ATh.1. These no11broadc;lst architccturcs \\.ill 
r eq i~ i re  some clesign i~n,ll\esis t o  irnplcmcnt in 01-cicr t o  
support  ncjghbor ciisco\-cr\., autoconfigurat io~i ,  and 
tlic rout ing rnodcls for 11'\~6. Digital lias I ~ C C I I  'lcti\.c 
\\,itIiin tlic IETF \ \ ,orki~lg g r o ~ ~ p s  tlint nrc defining tlic 
ATiM solutions. 

113.6 no\\, s ~ ~ p p o r t s  tlo\\, i~lf i )~.~i iat ion in the 11'\.6 
hcadcr and i l l  the I I'\h IW1> socltct A1'1 strucru~-c. This 
inlierelit clualin-of-scrvicc ((20s) l n c c h n ~ ~ i s m  ill  I P\,6 
meshes ivcll \\.it11 c f h r t s  t o  suppor t  rcscrvc rcsourccs 
on a ncn\rork as spccificd in the  l<csourcc l<cscrvation 
Protocol ( ItSVl')."' Using RSVI' o\.cr broadcast anci 
no1ibroadc3st dat.1 l i~iks \\,ill c ~ i c o ~ ~ i p a s s  a dcsign ccn- 
rer that  supports  a \\,idc mligc o f  resource rcscr\ration 
parameters t o  maintain a consis tc~i t  pcrti)r11iancc 
rnodcl for video- and auciio-related applications across 
a ncnvork path. 

Service location is 311 c~i icrging t e c I ~ ~ i o I o ~  tliat \\.ill 
pcrniit a host t o  cli~cr!' the ncn\.ork n h o i ~ t  tlic locatio~i 
o f  diffcrc~it scl-\,ices ( c . ~ . ,  NFS, sccurit\, kc! manage- 
nicnt, dircctol-!, scl-\.ices):'" (:u~.rcnrl\. in ~ i c \ ~ c I o p ~ i i c ~ i t  
for 111.4, sel-\.ice Iocntio~i holds promise fi)r I P \ 6  and 
ma\, benetir horn tlic grcntcr Ic\,cl o f s ~ ~ p p o r r  for h,isic 
teclinologics, s ~ ~ c l i  as s c c i ~ r i n ~  2nd multicnst cnpabilitics. 

Summary 

Digital has designed a p r o t o n p c  o f  IP\.6 o u  tlic Digital 
U N I S  operating s\*stcm. Tccliniclucs and technologies 
have bccn dcvclopcd t o  accommodate aspects o f  the 
IP\.6 arc1iitectu1-c; in particular, the ~~~~~~~~~~t Ia!*cr 
modulcs \\.ere rnoditicd t o  use n\*o distinct ncn\.ork- 
layer protocols. 'The nc\\. Neighbor 1)iscovcry Protocol 
and algoritlinis have also bccn implcmcntcd in the pro- 
totype. II'\,6 includes ~ncchnnisms to cio both statclcss 
and statcfi~l addl-css c o n f ~ u r a t i o n  as \\lcll as router dis- 
covcr!l. 'The l>igitfil UNIX Il'\.h prototype contains 
a ~ ~ s e r - m o d e  process that irnplc~ncnts tlicsc functions. 
In addition, cn l~~inccmcnrs  lia\,c bee11 ~iiatlc t o  IPv4 
ser\,iccs, and t c c h n i q ~ ~ c s  h . i \ ~  bccn dc\rclopcd t o  sup- 
port  thc trarlsition ofchisting appl icnt io~~s.  

References 
cast rout ins .  



2 .  S. Brad~icr and A, iManlti11, "TIie R e c o m ~ ~ i c ~ l d ~ t i o n  
for the 11' Nest Gelielation l'rotocol," lWC:1752 
(J'inuary 1995) .  

3. R. Hinden, "Simplc 111tcrncr Protocol Plus M'hitc 
Paper," 1U'C 1710 (October 1994) .  

4 .  S. Deering and R.  Hinden, "Intcnlct Protocol, Version 
6 ( I h . 6 )  Speciticntion," 1U-'C1883 (Jalluary 1996) .  

5 .  Y. Keklitcr and T.  Li, "An Archirect~~re  for IP\(6 Uni- 
c ~ s t  Addrcss Allocation," 1WC1887 (Janllary 1996) .  

6 .  R .  Hinder1 and J .  Postel, "IP\.6 Testing Address 
Allocation," lWC1897 ( Janllary 1996).  

7. S. T l io~nson  and T. Nnrrell, "lPv6 Sr~te lcss  Address 
Auroconfig~~latio~l," RFC1971 (August 1996).  

8. J. B o ~ ~ n d  and C .  Perkins, "Dynamic Host  Configura- 
tion Protocol for IP\16 (DHCPvG)," VVork in progress 
(Aug~lsr 1996) .  

9. A. Conta and S. Dccring, "Internet Control  message 
Protocol ( I C M h 6 )  for thc Internet Protocol Version 
6 (IP1,6)," IWClSS5 (January 1996) .  

23.  1). Plummer, "An Ethernet Address Resolution Proto- 
col," RFC826 (i\'o\wmbel. 1982) .  

24.  D. Clark, "Fault Isol'ltion dnd licco\lery," RFC816 
( J L I ~ ~  1982) .  

25.  W. Src\rens and M. Tlio~iias, L'Adva~iced Sockets API 
for IP1.6," b\Jork in progress (October 1996) .  

26. P. klockaperris, "Domain Names-Concepts and 
Facilities," RFC1034 (November 1987).  

27. S. Thonison and C. Huitenia, "l>NS Exter~sions to  
Support  IP Versioli 6," KFClSS6 (Deceriiber 1995) .  

25. R .  Atkinson, "Security Architccrurc for rhc Intel-net 
Protocol," (MJol-k in progress, June  1996) .  

29. "Resource Reservation Protocol (RSVP)-Version 1 
Functional Specification," (Work ill progress, 
August 1996 ). 

30. J. Veizades er al., "Service Location Protocol," (Work 
in progress, June 1996).  

General References 

10. T. Narten, E. Nordmark, and W. Simpson, "Ncighbor 
~ i ~ ~ ~ , ~ ~ ~ ~  for ~p ~ ~ ~ ~ i ~ ) ~  6 (Ipv6),m RFC1970 ( A ~ ~ ~ ~ ~ ~  S. Bradner and A. Mankin, cds., IPr~g-Il71e1.1let P1.otoco1 

1996).  i\khhl Gw~erntiol~ (Reading, blass.: Addison-\Vcslcy, ISBN: 
0-201-63395-7, 1996).  

1 I .  M. McKusick c t  al., 7 1 7 ~  De.si,y!r u~rd /~~~p/e t~~e t r tn t iou  
q11/7(, 4.4 BSD ~p~~.li~.~~~ ~ , , ~ t ~ , ~ , ,  ( ~ ~ ~ d i ~ ~ ~ ,  M ~ ~ ~ , :  S. Thonias, JPt76 L I I I L I  /he TCIJ/IJj 1'rotocol.i (i\lc\\> Yorlc 

Addison-kvcsley, ISBN: 0-20 1-54979-4, 1996) .  John \Vilcy & Sons, Inc., ISlIN: 0-471-13088-5,  1996) .  

12, V, ~ ~ l l ~ ~  cr  a l , ,  y-lnssless ~~~~i~~ R .  Urxden, "Rcq~~ircments  for Intcrnct Hosts-Comm~~ni-  

(CIDR): An Address Assignlncnt and Aggrcgntioll 'ation La!'cl-s," lwC1122 (Octobcr 1989) .  
Str~tegy," 1WC1519 (September 1993) .  G. Wright and I<. Stc\,ens, TCP/JPfll~~.stt*atec/, I.'ol~itlre 2- 

13. S .  Deering, "Host Estensions for 1P Multicasri~ig," 773~. J I ~ ~ / I ~ ~ I I I ~ I ? ~ L ~ ~ ~ o I I  ( lkading,  i\/l,lss.: Add~son-\Wesley, 

RFCI 112 (August 1989) .  r s s ~ :  0-201-63354-x,  1995) .  

14. J .  iblogul and S, l'>ecri~lg, " P ~ t l i  h4TU Disco\~ery," 
RFC:l 19 1 (No\iember 1990) .  Biographies 

15. J ,  b1cC:ann et  al., "l'ath iMTU Disco\jer!l for IP 
Version 6," RFC198 1 (Aug~ls t  1996) .  

16. W. Simpson, "IP in  IP Tunneling," RFC1853 
(October 1995) .  

17. A.  Contn and S,  l>ecring, "Generic Pacltet'I'unnelilig in 
1 1'\,6 Spcciticntioli," Work i l l  progress (October 1996) .  

IS .  I<. Sklo\ver, pri\~nte comm~~nica t ion  to  Mart Thomas, 
Scptcnibcr 1995. 

19. R .  Gilligan and E. Nordliiark, Meclia- 
nisnis for l P \ ~ 6  Hosts and Routers," lWC1933 (April 
1996).  

20. S. Llecring and R .  Hinden, "IP Version 6 Addressing 
Architccturc," RFC1884 (January 1996).  

21.  K. Gilligan er al., "B;isic Socket Interface Extensions 
for I Pv6," (Work in progress, April 1996) .  

22. 1M. Crawford, "A ~Metliod for the Tinsmission of  I h . 6  
Packcts over Ethcrnct Nct\\~orks," RFC1972 (August 
1996) .  

Daniel T. Harrington 
As a principal sofn\.arc cngincer in Digital's IPv6 l'rograln 
Office, Dan Harrington participated in tlie Iligital UNlX 
IPv6 prototype ~ff01-t. Prior t o  this work, he helped de\,elop 
the DECnct/OSI products on  tlie ULTNX arid the Digital 
UNIS platforms. After joining Digital in 1982, Dan \\rorked 
in performance analysis, field support, a l ~ d  sofn\.are d e \ d  
opment.  H e  rccci\.cd a R.S. in mathematics from Rcnssclacr 
l'olyteclinic Institute. Dan is currently \\,it11 Lucent 
Technologies. 

Digital Tcchlucal Journal bl. S No. 3 1996 21 



James P. Bound 
JIII~ B o l ~ n d  15 ,I c o 1 1 5 ~ 1 l r i 1 1 ~  \oft\\ ,il.c c ~ i g i ~ i c c l -  . l~ id r l l c  r cc l i -  
l l i i d l  c i i r c c t o ~ .  f o ~  II'\ 0 \I 1t l i111 t l i c  11'1 O 1'1.og1..1111 Of f ic -e ,  j111i 
I< r c \ ~ i o ~ i \ i l > l c  k)r tI1c o \ c ~ ~ . i l l  , ~ d \ ~ i ~ l c c c i  ~ i c \ c l o ~ ~ ~ ~ ~ c ~ i t  \ i r c l ~ i -  
t c c t ~ r ~ - e  , i i i c l  1-cfcre11cc A I p l l ~  l l i g ~ t . i l  L T S I X  c ~ x l e  ll,i$c, \ \  l i i c l1  
\ c ~ - ~ t i c \  t l i . l t  t ~ c  1 h . 6  spcc i t i c . l t i o~ i \  .]I-c ~ ~ n p l c n i c n t . ~ l ~ l c .  I-lc 
ia a lso  L)~gi[,l l 's It I t. I I'\ 6 t c i l l ~ i i c . i l  I c . i i i c~ .  .)nd o11c o t ' t l i c  
11'16 nd \anccc i  d c \ c l o p m c n r  c11si11ccr\  o r 1  .-\llrh.i l) i5irL1l 
( ' S I X  111 199.3, J i ~ n  L l c g ~ r i  111s p . ~ ~ - t i c i p . i t ~ o ~ )  i ~ i  [ l i e  I t .  11: 
t o  \ \  01 - k  o11 t h e  I I'ns 2nd  t l i c  .id\ . l l i cc i l  d c \  c l o l > ~ i > c ~ i r  11'119 
lxotot\ 11c. ,\> ,1 ! i i c ~ i i l l c ~ -  o l ' t l i c  I I .  1 b'\  I I 'ny  I ) ~~ . cc ro~ - . i r c ,  
J i l l 1  l iell>cci c ictc1.1~i i11c t l i c  1 ~ c ~ c l ~ 1 i 1 ~ e 1 i i e 1 1 t s  ,111~1 ~01.c \ i 1 .~11 i1c~  

John J. McCann 
J.ick 1blc.(:~11111 is %i j>1.i1icil1,11 \ot't\\., l~-c c ~ 1 i ~ i 1 1 c c r  i11 t l i c  LTNIX 
l - , n s i ~ ~ c c r i l i s  < ;~~o i r p  : i l id  r11cliit>c1- o f ~ l i c  l l ' \.6 l >~ .o j cc t  tc.lr11. 
H c  c o n t i - i b u t c t i  to t l l c  t i c s i s n  ,11111 i 11 i p l c1 i i c1~ t . l t i o11  of tI1c 
l)i::i~,il L I N I X  11'\,6 p~.o to t \ , l>c ,  i11c l~1c i i11g r o i l r c r  c i ~hco \ c~ . \ , ,  
. ~ ~ ~ t c ~ e o ~ i f g i ~ ~ ~ n t i o ~ i ,  ~~.;I>I~ICI~~.~~II)II, rc.isscmbl!,, p, i r I i  h ' l ' l ' l '  
< i l \ co \  el.),, l ~ ) r \ \ ~ L i ~ - c i i ~ i $ .   t id t l i c  I]'\ 6 41'1. H e  l > . i ~ ~ t i c i l > . i t ~ ~ \  i11 

sc\ cr.11 It-, I ' F  \ \ , o r k i n g  g r o ~ ~ p s  .loci is .I c o . i t ~ t h o r  of 11l tcr .1ict  
I l l Z C  1 9 3 1 ,  "P. l th 1 L 1  I'(: I) i>co\.c l . \ .  ti)[ l l ' \ ~ c ~ . s i c ) ~ i  0." J.ick 
j o i n c d  I )~$ i t . l l  i n  I 9 8 3  to h c c o l n c  .i ~ n c n i l > c ~ -  of t h e  l ) ~ s r l - ~ l l -  
~ ~ t c d  S!stclna l'ccl1nic;ll F,\,:ilu.ition C; ro i~ l> .  1Hc .il\o \ \  o~-l;crl 
in t h e  l )E<:1icr/0SJ  ti)^- O l > c l l V k l S  k11ginccl . i11s (;I-OLI~I 

b e f o r e  t.i lci l lg I i i s  c u l - r e n t  p o s l l r o n .  H c  ~ - c c c ~ \ , c i i  .I I3 S .  111 

coml>uLcl .  \c lcr)cc (n1.ign.l c u m  1.1~1dc) fi-om t l i c  L ' ~ l i \  c rs i ty  
of Lo\\  e l l  i l l  1 9 3 3  ~ i i t i  .In b1.S. i n  con i j >u rc l -  sc lc l l cc  ti.0111 
I l o s t o n  Ul l i \ ,c l .s i t ! ,  in 1 9 9 5 .  

Mntt T l io~l l ;~s  
hl . i l~ I ' h o n i . i \  j o i ~ ~ c t i  I )191r. l l  111 1 9 8 3  \I it11 Sof i \ \ . i rc  Scl-\.ices 
111 ( ~ , i l ~ t i ) ~ ~ ~ i i ~ i  , A I t l i o ~ ~ g l i  I l c  i <  l ~ ~ . i ~ i c i p . i l  s o f n \ < l ~ - c  e ~ l g i ~ i c c ~ -  
I11 r h c  o l l c l l \ ' X 1 S  S!.\rcln., Soft\\.. l l-c c;l.oup, i\l.ltt ll.i< spcr1t 
t l ~ c  1.1~1 c i s l i t  !c.il.? .I\ .I c i c \ c l o p c ~ .  o l ' n c t \ \ o r i i i n g  p r o d u c t s  
ti l l . t l l c  1)isit;ll L ' S I X  , i ~ i c i  L ' 1 , ~ l ' I l l X  s !s tc~n>.  111 <1ddit io11 to 
l i i \  o 1 1 g o i 1 i s  i l l \  o I \ c1nc11 t  it11 l ) ~ ~ i t ~ ~ l  L ' S J X  l P \  6 c t ' t i )~ - t \ ,  
l i e  15 1.c\po11sil>lc ~ O I -  ~c i c i 1119  l l ' \ c c ~ ~ ~ ~ i t ~ ~  to t11c l l i s i [ . l l  [ ' S I X  
o l > c l . . i t ~ ~ i ~  \ t c ~ i i .  , \ l , i ~ t  IS ,in ncti! c pal-ticipa11t in \.nrioiis I E  11. 
\\ o 1 - k i 1 1 ~  sro~~l>\ ~ ~ i c i  i~ <i c o , i ~ ~ t l i o r  o t ' \ c \  c,~.~il 1 1 1 t c 1 ~ ~ c t  1)1.~fi>. 



I 
Max7i7ell M. Burnet 
Robert M. Supnik 

Preserving Computing's 
Past: Restoration and 
Simulation 

Restoration and simulation are two techniques 
for preserving computing systems of historical 
interest. In computer restoration, historical sys- 
tems are returned to working condition through 
repair of broken electrical and mechanical sub- 
systems, if necessary substituting current parts 
for the original ones. In computer simulation, 
historical systems are re-created as software 
programs on current computer systems. In each 
case, the operating environment of the original 
system is presented to a modern user for inspec- 
tion or analysis. This differs with computer con- 
servation, which preserves historical systems 
in their current state, usually one of disrepair. 
The authors argue that an understanding of 
computing's past is vital to understanding i ts 
future, and thus that restoration, rather than 
just conservation, of historic systems is  an 
important activity for computer technologists. 

The Computing Past 

T h e  continuous impro\.cmcnts in computing tcchnol- 
ogy  cause the r.lpici obsolcsccncc o f  c o m p i ~ r c r  s!,stems, 
architccturcs, media, and dc\.iccs. Since old comput -  
i~lg systems nrc mrcl \  pcrcci\.cci t o  11'1vc any \.aluc, the 
dangcr  o f  losing portions o f  the computing record is 
signitic~int. When a computing .~rchitccturc becomes 
cst i~icr ,  its sofn\.,~rc, clat.1, and \\.rittcn and ornl records 
oficn dis ippcw \\sit11 it. 

Older  computer  systclns cmbody major invcstmcnts 
in so%\are, the \,alue of\vhich may persist long after the 
s!stcms Jla\,c lost thcir technical I-clc\.ancy. For example, 
tlic Pl31'-11 computer  11.1s no t  bccn a Icadi~lg-cdgc 
a rch i tcc t~~rc  sjncc t l ~ c  introciuction o f  32-bi t  s\,stcms 
in the Intc 1970s ~lnci 11.1s not rccci\.cd LI I ~ c \ \ .  hnrd\\.arc 
implc~ncnt.itio~> si~icc 1984. Soncrhclcss, 1'1)I'- 11 s!,s- 
tc.111~ c o n t i ~ l ~ ~ c  t o  bc ilscii \\.ol.lcl\\.ide, p'~rticl~la~.l\' in 
real-time anti c o ~ ~ t r o l  .ipplic.~tions. Tlic una\..iil,lbilin 
o f  suitablc rcplaccnlcnts o f  \ \u rn-ou t  original p.lrts i \  
a serious issi~c for I'1)I'- 1 1 s\ ,stc~ns still in use. 

Another  nrcn o f  porcnrinl loss is ciatn. I n  rccc~l t  
nrcl1ivnl stor,igc nlccii.1 ha\zc undergone rapid 

technologjc c \ z o l ~ ~ t i o n ,  2nd the industry st,l~ld,lrds o f  
c o n i p ~ t i n g ' s  first 30 \rc;lrs, s u c l ~  as 0.5-inch ~nagnc t ic  
tape, arc no\\, a ~ i t i q ~ ~ c s .  SnI\.nging data f i -o~n origilial 
media is nli i ~ i r i ~ ~ s t r \ ~ - \ \ , i r i c  problem nnii has gener.itcd 
a smnll cottage inci~~stl-y o f  specialists in data ~.cco\.cr!,. 
This  problem \ \ . i l l  only prolifcl-~tc, as t r~ns i t ions  in 
mcdin nepcs accclcl-arc. Ten !,cars from no\\; the I c ~ r ~ c -  
diameter optic;ll disks used for today's ~ r c h i v c s  \\- i l l  
look as quaint  ns l)k<:tapc Llnci magnetic tape s t o ~ a g c  
systc~iis d o  t o  e i ~ r r e ~ i t  computer  users. 

Finall!,, thc  disappcar,~ncc o f  olcler equipment  g'l>i- 
cally cntnils loss o f  i n h r ~ n a t i o n :  n o t  only design 
skctchcs, blueprints, nnii d o c ~ ~ r n c n t a t i o n  b u t  also the 
folklore a b o u t  tllcsc systems. 'l'lic absence o f  system- 
atic archi\.ing, as \\,ell as the  ahscncc o f  a prrcei\.cd 
value o f  tlic archi\.cd dat.1, causes continual i n h r m ~ -  
tion rleca!. ahout  ricsign J I ~  opcratio~lal derails. 

'This paper c l c ~ r i b c s  n1.o tcchnic j~~es  for  prcscrving 
c o n i p ~ ~ t i n g  s!*stcms o f  historicnl j ~ i t c ~ c s t .  Tllc first 
section o f  tllc p,ijlcr ciiscusscs rhc restoration o f  old 
c o r n p ~ ~ t u s  t o  \\.orlting ordcl-. It  also includes J descrip- 
tion of  t l ~ c  j\~~st~..lli.i~i ~ \ / I L I S C I I I ~ ~  collection ,~nci tlie 



process o f  restoring a p ; ~ r t i c ~ ~ I ~ r  1'1)l'-1 1 ~ n i n i c o ~ n -  
kx~tcr. 'The scconti section ciisc~~sscs the simulation 
of olci computers o n  modern s!?stcms. I t  describes a 
sirnillation framc\\,ork callccl SIIM, \\,hich has been 
used t o  implement simul,~tors for the I'D1'-S, I'l>P-11, 
PDP-4/7/9/15,and Nova ~ninicomputcrs .  

Restoring Old Computers 

Since the complltcl- bccn~ne 3 ~ i ~ ; ~ s s - p r o t i ~ ~ c c d  item 
the late 1960s, its n-picnl life c!,clc has consisted o f  iluti,ll 
inst~lllation, r c n t ~ l  o r  cicprccintion hl- ' l b o ~ ~ t  fi\,c \rc;~~.s, 
retention .~nt i  use for a fen. more ycnrs (just in case), a l d  
then retircmcnt and a trip t o  the rcflsc d u m p .  There is 
only a b~-ief\\zindo\\. o f  o p p o r t ~ ~ n i ~ ,  t o  collect old coni- 
puters a t  the end o f  their \vorlting life. Once  that \\in- 
do\\, is closed, the compiltcrs arc gone  ti)rc\ler. 

The Australian Museum Collection 
In Sydney, Australia, this \\fincio\\~ o f  opportuni ty 
first bccamc .lppnrcnt in 1971 ,  \\lhcn the early P D P  
systcms rcachcd t l ~ c  ends o f  tlicir life c\clcs. Digital's 
A~~stralj , l l i  si~I>siJi '~ry 1)cgan collecting systems by a 
cre,lti\rc program OF trade-ins for new ecli~ipment. '  It  
\\!,IS cspccially urscnt  to  obtain csaniplcs o f  the 12-bi t ,  
18-b i t ,  and 36-hi t  1'131' series, as the!' \\.ere rclati\,ely 
f e \ ~  in n ~ ~ ~ n b c r .  .l'nblc 1 lists the pcrccntnge o f  a\.ailable 
units that  have bccn collcctcd. T h e  status o f  each is 

Static-can ncvcr be madc t o  \\.ark f ix  \.arious 
reasons 

l<cstorablc-could be  nladc t o  \\.ark \\.it11 cnougli 
care, p ~ t i e n c c ,  timc, and c f h r t  

\Vorlting-rn~lning its opcrnting s\.stcm the lnst 
timc it \\.,IS turned on  

Once  11 rc~xcscn ta t i \~c  s a ~ n p l c  o f  the earl!, PDl' 
systems had been collected, the urgency nbatcd. 
Hundreds  o f  PDP-11 and  VAS systcms \vcrc then 
brought  t o  Australia; the  \\.indo\v o f  opportuni ty ti)r 
collecting them is still open.  

T h e  collcction has gro\\-n significantly dor ing  the 
last 25 ycars. A t  the present timc, \vc ha\.c in S\xincy 
a co~nprchcnsive collection o f  most  curly Digital 
machines, including hnrd\\.arc, manuals, sofh\.urc, and  
spar" (see Table 2 ) .  1-hc collcction is c a t n l o g ~ ~ c d  in 
a 6,000-line dC~tabasc t h ~ t  resides, approprjatcly, o n  .I 
MicroVAX I computer ,  r u n ~ i i ~ l g  the first \.crsion o f  
the MicroVh4S oper'lting s\.stcm. Figure 1 sho\\,s an 
esample ti-om tlie collection, ,I 1'131'-8/E computer  
system \\!it11 peripheral c q u i p ~ n c n t .  

T h e  goals o f  the  collcction arc \raricd and ;lrc sum-  
marized in  T'lble 3. Apart fi-om the academic challcngc 
o f  keeping all old data media running,  thcrc is the 
responsibility t o  ensure that  they can be kept alivc ancl 
a\railable. T h e  extensive variety o f  media types ot'fcrcd 
by Digital alone in only 30 ycars is sumnlarizcd in 
7 -  

l ab le  4. T h c  c\jol\~ing status o f r l ~ c  collcction Iias been 
reported at  sc\,eral A ~ ~ s t r a l i a ~ l  l)E(:US Symposia."; - - .I he rcstorat io~i  o f  the Australia11 collcction \ \ ! i l l  p rob-  
ably ensure a retirement job for the curator for the 
nest  3 0  years! 

General Issues in Restoration 
Restoration is '1 painstaking and time-consuming 
process. T h e  goal o f  restoration is to return 3 system to 
a state \\.here it \\.ill rcliabl!. r u n  a major opcrnting sys- 
t em and offer as many media conversion hcilitics o f  
the vintage as possible. Fort~lnatcly, conlputcrs d o  n o t  
deteriorate greatl!, ill ~ t o ~ ~ g e ,  pro\.idcci tlic storagc 
arca is dry. ( O n e  itc111 that docs decay dlalnatically is 
tlie black foam ~ ~ s c d  to line sitie panels nnd t o  separate 

Table 1 
Early Digital CPUs in Australia 

Model Number Brought Number in 
Name t o  Australia Museum Collection Condition 

PDP-5 
PDP-6 
PDP-7 
PDP-8 
PDP-81s 

LINC-8 
PDP-9 
PDP-10 
PDP-I 2 

PDP-811 
PDP-8IL 
PDP-I5 
PDP-81E 

Restorable 
Some items 
Static 

Working 
Static 
Restorable 

Restorable 
Some items 
Restorable 

Restorable 
Restorable 

Static 
Working 



Table 2 
The Digital Australian Collection (chronological order) 

Year Item Description Status 

138 
ASR-33 

KSR-35 
PDP-6 
PDP-5 
PDP-7 

PDP-8 
PDP-8 
PDP-8 
PDP-8 

COPE-45 
PDP-9 
KAlO 

Linc-8 
PDP-81s 
PDP-8/S 

DF32 
PDP-9/L 
PDP-811 

PDP-8/L 
PDP-12 
PDP-12 

PDP-15 
KllO 

PDP-81E 
PDP-8/E 
PDP-11/20 
CR11 

PDP-8/F 
VT05 

LA30P 
PDP-11/45 
GT40 
PDP-I 1/10 
PDP-I 1E10 

PDP-I 1/35 
PDP-8/A 
PDP-11/40 
VT50 
LA36 
DS3 10 
PDP-I 1/70 

PDP-11/34 
PRSOI 

LSl20 
WS78 
LA1 20 
VAX- I 1 I780 

AID converter 
Teletype readerlpunch, 110 baud 

Heavy-duty Teletype 
Modules of first Digital computer in Australia 
First minicomputer in Australia 
Third Digital computer in Australia 

Classic, table-top model 
Cabinet model 

Typesetting system 
Cabinet model, first in New Zealand 
Remote batch (OEM PDP-8) 

18-bit computer 
Console of PDP-10 mainframe 

Early medical computer 

Serial, under 810,000, CPU 
Serial computer 
Digital's first disk, 1/16 Mb  
Last transistor logic, 18-bit 

Digital's first IC minicomputer 
OEM version of PDP-811 

Laboratory computer 
Laboratory computer 
Last of 18-bit family 

Console of DECsystem-10 
Pinnacle of PDP-8 development 
Full LAB 8 configuration 

The first PDP-I 1 
Card reader, 285 cpm 
Small PDP-8/E 
Digital's first video terminal 

Digital's first hard-copy terminal 
Last PDP-11 

Graphics workstation 
Small PDP-1 1 

First packaged system 
Mid-range PDP-I 1 
Last non-chip PDP-8 
Mid-range, end-user PDP-11 
Video terminal 
DECwriter l l  printer 
Desk-based commercial system 
Largest PDP-I 1 

Mid-range PDP-11 
Portable paper tape reader 

DECwriter printer 
Word processor, &inch floppy disks 
DECwriter Ill printer, 180 cps 
Original unit of  1 VAX-I l n 8 0  

Static 

Working 
Working 

Parts 
Working 

Static 
Working 

Restorable 
Static 
Restorable 

Restorable 
Static 

Static 
Working 
Static 

Static 
Static 
Static 
Working 

Static 
Working 
Static 

Static 
Static 
Working 

Working 
Working 

Working 
Working 
Working 

Working 
Static 
Broken 

Static 
Working 

Static 
Working 
Restorable 
Working 
Working 
Working 
Restorable 

Working 

Working 

Working 
Working 
Working 
Restorable 

continued on next page 
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Table 2 (continued) 

Year Item Description Status 

VTl  00 
MlNC 

VAX-I 11750 
PDT-1 50 

GIG1 
VT125 

WS278 
VAX-111730 
LA1 2 

LQP03 
DECmate II 

DECmate II 
Rainbow 
PRO350 

VT24 1 
MicroVAX I 
VAX-111725 

LN03 
MicroVAX II 
VAXmate 

DECmate Ill 
MicroVAX Ill 

VAX 8250 
VAX 9000 

DS3 100 

Famous video terminal 

LSI-11 lab uni t  w i t h  RT-11 
Mid-range VAX system 

Table-top LSI-11 w i th  RXOl drives 
Low-cost terminal fo r  schools 
Video terminal w i th  graphics 

DECmate I word processor 
Low-performance VAX system 
Portable hard-copy terminal 

Letter-quality printer 
Word processor on mobile stand 
Word processor 

Personal computer 
Professional PC 
Graphics color terminal 

Smallest VAX .3 VUP 
Lowest cabinet VAX .3 VUP 

Laser printer 
Famous MicroVAX II 
286-based PC w i th  RX33 drive 

Small word processor 
3-VUP MicroVAX II system 
Dual VAX CPU, BI-based 

Chip set 
Mips UNlX workstation 

Working 
Working 

Restorable 
Working 
Working 

Working 
Restorable 
Working 

Static 
Working 

Working 
Working 
Working 

Working 
Working 

Working 
Working 

Working 
Working 
Working 
Working 

Working 
Restorable 

Static 
Restorable 

r ibbon cables. After 20  !.c,lrs, it turns in to  ;I stick!; 
gooey mess. I t  sliould be rcmo\.cd as soon as possible; 
other\\.isc, it falls in to  the ~iic.)dulcs and backplane. 
Replacing it \\.it11 a modern cqui\.alcnt can be donc bu t  
is n o t  essential.) 

The first step i n  restomtion is t o  collect l~ard\\.nre, 
sofnvarc, and docunlcnt.ltio11. 

Collcct tl ic hardu.nrc, if possible t\+-o o r  idcall!, 
three items o f  cach cs.lmplc. 'l'liis providcs n s\~stcm 
to  \\~orlc on , ~ n d  a sp.l~.c, ~s \\*ell 3s the abilit!, to  malcc 
conlpwiso~ls bcn\,ccn ~ ~ n i t s .  

Collcct diagnostic ,lnd operating soh\zarc o n  origi- 
nal bootstrap mcciia. Sources 11rc \,cry uscfi~l, partic- 
ulnrl!l for diagnostics. 

Collcct l~nrd\\r;lrc mnnu;lls and schematics. 

Thcrc is n 11ct\\,orIc o f  enthusiasts around the \\,orld 
who can help a t  this stage. 

Once the "ingrcdic~lts" hn\.c bccn collcctcd, the 
steps nccdcd t o  restore 3 1960s o r  1970s vint:~ge 
machinc arc as h)l lo\\-s: 

Inspect the l~arci\\~arc k ) ~ -  ph\.sical snfcn; particularly 
the heavy dra\\.crs and slide n~ccl~anisms. 

\'(,I. 8 So. 3 1996 

Ph!.sicnll!~ assc~llblc the hnrci\\.nrc, checking module 
allocations, cab l i ~~g ,  ctc. 

Cnrefidl!. inspect the po\\.cr s!.stcm, h igh- \ .o l t~gc  
sources can kill. A l t h o u ~ h  most o f t hc  po\\.cr \ \- ir ing 
material appears t o  stnnrf the test o f t imc.  the earl!. 
mnchines ofien had rntllcr th in co\.cri~lgs on tcnni-  
nals. Safer!,-f rst is a principal criterion ill I-cstora- 
tion, sincc somcdn!- oontcchnicnl pcoplc may open 
the back door. 

Assclnblc n n1inim31 s!,stcln o f  (:I'U, ~ncmol-\., 2 n d  

co~isolc s \ \~ i tc l~  register for initial tcsts. 

Ponzcr up thc computer, chcclting s~1pp. l~  \,oJtagcs, 
fhw, and front co~lsolc tix signs ol-lifc. 

Usr si11ipIc routines at tile s\\.itcIi rcgistc~. to  ~ I l c c I i  
h>r e1emcntn1-y opcrntion. 

Fi t  a scrial line un i t  so that ;I VT 01. a '1-clct!.pc con- 
sole can be used. 

Get  the ke!.honrci echoing t o  the screen 01. printel- 
\\-ith simple routines. 

If  the!, arc a\-ailnblc, r u n  the internal tcsts o f  the 
read-only melnor!r ( ROM). 



R X O l  
DUAL 8-INCH FLOPPY DISKETTES 

TD8E TU56 
ACCUMULATOR TRANSFER 
DUAL DECTAPE SYSTEM 

PC8E 300 CPS READER. 
50 CPS PUNCH PAPER TAPE 

PDP-RIE CPU WITH EXTENDED ARITHMETIC - - - -  - - --- - - 

ELEMENT. 16K WORDS MEMORY. 
KL8E 2400-BAUD CONSOLE. 
KL8E 2400-BAUD COMMUNICATION PORT. 
DECTAPE BOOTSTRAP. RK05 DISK BOOTSTRAP. 
REAL-TIME CLOCK 

( RK05 REMOVABLE 2.4-MB 
CARTRIDGE DISK 

STORAGE RACK FOR 10 
DECTAPE SYSTEMS 

H861 POVVER DISTRIBUTION 

Figure 1 
1'I)l'-S/E (:oml>utc~. Sysrcln 

Con\-cntional \\.isdon1 \\.oillei no\\. iid\.isc that all the 
di~lgnostic routines he run. Ho\vcver, diagnostics \\.ere 
(philosophically) al\\-a!,s ~ ~ s c d  to find bugs in a prcvi- 
ously good m,lchinc; they arc too conlplcs \\.hen huge 
chunks o F  the machi~lc ~nigli t  still be ~nissing. Thc 
lmost practical ncst stcp is t o  get Inass storage on-line. 
I ) c p c ~ ~ d i ~ i g  o n  the manuhcturcr, the target dcvicc 
niay be 3 tloppy ciisk drive, a carrridgc harci disk drive, 
o r  so~i ic  h r m  of  lnngnctic tape. With a \\,orking Illass 
srorngc dc\,icc .lnd .I bootstrap routinc, it brco~nes  
~x)ssilblc to boot s i ~ n ~ ~ l c  operating s)arcm (like OS/8 
01. 1<T-1 1 for l)igitnlls systems). This c~LI~cI<I!J SIIO\\~S 
\ \ , I I C ~ I I ~ I .  tile 111~lcI1i1lc is \\!orliilig 01. ~ i o t .  

1f.l mnas storngc dc\'icc is n o t  n\~ailablc, the ncst best 
tlling is p ~ p c r  tape. This can be citlicr the s!stenl's 
rncli-~no~~ntcci rcCldcr n ~ l c i  punch or  the papcr tap' 
rc'~cicr O I I  311 ASIl33 or ASIC35 console. The relia- 

bilin is cluestionable, Iio\\,c\.cr, nnci tlic proccdurc is 
tedious. hla~l!; diagnostics \\.ere o n  papcr rape, but 
usually thc qi~icltcst test is to Ioaci a complete paper 
system (such as FOCXI. for I)igit;~l's s!~stcms). If thc 
diagnostics run, thc system is prob;lbl!r ft~actional. 

Once thc CPU, console, and memory arc \.crificd, 
additional pcriphcl-als can be added, one ;lt a timc. It 
pays to t k c  the timc and cffi)rt t o  rcscarcli bus 
addresses, interrupt \,cctors, po\\,cr supply loading, 
and moclule placement, and to kccp a log book \\~itIi 
configuration diagra~ns and results. I n  general, if tlic 
configuration rules are t?)llo\vcd, the itcnls \\.ill work. 
There .ire fc\\~ clcctronic Failul.cs, cvcn in 20- or  30- 
yc~r-olcl modulcs. When 3 problem nriscs, it is usunll!~ 
address \.ector strapping, pli!~sical da~nngc,  or missing 
cables. Corrosion ofboarci contncts cnli bc n problem; 
they should bc clcal~cei \\'it11 n clcnn clotli or carci board 



Table 3 
Goals of the  Australian Digital Museum 

To preserve one of each model of Digital's computers 
To keep each major Digital operating system working 
To have a working unit of each Digital terminal, con- 
sole, and PC 
To provide conversion and archival facilities for old 
media 
To preserve significant Digital literature and manuals 
To preserve a VAX-111780 computer as the  original 
unit of 1 VUP 
To disseminate instructive and educational material 
To educate and amuse our staff, our customers, and 
the  public 
To support the DECUS NOP (nostalgic obsolete prod- 
uct) Special Interest Group 
To preserve spares, tools, test gear, and documenta- 
tion to keep the  collection working 
To preserve and protect these treasures for future 
generations 

Table 4 
Digital Data Media from 1960 t o  1996 

Paper tape 
80-column punched and mark sense cards 
7-track, half-inch magnetic tape 
9-track, half-inch magnetic tape 
DECtape and LlNCtape systems 
Audiocassette 
DECtape I I  cartridge (TU58) 
CompacTape (TK50, etc.) 
Quarter-inch cartridge tape 
Digital audio tape 
8-inch floppy disk 
5.25-inch floppy disk 
3.5-inch floppy disk 
RK05 removable disk 
RK06, RK07 removable disk 
R L O I ,  RLO2 removable disk 
RP01 ... RP06 removable disk 
RM03, RM05 removable disk 
RC25 removable disk 

(for example, a business card), not \\.it11 a pencil crnscr, 
\\.hicli leaves residues. Silicon components appear to 
be \,cry stable and a tribute to tlic conscr\#ati\,c dcsign 
principles of'carl!r colnputcr engineers. 

The main compone~its that seem to agc arc po\\,cr 
supply capacitors, fans, ancl lights. Tllc ti ltcr capacj- 
tors across the high-\,oltage sources can short, and 
reference electrolytic capacitors in po\\?cr supply rcgu- 
lators can dry out. Although the large capacitors in 
po\i1er supply RC filters have pro\*cn to be rcliablc, 
some restorers replace them as a niattcr ofcoursc k)r 
safety reasons. Small rotary fans may scizc if they have 
logged many hours. Incandcsccnt panel lamps arc 
al\\~a!a failing and can bc rcplaced by mocicrn light- 
e~nit t ing diodes ('LElIs) if rccli~ircd. The irony is that 
tlie panel lamps arc needed only during initial clicck- 
out; once the operating system is running, tlic)~ arc 
rarely used. 

Once rcstorcd, arc old units reliable? Espcricncc 
proves that they arc. A classic 1'13P-8 s!lstcni rcstorcd 
in 1988 still turns on  happily (~~n touc l i cd )  eight ycars 
later. A fully configured PDP-8/E system is still work- 
ing four pears akcr restoration. 

Restoring a Minicomputer: A Case Study 
An ongoing project is tlie restoration o f  n Inrgc, 
UNIBUS-based PI11'- 11 systcm with man)! UNIBUS 
peripherals attached to it. The project was started 
using the original 1'l)P- 1 1/20 Cl'U. Sincc many 
PD1'-11 peripherals u.crc designed long after thc 
PDP-11/20 CPU, it could not cope \vitli single-board 
direct nielnory access (DMA) devices, mctnl-osidc 

scrnicond~~ctor (ivlOS) memory, and other later in\.en- 
tions. The project rcfoc~lscd o n  the wid-range 
1'131'-1 1/34, \\,liicli in retrospect h,ls pro\rd \\,isc. Thc 
1'131'- 11/34 s ~ ~ p ~ m r t s  h40S Illernor\', 11.1s a11 LED and 
pt~sli-button co~lsolc, ,111d I-cprescnts .i mature implc- 
~iienration of  the 1'1)l'-11 instruction set. It has an 
optional cache, battery b a c k ~ ~ p ,  floating-point opera- 
tion, ;lud the cstcncfcd instruction set (EIS). 

The current co~lfguration occupies three large cab- 
jncts in \+.hat used to bc thc dining room of Mas 
l<urnct's housc. The \,irtucs of the UNIBUS arc many; 
in particular, it allo\\,s mod~~l. lr  connection of 1 / 0  
dc\~iccs and otllcr components. Ho\\,e\zcr, I/O dc\,iccs 
of the cru often \\rig11 100 pounds 'lncl are m o ~ ~ n t e d  in 
10-inch tira\\rcrs; tlicir sliccr pli!~sical size and \\!eight 
arc disinccnti\tcs to reconfigurntion. 

Tllc project currc~itl!r uses the K1'- 1 1 operating 
systcm bccai~sc of  its simplicity and extensive dc\vicc 
dri\,crs. Evcnti~ally, it may be possible to run the 
11SS-11 M and tlic lL!TS/E systems, but there is little 
to gain from a mcdin conversion point ofvic\v, bcca~~sc  
KT- 11  includes utilities for clcaling \\,it11 foreign file 
timnats. 

The main diffic~~ltics cnco~~ntcred lia\~c been ,issoci- 
atcti \\,it11 t l ~ c  po\\icr supply: the DC lo\\, signnl threads 
its way through every pcriplicrnl. Tlic L~bscncc of 
UNIBUS grant continuity cards can create liavoc. 
Sincc this 1'131'- 11 systcm is \.cry large, it is straining 
tlic dcsign I-ulcs concerning floating 1-cctors, currcnt 
loacling, ;~ncl bus loads. 
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Tllc (:I'U and memor!. arc relati\,cl\ ex!, t o  check 
out.  I ) L I ~  to the \.crsatilitl\r of the UNII3US, l~o\\ .e\~er,  
cliccl<ing out  the l /O systenl is \.cr!* laborious. 
Starting \\.it11 programmed I/O tcsts \\,arks best, fol- 
lo\\.ecl by interrupt tests, and finally I>MA or  non- 
~>roccssor reference (NI'R) tcsts. Espcricncc sho\\a 
tlint tests nccd to be rerun \\,henc\!cr n peripheral 
is nddcd. 

The systcni curre~ltly runs tlic R'I'- 1 1 version 5.04 
operating s\lsteni on a configuration comprising 

1<T-l 1/34 CI'U with I-eal-time clock and bootstraps 

256 kilobjts of h4OS mcmor!, 

RS0 1 and KS02 floppy disks 

1)ual lI1,02 dislcs 

I 'U56  dual 1)ECtape storage system 

TU5S DECtape I1 storage system 

4 Serial line units for console and serial printer 

<:1\/111 marl< sense and CR11 punclicd c~rc i  reader 

TU60 cassette 

I)<: 1 1 p q ~ e r  tape r c d e r  and puncll 

Al t l io~~gh the follo\ving pcriphcrals arc a\.;~ilablc, 
tlic!~ a\\,ait illstallation timc and cfhr t :  

1.1's-40 an.~log-to-d~g~tal  ( A/D ) con\'crtcr 

1'U 1 0  magnetic tape 

TSV03 ~nagnctic tape 

<:ache and commercial instruction set 

13.ittcr!. hackup ltit 
-. ~ 1 he c\,cnti~al goal is to Icccp "the last great 

( U N I B U S )  PDP-11" running \vitli almost c\?er!! 
UNIBUS pcriphcral ever made., 'l'irnc c\fill rcll. 

Simulating Old Computers 

A simulator is a computer program opcrati~lg 011 o11c 
comlxltcr s!,stcm (lulo\\.n as the host s!,stcm) \\,hich 
mimics the bclia\.ior of another compLltcr system 
(Iino\\-11 ;IS the target system). The simulntor's data is 
the stiitc of thc target computer system-registers, 
mcmor!; timed C\.CIITS, and so on. Tlic simulator opcr- 
arcs o n  prcsc~~tcd statc and transforms it, usually by 
sequuitial c\caluation, in the samc nianncr as \\roi~ld 
tlie txgct  computer S)JS~CIII. 

Simulators typically consist of nn csccution engine, 
\\.hich p u h r ~ i i s  the statc transfor111ations; a simple 
timed-event mechanism, \\,hich supports deferred and 
~lsyncliro~ioi~s e\-c~its such as 1/0 co~nplctions; and a 
control pancl, \\.hich provides ~ ~ s c r  acccss to simi~latcd 
SI;IIC. Tllc c x ~ c ~ ~ t i o n  engine is responsible for decoding 
insrructio~ls in si~nulatcd rnclnor\. and p c r h r r n i ~ ~ g  the 
specified alterations of simulated machine statc. The 
csccution engine keeps track of simulated rime in arbi- 
trary units, \\.hich may bc precise representations of the 

execution tinlc oftlic t ~ r g c t  s\~stcrii, or simple reprcsen- 
tations of ;id\.ancing time, such as the number of 
instructions csccutcd. The event n~cchanism provides a 
way to  sclicdulc events, such as I/O completion, for 
later evaluation. It can also i~np lcn~cn t  other timc- 
bascd rnccllanisrns such as licyboard polling. Finiilly, 
the control pancl pro\ ' idc~ccess  to si~nulated statc as 
\\!ell as basic control commands such as start and stop. 
I t  may also pro\kic morc claboratc facilities to support 
performance instrumentation or  debugging. 

Historically, simulators ha\!e been used for mally 
purposes, including the follo\\ring: 

Design of ne\\r s!,stcrns. The siniulator mimics the 
belia\.ior ofa  tilture chip or colnputer s!stem and is 
used to  ~lndcrstand and debug the beha\.ior of  the 
proposed design. For example, prior to fabrication, 
all modern microprocessors are estensivel! . s ~ m u -  ' 

Jared, first as abstract pcrfonnance models and then 
at increasing Ic\~cls of cictail. " 

Debi~gging k)r emhcdded systems. If the simula- 
tor contains facilities for program debugging, it 
becomes a usefill tool for debugging programs that 
run in highly constrained en\lironments such as 
embedded systems. Sjmulators can capture morc 
state and pro\'idc a \\rider range of facilities than in 
situ dcbuggers. For cxa~nple, sinii~lators can imple- 
ment progriui~ cou11tcr (PC) change queues, ddta 
acccss breakpoints, or  precise traps on errors. 

Replicable event tracing.  most simulators are fi~lly 
deterministic. Asynchronous elrents are sched(~led 
based o n  simple, n o n r a ~ ~ d o m  algorithms, such as 
fixed time-out or calculated seek t i~ne .  As a result, 
simulators allow for straiglitforward replication or 
playback of complicated sequences, remo\ring the 
randomness factor that often plagues the dcbug- 
ging of as!acIironoi~s sohvarc on real systems. 

Prescr\,arion of past soh\,are. Sil~lulators can pro- 
vide migration assistance in the transition fiom oldcr 
to neu.er '~rchitccturcs.  man!, transitional computer 
systems Iia\,c provided sirnulators for oldcr arclii- 
tecturcs, typically at the microcode le\.el, t o  assist 
customers and dc\.clopers in preserving their invcst- 
ments in tlic ~>rc \~ io i~s  architecture. Esa~nplcs 
include tlie early IRiM Systcm/360 series, \\-his11 had 
niodels that si~iii~latcd the 1401, 1410, 7070, and 
7090 bmilies, and tlic early Digital VAX systems, 
which includcd n l'1)l'- 11 con~patibility mode."'." 

Simulation Levels 
Simulators cnli he \\~rittcn nt \.urious lc\zels ofdcrail ,~nd  
thus \.arious l c \ ~ l s  of fidelity to the target s!,stcm. 
Three common lc\.cIs of si~nulation are registcr tr'lns- 
fer le\.el (IITL), instruction, and sohvarc specific. 

An 1<TL, si~nulator attempts to  mimic the major 
hardivare blocks of  the target system and to implc- 
ment its actual logic equations. The goal is absolurc 
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fidelity, tlic tcst o f  \\~liicli is that  n o  piccc o f  soft\\.nrc 
running o n  the simulntor s l ~ o ~ ~ l c i  bcli;i\,c dil'li.rcntl\ 
than it \\,auld on  the targct llarti\\rnrc. In practice, s ~ ~ c h  
perfect mimicr!. is d i f f i c ~ ~ l t  t o  ,~cliic\.c, as it ~ . c c l ~ ~ i r c s  ,I 

painstalting re-crention o f  t i m ~ n g  tictnil (fiw csaniplc, 
tllc ncrunl '~ccclcration c ~ ~ l - \ , c  o f  a I)EC:tal>c s tomgc 
s!,stcln) and access t o  implcmcntat io~i  d o c u ~ n c n r ~ t i o l i  
that has often vanished. Noncthclcss, some si~nulators  
lia\.c acliie\.ecl results vcr!. close t o  this goal: iMIMI<:, 
a l>E<:systc~n-lO sirnillator \\.rittcn , ~ t  Al>plicd l),ltn 
Research, \\.as able t o  run  C:l'LT- ,lnd dc\ficc-spccifc 
diagnostics. (As testimony t o  the  \,~~lncl-nbility o f  
c o m p ~ ~ t i n g ' s  past, dl ~machinc-rcndnl>lc copies o f  tllc 
ICIIh4I(: sources nppcnr t o  lia\.c been lost.) 

r\n i n s t ~ . ~ ~ c t i o ~ i  s i m ~ ~ l , ~ t o r  steps back from the 1ClI. 
Ic\.c.I alld trics t o  s i ~ l l i l l ~ t c  ,I[ the f~nc t ionnl  o r  tllc 
bclin\~ior-al Ic\.cl. S!rstcm clc~l icnts  'Ire treated as func- 
tions tlint tr;lnsf(>r~n st,ltc nccor-ding t o  tlic a[>st~.act 
dcti nitions o f  tlic s!,stcm architccturc, rnthcr than 
as logic blocks that t r a n s h r ~ n  state h ~ s c d  o n  implc- 
~i ientat ion equations. Instruction s i m ~ ~ l a t o r s  sacrifcc 
absolutc tidelit\. to the idiosqcr,lsics of a p;~rt ic i~I .~r  
implsmcntntion and focus o n  tlic intentions o f  the 
architccti~rc specification. As a result, i~lstruction sim- 
ulators can u s ~ ~ ~ l l y  run  s\.stemr soft\\,arc and  npplic'l- 
tions but can rarcl!. fool iiiag~lostics. 

Finall!; a sott\\.,~~.e-spccitic s inu~lnt io~l  f i~r thcr  
abstracts the f ~ ~ n c t i o n s  o f t l ~ c  tnrgct s!.stcm to onl! t l~osc  
nccdcd L?!, n pnrticular piccc o f  tnrgct systcm soh\rnrc. 
For csamplc, the OS/S opcr-nring s!.stcm o n  the I'l)l'-S 
co111puter docs not  use program interrupts; a s i m ~ ~ l n t o r  
aillied at  running onl! tlic OS/S opcmting s!*stcm 
\vould no t  need t o  implement interrupts o r  c\.cn 
q i ~ c i ~ e d  c\7ents. A recent 1'131'-1 1 sinlulator designed t o  
run the 2.9 RSD U N I S  operating system abstr.lcrcd 
parts oftlic 1'1)l'-11 s\.stcrn1s interrupt ~i iodcl  and could 
n o t  run other  1'131'- 1 1 operating s\.stcms. '' 

Simulating Minicomputers: A Case Study 
SIh4 is n portable ins t r~~c t ion- lc \c l  rn i~ l icornp i~ tc~ .  sini- 
ulator i ~ n p l c n ~ c ~ l t c d  il l  C .  Its objccti\,cs arc t o  thcilitatc 
tlic study ;uid use of historic computer  arcl~itccturcs I)!' 
making simulated i ~ i ~ p l c m c n t a t i o ~ ~ s  and historic soft- 
\\,arc a\,ailablc t o  anyone \\-lio has a 32-bit computer. I t  
s i~ppor t s  the  follo\ving target a rch i tcc t~~rcs  

and lias been succcssti~ll\, ported t o  tlic \/AS VMS, tllc 
Alpha OpcnVhilS, the 1)igital UNIS, and tllc L,inus 
a rch i tcc t~~res .  Ports t o  the Windo\\.s NT and the  
Windo\\.s 95 architccturcs and t o  an  IRM 1401 simu- 
lator arc ~ ~ n d c r  \\.:I? 

General Design Considerations T h e  design o f  an 
insrl.~~ction-lc\.cl s i m ~ ~ l a t o ~ .  is 11ot tcchnicall!. compli- 
c ~ t c i i ;  indeed, s i m ~ ~ l n t i n g  3 1'1>1'-8 s\,stcrn is a common 
prol3lc1ii ill ~ ~ ~ i c i c ~ . g ~ . n d ~ ~ a t c  cornputel- scicncc cou~.scs. 
Slh'l h l lo\ \ .s  the p roccsso~- -mc~~~c) r~~s \ \ - i t ch  (l'i\/lS) 
structure pro1x)scd by l\cll and Nc\\.cll and ilnplc- 
mcntcd in MIMIC: and countless otllcr s i n ~ i ~ l a t o r s  
s i n c c . ~ ~ ~ . ~ . :  T h e  simulnted ~!~s tc rn  is a collcctio~i of 

dc\.iccs, o n e  o f  \\~liicli hns spccinl properties ( t h e  
CI'U). l.;,~cIi dc\.icc 11.1s state (rcsistcrs) and o n e  or 
more c~nirs. Each unit hns srntc and tiscd- o r  vari,lblc- 
sized stolagc. 111 the (:PU cie\.icc, tlic stolxgc is m ~ i n  
nlcrnol.\.. 111 211 I / ( )  cic\.icc, the storngc is the  dc\.icc 
nlccii.1. Tlic (:I'L: is ciisring~~ishcii from o t t ~ c ~  ric\.iccs 
h\.  h,l\ ing tllc Jnnstcl 1.o11tinc fix i n s t r ~ ~ c t i o n  c s c c ~ ~ -  
tion. -I-llis r o ~ ~ t i n c  is ~.cspo~isiblc  for rllc sciluentinl c\.;il- 
~ ~ n t i o r i  o f i~ l s r~ .uc t io~is  and for the stfltc tl.ansformatio~is 
t h ~ t  rcpl-cxnt  simulntcd csccution. T h e  <;l'U also pro- 
\-ides n f ~ \ \ .  s!stcm\\iic routilics, such as s!.mbolic dis- 
assc~nbly and input  and a hinal-!. londcr. 

T h e  dc\.iccs in tc rhcc  t o  3 contl-01 p;uncl that  pro- 
\-ides ,~cccss t o  simulntcd state 2nd control o\.cr csccu- 
tion. 'l'lic ,1\3ilal>lc c o ~ ~ i ~ n a ~ ~ c i s  i l l  SIN ;ire listed in 
T.1blc 5. 

Tllc co~l r ro l  pnncl also i ~ i c l ~ ~ d c s  routines t l ~ n t  nrc 
~lcciicri h!, most s in i~~la tors ,  s ~ ~ c l l  3s c\.cnt C ~ L I C L I C  main- 
t c ~ l ~ ~ l c c  .l~ici c l ~ n r ~ l c t c ~ ~ - b ! ~ - c l ~ n l ~ n c t c ~ ~  tcrmini~l I/(.). 
l)iffcl.c~~t s j r n ~ ~ l i ~ t o r s  nccd not  use tllc same time hnse, 
but  ,111 the Slhl-bascci implementa t io~~s  t o  date  LISC the 
numhcr  o f i ~ l s t r ~ ~ c t i o ~ i s  csccutccl as the ti11lc t m c .  

Note that the control pnncl pro\.idcs  ti)^- starting sim- 
uliltion, hut  tcrmin;ltion is determined entirely b!. the 
simulatccl (;l'U. con\,c~ition, thc C:l'U returns con- 
tl-ol to the control panel i ~ n d c r  tlic ti)llo\\.ing conditions: 

2 .  1 f ~  Llt;ll exception is dctcctcti 

3. If ,I tirnl [/O error is tictccrcd 

4. If n spcci:ll cll;lractc~. is t!rpcci rlt tllc controlling 
t c ~ . ~ n i n a l  

I.ikc\\,isc, rlic control p;lncl docs nor inlplemcnt any 
debugging ticilitics beyond st;itc csnmination and 
nlociifc.~tion and instruction stepping. To facilitate 
debugging \\,it11 o p c l - ~ t i n g  systems, (:PUS pro\.idc 
n simple instruction breakpoint capnbilir!, and ;I onc-  
Ic\,cl I'<: rl.ncc f.1cility. 

Implementation ' rhc  inlplcmcntntio~i o f  n p;lrticula~. 
s i m ~ ~ l a t o r  l>cgins \ \~ i th  collccti~lg ~ .c fc~ .c~ lcc  ~ n a n ~ ~ f i l s ,  
m.linrcnnncc ~ l i n n ~ ~ n l s ,  clcsign t i o c ~ ~ m e n t s ,  foll<lorc, 
,111ii prior s i n i ~ ~ l n t o ~ .  implc1llcnt3tio1ls tor tlic target 
system. 'l'llis is nontri\linl. I n  the earl!, ci.lys o f  comput-  
ins ,  c o m ~ a ~ l i c s  did n o t  s\.stcmaticall!. collect nnd 
;lrclli\.c ticsig~i ~ I o c ~ ~ m c n t a t i o n .  111 addition, collcctcd 
mntcri.ll is suhjcct to information dcca!., as noted 



Table 5 
Commands Available in SIM 

Command 

attach <unit> <file> 
detach <unit> I ALL 
reset <device> I ALL 
load <file> 
boot <unit> 
run (<new PC>} 
g o  (<new PC>} 
cont 
s tep {<number>} 
examine <list> 
iexamine <list> 

deposit <list> <value> 
ideposit <list> 
save < f ~ l e >  
restore <file> 
show q u e u e  
show configuration 
show t ime 
show <device> 
set <device> <option> 
help 
exit I quit  I bye 

Definition 
- -  - - 

Associate file with unit's media. 
Disassociate unit's (all units) media from any file. 
Reset device (all devices). 
Load binary program from file 
Reset all devices and bootstrap from unit. 
Reset all devices and resume execution a t  t h e  current PC {or new PC}. 
Resume execution a t  t h e  current PC (or new PC}. 
Resume execution a t  t h e  current PC. 
Execute o n e  instruction {or number instructions}. 
Display contents of list of memory locations or registers. 
Display contents of list of memory locations or registers and  allow interactive 
modification. 
Store value in list of memory locations or registers. 
Interactively modify list of memory locations o r  registers. 
Save simulator s tate  in file 
Restore simulator s ta te  from file. 
Display t h e  simulator's event  queue .  
Display t h e  simulator's configuration. 
Display t h e  simulated t ime counter. 
Show device's configuration options 
Set a device configuration option 
Display a terse help message. 
Leave t h e  simulator. 

c,lrlicl.. I,nsrl\,, tlic ~ii,~tcri,ll is lil<cl\, t o  be contradictor!!, 
c~iil>oti!,i~ig tiiffc~.i~ig rc\,isio~is o r  \.crsio~is o f  tlic arclli- 
t c c t ~ ~ r c ,  '1s \\ell ns crl.ol-5 that hn\.c crept in during the 
documcnt , l t io~i  p~.occss. 

For  1)igital's 12-hit ,inti 16-bi t  ~n in icompi~te rs ,  the  
t\,pic,ll Ilic~.,~rch!. o f d o c ~ ~ m c n t a t i o n  \\.as the follo\\,ing: 

Proccs\ol- H,inti book.  I'r.o\ iiiing ,in all-incIusi\~c 
sLlrnrn.lr\. o f  the intrueti011 set ,i~.cIiitccturc, pcripli- 
c r ~ l s ,  0 ~ 1 s  inrc~.hcc,  .11ld s o t i \ \  ~ r c ,  tlicsc papcrback- 
si/c b o o l i ~  .i~.c tlic most c o m m o n  h r m  o f  s!,stem 
doc~~rncnt , l t ion hut ~ l s o  tllc least accLlr,ltc. 

S~~bs\ ,s tcrn l<cfc~.cncc i\/l,inl131. As the programmer's 
rcfcrclicc ~ii,lnual ti)r a p a r t ~ c ~ ~ l a l .  subsystem, such as 
the (;l'U o r  the disk dri\.c, tlicsc manu'ils describe 
tlic I-cgistcrs and f ~ ~ n c t i o n s  accur,itcly but  omit  
m.~intc~iancc-lc\cl fc.lt~~rcs 2nd othcl- tine points. 

Subsystcni i\/I,liritc~i,lncc i\/Ianual. As the rnaintc- 
n,lncc cuginccl.'s r n . ~ n ~ ~ , l l  for a p:lrticular subsystem, 
rlicsc ~ ~ i , ~ ~ i u , i l s  ticscril>c the registers and functions 
, ~ t  tlic hnrcl\\,~irc i m p l c ~ n c ~ i t a t i o ~ i  Ic\,cl, of t rn includ- 
ing s~~bsrnnt ial  , i b t ~ - , ~ c t s  t iom the print set. l i c c a ~ ~ s r  
o f  tlic Ic\,cl oFtict.iil, rlic mnintcri,i~xcc manuals have 
pI.o\.cn t o  bc the ~ i ios r  uscf-ill ~ .cfcrc~iccs for sijuula- 
to r  i ~ i i ~ > l c ~ n c n t , ~ t i o ~ i ,  

Ilesign documents. For  s\>stems t1i.1t t l o  nor ha \~c  
\.cr\. 1,lrgc-sc,llc intcglation (\'LSI), the onl! cxt,lnt 
tiesign d o c ~ ~ n i c n t s  arc tlic logic prints anti the bin,lr!, 
microcode ROIV listings. T h e  prints ~1 .c  csscnti,il h ) ~ .  
11TJ_. simulation: tlie! pro\.idc the onl!. d o c ~ ~ r n c n t ~ l -  
tion o f  implemcntatio~i cluirks. For \ ' IS1 systems, 
tliere are chip-lc\.cl ticsign spccjficntio~is ,is \\.ell as 
human-rcad'iblc rnicrop~-ogr'l~ii listings. 

t'olldorc. L)uring the 11scft11 lifetime  of^ s!,stc~ii, its 
users escli,inge information .ind crcarc a11 inti,rmal 
recorcl, both \\,rittcn and \~crb,ll, of shnrccl cxpc- 
riences (ti)ll<lorc) regartling the kine points of 
operations, hard\\.are/soft\\,:i~~c intcrf'~ccs, s\.stc111 
"pcrsonalin~," and  otlier factors. Fo l l i l~ rc  is subjccr 
t o  rapid information dec,i\z, particularly once the 
targct systcln bccomcs obsolctc. 

Prior i~nplcnicntations. Prior s i rn~~l , i to~-  irnplcmcnt'~- 
tions can pro\ridc uscfi~l information, but it must be 
used cautiously. Unless the prior imp1cmcnt.ltio~i is 
an RTL, model, it embodies simplific,ltio~ls .ind 
abstractions that are not  cxplicitl!~ ciocumcntcd. Tlic 
i l l  IiL11(: sources (\\.hicli ,ire tingmcntar\, 'i~icl ,l\.,iil- 
able only on  p~ipcr )  pro\rcti t r ~ ~ s t \ \ ~ o r t l i \ , ,  but  otlicrs 
did not: for example, tlic 1970s 1'1)l'- 1 1  simulator 
in the 1IECUS 'irchi\,cs is liigliI\, mislc,iciing about  
interrupts, condition codes, allti otlicr dct~iils. 
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An important consideration is that much of the 
documentntio~l, nII the folklore, and most worl<ing 
systems arc in the hands of indi\iclual collectors. 
The Internet plays a \fital role in locating material held 
by enthusiasts, tIi~.ougli ~ l c n s  conferences si~cli as 
alt.folklorc.co~iipi~ters, iilt.sys.pdp8, alt.sys.pdpl1, 
and comp.enli~lators.misc, and niorc rcccntl!; throi~gh 
IlVorld Wide IVcb sites dc\,otcd to historic s y ~ t c r n s . ~ ~ - ' ~  
The sources for cncli siniulntor in SIM are listed in 
Table 6. 

The last step in implcmcntatio~~ is collecting sol-i- 
\yare to run 011 the sirnillator. Soh\.are collection 
irnrnediatel!. I-aises thc problem of media translation. 
Sofn\,arc for historic systems resides o n  paper tapes, 
DECtapc storage systems, 200/556/800 bits-per- 
inch ~iiagnctic tapes, disk cartridges, 8-inch f loppj~ 
disks, and so o n .  Fc\\- ifany modern systems have these 
peripherals; and fc\v if any historic systems have mod- 
ern nenvorlc interconnects. Thus, media translation 
usually e~itnils linking a \vorki~ig version of tlie target 
system to  a modern system by Incans of  a serial line. 
KERMIT or  some other simple protocol allo\\ls for a 
byte-by-byte nenvork copy from tlie original niedia to 
a file o n  a modern system. 

Once the soh\,arc has been locatcd and rno\led 
to a file, the nest i s s ~ ~ c  is sollrccs. Without sources, 
diagnostics and other rest programs arc uscless; 
detected crrors canuot be traced bacl< to causes with- 
out manu,il dccocic of tlic bi~lary program. The 
abscncc of s o ~ ~ r c c s  \\.as a principal reason for including 
s!mbolic disassembly and input in SIM. 

Table 6 
Sources for Simulators in SIM 

The final issilt in s o h \ ~ . ~ r c  is licensing. F,\,cn t l i o~~g l i  
the target systems arc obsolete and ohcn no  longer 
manufactured, tlic operating s!.stem soft\\,arc Inny bc 
protectecl by cop!lriglits and liccllscs. Most I'DP-8 
soh\,are is in the public domain; lio\\,c\~cr, tlic 1'l)P-1 1 
and Nova operating systems are still licensed, as are 
all versions of UNIS. Corpori~tc licensing policies 
rarely accomniodate hobb!,ists; this limits operating 
syteni  distribution to legitimate (that is, busi~lcss) 
users. Table 7 lists the sohvare found for each sirnilla- 
tor in SIM. 

Debug The debug path for a sim~llator depends 
on  the available soh\,arc. Ideally, the simulator \ \ , o ~ ~ l  d 
be debugged \\.it11 the same sok\\rarc tcsts i~scd 
to  debug the target hard\\,arc, but this soft\\,arc is 
rarely arcliivcd. Diagnostics can pro\,idc lo\v-lc\rcl 
checking, but diagnostics typically check for broken 
parts in a correct implementation, rather than nn 
incorrect implementation. Even when diagnostics 
d o  check architecturc rather than implementatio~~ (as 
in the basic instruction diagnostics o n  the PD1'-11 
system), the absc~icc of  sources limits their utility. 
Consecluently, the simulators \\!ere dehuggcd mostly 
with si~iiple Iiand tcsts and tlicn \\litli the opcratinz 
systems. 

Operating systems are both csncting 2nd i~~lprccisc 
tests of implc~ncntation correctness. Unlcss ,in 
operating system takcs a dclibcratcl!~ rcstricti\rc \vie\\. 
of hard\\farc (for csa~nplc ,  OS/8 docs not ~ ~ s c  the 
PDP-8 interrupt system, nnd IlT-11 docs not use 

Architecture Documents 

Nova 

18-bit PDP 

Minicomputer Handbook 
Reference manuals 
Maintenance manuals 
Print sets 
Prior implementations 

Minicomputer Handbook 
Reference manuals 
Maintenance manuals 
Chip specifications 
Microcode listings 
Prior implementations 

System Reference Manual 
Reference manuals 
Maintenance manuals 
Prior implementations 
Reference manuals 
Maintenance manuals 
Print sets 

Location 

Private collection 
Digital archive 
Digital Australia collection 
Digital Australia collection 
Public archive" 
Public archive18 
MIMIC, private collection 
Private collection 
Digital archive 
Digital Australia collection 
Private collection 
Private collection 
Public archive1= 
MIMIC, private collection 
Private collection 
Data General archive 
Private collection 
MIMIC, private collection 
Digital archive 
Digital archive 
Digital archive 
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Table 7 
Software for  Simulators in SIM 

Architecture Software Location 

PDP-8 Basic instruction tests 1 and 2 Digital Australia collection 
Memory management  test Digital Australia collection 
FOCAL69 Digital Australia collection 
0518 system disk Public archivela 

PDP-I 1 

Nova 

RT- 1 1 
RSX-I 1 M 
RSTSIE 
LINIX V5, V6, V7, 2.9 BSD 
2.11 BSD 
RDOS 

Transcribed from real system 
Transcribed from real system 
Transcribed from real system 
PDP LlNlX Preservation Society (PUPS) archive'O 
Private collect~on 
Private collection 

18-bit PDP No software t o  d a t e  

opt io~inl  1'111'-1 1 instr i~crions) ,  tllc opcr.lting s\,s- 
ten1 \ \ , i l l  bc scnsiti\,e t o  c\.cr!, error  in i ~ n p l c m c n t a t i o ~ ~ .  
For  c\,lmplc, 1)igital's seeonti-generation 1'11P- 1 1  
s\,stc~ns-the PDP- 11/05,  1 1 /40 ,  anti 1 1/45- 
\\.ere debugged \\,ith DOS-1  1 anti IISI'S after diag- 
nostics Klilcci t o  clctcct certain subtlc i m p l c ~ n c ~ ~ t a t i o ~ i  
cl.ro~-s. Unfortunately, in J n  oper'lting sJrstcm, tlic 
ciist.1nc.c In t i ~ n c  and spdcc hcr\\rccn the error  ,lnd tlic 
s\,lnptorn mnLr be enormous ,  dnti tlic tl.'~ccnble path 
IIIJ!. be l ~ ~ ~ g t h \ ~  ,lnd c o n i ~ ~ l i c a t c d .  ArtifL1cts in the 
soft\\  , I I . ~  can ~ l s o  complic ,~tc  d c b ~ ~ g :  tlic OS/S disk 
i111,lgc 011 the I ~ i t c r ~ l c t  c o n t ~ i ~ l s  ,1  COP!^ of I<ASI(: t h ~ t  
js hsoltcn. 

Results Sl i\l iln[>lcmcnts four 1~1inicornputu .~rchitcc- 
~ L I I - ~ S :  1'111'-8, 1'1)l'-11, No\,a, nnd 18-bit 1'111'. Each 
s i~nuln to~ .  incli~dcs a particular C:L'U; basic peripherals 
sue11 .IS terminal, p'iper rape, clock, and printer; ancl 
a selection o f  mass storage pcriplicr,lls (scc Table t i ) .  

71hc 1'111'-8 s i r n ~ ~ l a t o r  has run the FO(:AL,69 anci 
tllc OS/8 opcr'lting sJZstems. T h e  1'111'- 11 s i m ~ ~ l ~ l t o r  
Ilns sun the follo\i,ing opc~..lting s\,stcms: 1<1'-1 1 V4 
,~n t l  1'5; 1<SS-1 1bI 114; LIST'S/E VS; IJNIS 115, 
\16, ,lnd V7;  and 1SS11 112.9 and 112.1 1 .  T h e  XO\.J 
sj111l1 laror 11~s run  the lil1OS 117.5 opcrnting s\rstcm. 
N o  s\-stem s o h \ . a r c  for thc 18-bi t  1'111' systems 
11.1s l ~ c c n  found.  Tlle simul,ito~.s \\.crc c~crc i scd  on ;In 
Alpli,lSr,ltion 3000/600  \\,orltsration ( , lpproxi~l~ntcly 
1 2 0  Sl'F.(;int92); the pcrf i )rm,~~lcc is gi\,cn in Table 9 .  

Figures 2,  3 ,  and 4 she\\, scrccn shots tiom the \ ' ~ I - ~ ~ L I s  

s ~ m ~ ~ l a r o ~ . s  ~ x n n i n g  their principal opcr,lting systems. 

In Defense of Computing's History 

As professional engineers \\ .l~o ha\,c been Iucl;!, 
c ~ l o ~ ~ g l ~  t o  \ \ . i t ~ ~ c s s  the c o ~ n p ~ ~ t c r  r c \ o l ~ ~ t i o ~ ~ ,  t l ~ c  
.luthors bclic\.c tliat the industl-\ has '1 d u g ,  t o  ltccp 
c ,~rl \ ,  111.lchinc~ nIi\.c. There  arc pl-,icticnl reasons, s~1c11 

as press"'\'.ition o f  s o h !  ~ r c  ,111d dnt'l; be\,ond t l ~ a t ,  
there is an  oblig'ltion t o  f ~ ~ t u r c  generations. I n  100  
years, the s!,stcrns from computing's earl!, histol.!. \ \ , i l l  
appca-  t o  bc nbsolutc dinosaurs o f t l i c  past. Yet tlici~. 
educational , ~ n d  sociological \raluc \\ , i l l  be considcr- 
able. A computer  is a mncliinc \\pith a soul, and it must 
bc kept ali\re \\,it11 its operating cn\.ironmenr t o  s l ~ o \ \ ,  
its abilities anti the contclnpor'lr!r srntc o f  the ~ r t .  
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Table 8 
Architectures Implemented by SIM 

PDP-8 PDP-11 Nova 

CPU PDP-8/E J - I  1, Q-bus Nova 820 
Options KE8E EAE, Integral FPl I Multiplyldivide 

KM8E memory extension 
Memory 4-32K words 16 KB-4 MB 4-32K words 
Terminal KL8E DL1 1 KSR-33, Dasher 
Paper tape PC8E PC1 1 Yes 
Clock DK8E KW11L Yes 
Printer LE8E LP11 Yes 
Storage RX8ElRXO1 RXll/RXOI 401 9 

RK8ElRK05 RKlllRK05 4046f4047, 4048, 
RF08lRS08 RLVll/RLOl,Z 4057,4234 

Magnetic tape TM8ETTU 10 TMllTTU10 6026 

PDP-4 PDP-7 PDP-9 PDP-15 

CPU 

Options 

Memory 
Terminal 

Paper tape 

Clock 
Printer 

Storage 

Magnetic tape 

PDPd 

4-8K words 
KSR-28 

Integral 
T75 punch 
Yes 
T62 

PDP-7 

TI77 EAE, 
TI48 memory 
extension 

4-32K words 
KSR-33 
T444 reader 
T75 punch 

Yes 
T647 
T24 drum 

PDP-9 
KE09A EAE, 
KX09A memory 
protection 
KP09A power 
4-32K words 
KSR-33 

PC09A 
reader- punch 

Yes 
T647 E 

RF09IRS09 

PDP-15/30 

KE 15 EAE, 
KM15 memory 
protection 
KP15 power 
4-1 28K words 
KSR-35 

PC1 5 reader- 
punch 
Yes 
LP15 

RFI 5lRS09 
RPI 5IRP02 
TC59TTU 10 

the hard\\.arc. In adclition, Rill pro\,ided a \vorki~ig 
OS/8 systcm disk, and John copied several Pl3P-11 
operating systcm disks o f f  a \\,orking PDP-11/34. 
Megan Gcntr!. was an important source of PDP-11 
tblklorc, debugged some o f  the subtlest problems, crc- 
atcd tlic Mal<cflc, and pro\,idcd the first and most 
frcqttcnrl!. ~ ~ s c d  distribution site. Bell Thomas 
pro\'idcd the charncter-by-character I/O routincs 
for VLMS. Chris Suddick helped dcbug the 1'1'>1'-11 
tloating-point code. Warren Toomey and the enthusi- 
asts at 1'UI'S (the P13P UNIX Preservation Socicty) 
in Australia allo\\rcci me acccss to their archive of  early 
U N I S  rclcascs. Lccndcrt Van Doorn cicbuggcd 
tlic 1'111'- 1 1  simulator with UNIX V6, and Franc 
Grootjcn with 2.1 1 ESD. Larry Stewart provided the 
initial impetus to the project, and Ken Harrcnstcin 
made an i~nport :~nt contribution to  preservation 
by implementing a DECsystem-10 simulator. Last, 
but n o t  least, Mas KLI~I I~~ gencrousl\~ pso\,idcti 
documentation and sofku.al.e fro111 tlie Digital 

Australia collection, ans\\rercd qiicstions based OJI his 
30 !.cars of experience with Digital's ~!~stcms, and 
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and enthusiasts. 
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Table 9 
Simulator Performance 

Simulator Simulated Real Ratio 
Instructions Instructions 
per Second per Second 

PDP-8 1,800,000 400,000 4.5:l 

PDP-11 440,000 500,000 .88: 1 

Nova 1,700,000 750,000 2.26:l 

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  

C O P Y I T - S V  2  0 9 - M a r - 9 3  
D I R E C T - S V  7 1 1 - O c t - 9 2  
C C L X  . S V  2 4  2 5 - F e b - 9 3  
P I P  . S V  11 1 1 - O c t - 9 2  
F O T P  . S V  8 1 1 - O c t - 9 2  
A B S L D R . S V  5  1 1 - O c t - 9 2  
B A S I C  . S V  11  1 1 - O c t - 9 2  
B A T C H  . S V  1 0  1 1 - O c t - 9 2  
B C O M P  . S V  2 6  1 1 - O c t - 9 2  
B I T M A P . S V  5  1 1 - O c t - 9 2  
B L O A D  . S V  1 0  1 1 - O c t - 9 2  
B O O T  . S V  5  1 1 - O c t - 9 2  
B R T S  . S V  2 4  1 1 - O c t - 9 2  
C H E K M O . S V  1 5  1 1 - O c t - 9 2  
C O M P A F . S V  5  1 1 - O c t - 9 2  
C R E F  . S V  1 3  1 1 - O c t - 9 2  
E D I T  . S V  1 0  1 1 - O c t - 9 2  
E D I T S  . S V  6 1 1 - O c t - 9 2  
E P I C  . S V  1 4  1 1 - O c t - 9 2  
F  4 . S V  2 0  1 1 - O c t - 9 2  
F R T S  . S V  2 6  1 1 - O c t - 9 2  
F U T I L  . S V  2 6  1 1 - O c t - 9 2  
H E L P  . S V  5  1 1 - O c t - 9 2  
L I B R A  . S V  11 1 1 - O c t - 9 2  
L I B S E T - S V  5  1 1 - O c t - 9 2  
L O A D  . S V  1 6  1 1 - O c t - 9 2  
L O A D E R . S V  1 2  1 1 - O c t - 9 2  
M A T S T  . S V  9  1 1 - A u g - 9 3  
M D T S T  . S V  1 4  1 1 - A u g - 9 3  
O C O M P  . S V  8  1 1 - O c t - 9 2  
O P T F 4  . S V  1 3  1 1 - O c t - 9 2  
P A L 8  . S V  1 9  1 1 - O c t - 9 2  

P A S S 2  . S V  2 0  1 1 - O c t - 9 2  
P A S S 2 O . S V  5 1 1 - O c t - 9 2  
P A S S 3  . S V  8 1 1 - O c t - 9 2  
R A L F  . S V  1 9  1 1 - O c t - 9 2  
R E S O R C - S V  1 0  1 1 - O c t - 9 2  
R U N O F F - S V  2 4  1 1 - O c t - 9 2  
S A B R  . S V  2 4  1 1 - O c t - 9 2  
S C R O L L . S V  1 7  1 1 - O c t - 9 2  
S E T  . S V  2 0  1 1 - O c t - 9 2  
S R C C O M - S V  5  1 1 - O c t - 9 2  
T E C O  . S V  3 2  1 1 - O c t - 9 2  
V E R S N 3 . S V  1 0  1 1 - O c t - 9 2  
B U I L D  . S V  3 3  1 1 - O c t - 9 2  
B A S I C  . O V  1 6  1 1 - O c t - 9 2  
B U I L D 6 . S V  33  1 1 - O c t - 9 2  
B U I L T  . S V  3 3  1 2 - O c t - 9 2  
H E L P  . H E  1 1 8 - O c t - 9 2  
H E L P  . H L  7 2  1 8 - O c t - 9 2  
H E L P  . O C  4  1 8 - O c t - 9 2  
F O R T 7  . L D  2  0 7 - S e p - 9 3  
J M P T S T - S V  3 1 8 - O c t - 9 2  
J M P J M S - S V  3 1 8 - O c t - 9 2  
R K 8 E N S . B N  1 3 0 - O c t - 9 2  
I N S T I  . S V  1 4  0 1 - D e c - 9 2  
I N S T 2  . S V  11 0 1 - D e c - 9 2  
F O R T  . F T  1 1 7 - J u n - 9 3  
F O R T  . L D  2  0 9 - J u l - 9 3  
F O R T 2  . L D  2  0 9 - J u l - 9 3  
F O R T 2  . F T  1 2 2 - J u n - 9 3  
D O S  . S V  2  2 5 - J a n - 9 4  
S H E L L  . S V  2 2 5 - J a n - 9 4  
F O R T 3  . F T  1 2 6 - J u n - 9 3  

9 5  F i l e s  I n  980 B l o c k s  - 2 2 1 2  F r e e  B l o c k s  

S i m u l a t i o n  s t opped ,  P C :  0 1 2 0 7  ( K S F )  
s i m >  

I 

Figure 2 
P1)P-8 Simi~latol. Running OS/8 

F O R T 3  . L D  3  0 6 - J u t - 9 3  
C L O S E  . S V  2  1 0 - J u t - 9 3  
F O R T 4  . F T  1 1 1 - J u l - 9 3  
F O R T 4  . L D  2  0 4 - A u g - 9 3  
F O R T 6  . L D  2  0 9 - A u g - 9 3  
F O R T 5  . F T  1 0 9 - A u g - 9 3  
F O R T 5  . L D  2  0 9 - A u g - 9 3  
F O R T 6  . F T  1 0 9 - A u g - 9 3  
M E T S C  . S V  1 0  1 1 - A u g - 9 3  
M E T S C 2 . S V  1 0  1 1 - A u g - 9 3  
E M A T  . S V  9  1 1 - A u g - 9 3  
E M D C T  . S V  1 4  1 1 - A u g - 9 3  
E M T S T  . S V  1 0  1 1 - A u g - 9 3  
S I N S T I .  S V  1 4  11  - A u g - 9 3  
A D D E R  . S V  1 3  1 1 - A u g - 9 3  
F O R T 7  . F T  1 3 0 - A u g - 9 3  
C L E A R  . L S  2  1 3 - J a n - 9 4  
C L E A R  . C F  2  1 3 - J a n - 9 4  
C L E A R  . S V  2  1 3 - J a n - 9 4  
C L E A R  . P A  1 1 3 - J a n - 9 4  
C L E A R  . B N  2  1 3 - J a n - 9 4  
D E M O  . 2 8  2 1 - M a r - 9 5  
D O S  . P A  4  2 5 - J a n - 9 4  
D O S  . E N  1 2 5 - J a n - 9 4  
D O S  . L S  10 2 5 - J a n - 9 4  
S H E L L  . P A  1 2 5 - J a n - 9 4  
S H E L L  . B N  1 2 5 - J a n - 9 4  
S H E L L  . L S  2  2 5 - J a n - 9 4  
B A S I C  . W S  1 1 0 - M a r - 9 4  
F O O  . P A  1 3 1 - M a r - 9 4  
F O O  . B N  1 3 1 - M a r - 9 4  
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u c o d e r ~  n o v a  

NOVA s i m u l a t o r  V2.2b 
s i m >  a t t  dpO r d o s - d s k  
s i m >  s e t  t t i  d a s h e r  
s i m >  b o o t  dpO 

F i  Lename? 

N O V A  R D O S  Rev 7 . 5 0  
D a t e  ( m / d / y )  ? 4  8  9 6  
T i m e  ( h : m : s )  ? 1 6  2 6  0  

R 
L i s t r e  s y s - . -  
SYS5.LB 1 7 2 1 6  D 0 5 / 2 4 / 7 7  1 3 : 1 8  0 5 / 3 1 / 8 5  COO10171 0  
S Y S . S V  5 6 3 2 0  S D  1 2 / 1 4 / 9 5  1 6 : 2 1  1 2 / 1 4 / 9 5  COO50571 0  
SYS.LB 2 0 2 4 0  D 0 4 / 3 0 / 8 5  1 4 : 4 9  0 5 / 3 1 / 8 5  COO07461 0  
SYS.0L 3 0 7 2 0  C 1 2 / 1 4 / 9 5  1 6 : 2 1  1 2 / 1 4 / 9 5  COO52721 0  
SYSGEN. S V  2 3 0 4 0  S D  0 5 / 0 2 / 8 5  2 2 : 2 0  0 5 / 3 1 / 8 5  COO14011 0  
R 
d i s k  
L E F T :  2 1 5 8  USED: 2 7 0 6  M A X .  CONTIGUOUS: 2 0 5 4  
R 

S i m u l a t i o n  s t o p p e d ,  PC: 4 1 7 4 0  (LDA 1,4,3) 
s i m >  

Figure 3 
No\ .a  S i ~ i i ~ ~ l n t o ~ .  Running 1U)OS 
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u c o d e r >  p d p l  I 

PDP-11 s i m u l a t o r  V 2 . 2 b  
s i m >  a t t  r k O  r t r k . d s k  
s i m >  b o o t  r k O  

RT-11SJ ( S )  V05 .04  

. d a  8 - a p r - 9 6  

. d i  r 
0 8 - A p r - 9 6  

N  L  . S Y  S 2  1 8 - S e p - 8 9  
RT11SJ.SYS 8 0  1 8 - S e p - 8 9  
PTESTX-MAC 23  2 7 - J a n - 9 4  
BINCOM-SAV 24  2 7 - S e p - 8 8  
D I R  . S A V  1 9  27-Sep-88  
L I B R  . S A V  24  27-Sep-88  
L I N K  .SAV 4 9  27-Sep-88  
FORMAT-SAV 24  27-Sep-88  
PBCOPY-SAV 2  1 6 - F e b - 8 9  
ODT .OBJ 8  0 5 - O c t - 8 9  
S I P P  .SAV 21  27-Sep-88  
I O P  . S A V  1 1  2 4 - A p r - 8 9  
T  T . S Y S  2 1 8 - S e p - 8 9  
D M  . S Y  S 5  1 8 - S e p - 8 9  
D X . S Y S  4  1 8 - S e p - 8 9  
L S . S Y  S 5 0 5 - O c t - 8 9  
L  P  . S Y S  2  1 8 - S e p - 8 9  
P I P  . S A V  3 0  2 7 - S e p - 8 8  
L  D . S Y S  8  2 6 - D e c - 9 0  
LC . S Y S  2  0 1 - J a n - 8 0  
UCL .CCL 4  0 7 - O c t - 9 0  
MTPIP . S A V  28  2 7 - F e b - 8 7  
M L I B  . S Y S  3 0 0  2 0 - D e c - 9 0  
XPC . S A V  1 6  2 5 - J u n - 9 1  
PTESTX.OBJ 8  

49 F i l e s ,  1 4 3 2  B l o c k s  
3 3 3 0  F r e e  b l o c k s  

. s h o  d e v  

D e v i c e  S t a t u s  C S R V e c t o r ( s )  
- - - - - - - - - - - - - - - - - - - - - - - - 

N  L  I n s t a l l e d  0 0 0 0 0 0  0 0 0  
T  T  I n s t a l l e d  0 0 0 0 0 0  0 0 0  
DL I n s t a l l e d  1 7 4 4 0 0  1 6 0  
D M  N o t  i n s t a l l e d  1 7 7 4 4 0  2 1 0  
D P  N o t  i n s t a l l e d  1 7 6 7 1 0  2 5 4  
D X I n s t a l l e d  1 7 7 1 7 0  2 6 4  
R K  R e s i d e n t  1 7 7 4 0 0  2 2 0  
L  S - N o t  i n s t a l l e d  1 7 6 5 0 0  4 7 0  4 7 4  3 0 0  3 0 4  
M T  I n s t a l l e d  1 7 2 5 2 0  2 2 4  
L  P  I n s t a l l e d  1 7 7 5 1 4  2 0 0  
S P  I n s t a l l e d  0 0 0 0 0 0  1 1 0  
L  D I n s t a l l e d  0 0 0 0 0 0  0 0 0  
LC I n s t a l l e d  1 7 7 5 1 4  2 0 0  

S i m u l a t i o n  s t o p p e d ,  PC: 1 4 6 5 0 6  ( A S R  R5) 
s i m >  

RT11 FB-SYS 
SPOOL .REL 
G V I  . S A V  
DUP .SAV 
IND . S A V  
M A C R O  . S A V  
RESORC.SAV 
ODT . S A V  
SYSLIB .0BJ  
SYSMAC.SML 
DATE . S A V  
SWAP . S Y S  
DL . SY S 
D P  . S Y S  
R K . S Y  S  
M T  . S Y S  
S P . S Y S  
HANDLE.SAV 
M A C  . S A V  
U C L  . S A V  
STARTS.COM 
MTROL . S A V  
HELP . S A V  
D E S S  . S A V  

Figure 4 
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Modern Fortran 
Revived as the 
Language of Scientific 
Parallel Computing 

New features of Fortran are changing the way 
in which scientists are writing and maintaining 
large analytic codes. Further, a number of these 
new features make it easier for compilers to 
generate highly optimized 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 parallelism. In par- 
ticular, three case studies are examined, show- 
ing how the distributed-memory extensions 
(High Performance Fortran) are used both for 
data parallel algorithms and for single-program- 
multiple-data algorithms. 

A Brief History of Fortran 

The Fortran (FORm~lla TRANslating) computer Ian- 
guage \\-as the result of a project begun by John 
Backus at I13iA4 in 1954. The goal ofthis project \\.as to 
provide a \\say for programmers to express matheniati- 
cal form~~las  through a l?)rnialism that coiilputers could 
translate into macliinc instructions. Initially there \\,as 
a great deal of skepticism about the efficacy of  such 
a scheme. "H~\\J," the scientists asked, "would anyone 
be able to tolerate the inefficiencies that \ \ l o~~ ld  result 
from co~iipilcd code?" I<ut, as it turned out, the frst  
co~~ipilcrs \\!ere surprisingly good, and programmers 
\.irere able, for the frst time, to express mathematics in 
a 11jgb-le.i'el computer language. 

Fortran has c\~ol\~cd contin~rall!. o\.er the JrcClrs in 
response to tlic nccds of ~ ~ s c r s ,  particularly i l l  thc nrcas 
of mathematical csprcssi\,it\,, program nlai~ltainabilie,, 
hard\\,arc control (such as I/O), and, of c o ~ ~ r s c ,  codc 
optimizations. I n  the mc'~ntime, other languages such 
as C and C+ + have bee11 designed to better meet the 
~io~imatlic~natical aspects o f  sofn\iare design, such JS 

graphical intcrfaccs n11d co~nples IoSjcal layouts. Thcsc 
languages have c a ~ ~ g l i t  o n  dnd have graduall!~ begun to 
erode the scicntific/c~iginccrillg Fortran codc b.isc. 

By tlic 1980s, pronounccmcnts of the "dcatli of 
Fortran" prompted language designers to proposc 
extensions to Fortmn tliat \\.auld incorporate the best 
features ofothcr high-lc\.el languages and, in addition, 
pro\+& ne\v Icvcls of  mathematical espressi\.ity popu- 
lar on supercomputers such as the CYBER205 and tlic 
CRAY systems. This language became standardized as 
Fortran 9 0  (ISO/IE<; 1539: 1991; ANSI X3.19S- 
1992).  At the present time, Fortran 95,  \\~hicIi 
includes Illany of the parallelization features of  High 
Performance Fortran discussed later in this paper, is in 
the final stages of standardization. It is not  yet clear 
whethcr the ~nodcrnimtion of Fortran can, of itself, 
stem the C tide. Ho\vc\rcr, I will de~nonstratc in this 
paper tliat modcr-n Fortran is a viable rnainstrea~n Ian- 
guagt for parallclism. I t  is true that parallelism is not 
yet part of the scientific progl-animing mainstrcani. 
Ho\\~c\,cr, it sccms Iiltcl!' that, \\,ith the scientists' 
nc\,cr-cnding thirst fix afford'lblc performance, par,il- 
lelism \\rill bccolnc much Inorc common-cspccinll!, 
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no\\. tli;it appropriate stantlards have c\.ol\.cd. Just as 
early Fortran c~iabled average scientists nnci engineers 
to p r o g r ~ ~ i i  tlie computers of the 1960s, modern 
Fortran may cnablc a\.crage scientists anti en&' rlneers to 
program parallel computers oftlic nest decade. 

An Introduction to Fortran 90 

Fortrnn 90 introduces somc irnportn~it cnpabilirics in 
mathcmntical espressivity tlirougli a \\,c,lltli of natural 
constructs fix manipulating arrays.' In  addition, 
Fortran 90 incorporates modern control constructs 
anti up-to-date fcaturcs fix data abstraction and dnta 
hiding. Somc of these constructs, For csamplc, 1)O 
\VHII,E, al tho~igh ~iot  part of FOI\TIWN 77, arc 
alrcad! part of the de  hcto  F0rt~i11 stnlidard .IS pro- 
\.ided, fi)r csumplc, with DM: Fortrnn. 

Among tlic kc!, 11c\\. features of Fortrn~l 90 ~1.c tllc 
follo\\.ilig: 

Inclusion of all of FOl<TlWN 77, so  uscrs can 
coliipilc tlicit FORTRAN 77 codcs \vitIioirt 
~noditi cation 

Permissibility of free-form source code, so  pro- 
g r a ~ i ~ ~ n c r s c a ~ i  IISC long (i.e., 111c;i1ii1lgfi1l) \,ariablc 
nilnlcs ;ind are ~ i o t  restricted to begin s t a t c ~ n c ~ ~ t s  
in colt111111 7 

Modern control s t ruc t~~rcs  like (:ASP. ,111ci 1 3 0  

\?IHII . t ,  so propr'unrncrs can t ~ l i c  nd\.,l~~r,lgc of 
str~1ct111.cd programming co~wtructs 

Estcndcd co~itrol  of numeric precision, for arclii- 
tccti~rc i~idcpc~ldcncc 

Array processing extensions, for more c,lsily cspl-css- 
ilig array operaticms and also for expressing i~idc-  
pcndcncc of clcmcnt operations 

Pointers, ti)r more flesiblc co11t1.ot oftiat.1 pl.1ccmc11t 

I)nm struct~~rcs,  for data absr~.actio~i 

User-tictined ,111ti operators, f i ) ~ -  iint.1 
abstraction 

l'roccdures .~nd modulcs, to help progr.i~ii~~iers 
\\.rite rei~sablc code 

Stream cli;~ractcr-orientcd inpi~t/output features 

Nc\\. intrinsic f ~nctions 

With tlicsc ne\v featurcs, a modern Fol-tr-311 pro- 
gr;lmnicr call not only S L I C C C S S ~ ~ I ~ ~ ~ ~  co11ipiIc ,lnci csc- 
cute p ' c \ , i o ~ ~ s  standards-compli;l~it FortrL1n codcs hilt 
also design bcrtcr codes \\!ith 

1)ramatically simplified \\.ays of doing dynnmic 
memory management 

l)!,namic mcmor!. allocatioli and cic.illoc;ition fix 
mclnor!* mnnagcmcnt 

Ikttcr modularity and t11crefi)l.c reusability 

Bcttcr rcucinbilin 

Easier prograni maintenance 

Additionall!-, of course, programmers have the 
assurance of  complete portability betivecn platforms 
and architect~~rcs. 

The: follo\\i~ig coclc fi.ngnic~it illustrates the simplic- 
ity of ciyliarnic mclnor!l ,~llocntioli \\lit11 Fortran 90.  It 
also inclt~dcs somc ot'thc nc\v syntas for declaring \.,lri- 
'~bles, somc csamplcs of array m;lnipi~lations, n~id  nn 

csamplc of lie\\* to use tlic ne\\. intrinsic matrix multi- 
plication fi~nction. I n  addition, tlie exclamation mark, 
\vhich is uscd to hcgin comment statemelits, is a ~ lc \v  
Fortran 9 0  fciiturc thnt \\.as \\,idel!, used in the past as 
an cstcnsion to t'Ol<l'K.\N 77. 

R E A L ,  D I M E N S I O N ( : , : , : ) ,  ! N E W  D E C L A R A T I O N  S Y N T A X  

& A L L O C A T A B L E  : :  G R I D  ! D Y N A M I C  S T O R A G E  
R E A L * 8  A ( 4 , 4 ) , B ( i , & ) , C ( 4 , 4 )  ! 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 ! R E A D  IN T H E  DIMENSION 

A L L O C A T E ( G R I D ( N + 2 , N + 2 , 2 ) )  ! A L L O C A T E  T H E  S T O R A G E  
GRID(: , : , I )  = 1.0 ! ASSIGN PART O F  A R R A Y  

GRID(:,:,2) = 2 .0  ! ASSIGN REST O F  A R R A Y  

A = GRID(1 :4 ,1 :L , I )  ! ASSIGNMENT 
B = GRID(2:5,1:4,2)  ! ASSIGNMENT 
C = M A T M U L ( A , B )  ! M A T R I X  M U L T I P L I C A T I O N  

Somc o f thc  ncnr fc;.nturcs of Fortran 9 0  \Yere intro- 
duced not  only f i ) ~ -  simplified programming but also 
to punli t  hcttc~. h ,~~ . t i \ \~~rc - s~cc i f i c  o p t i ~ n i z ~ ~ t l o ~ l s .  
For csn~iiplc, i n  l-'ol.t~.n~~ 90, one can \\.rite the arra!. 
nssignmcnt 

D O  100 J = l , N  
D O  2 0 0  I = l , M  

A ( I , J )  = B ( r  1 ,  + C ( I  1 ,  

200 E N D  D O  
1 0 0  E N D  D O  

Tlic Fortran 90 ,11.r.l\~ nssig11111cnt not onl!. is 1not.c 
clcgant hilt also pcr~nits tllc conipilcr to casily rccog- 
nizc that tlic indi\.itiu;ll clcmcnt assign~ncnts arc indc- 
pc~ldcnt  ofonc anothcr. If the compiler \\.crc targetins 
a \.ector or  parallel colnputcr, it could generate code 
that exploits the ,~rcli i tcct~~rc b!. taki~ig advantage of 
this indcpcndcncc bcn\rccn itcrations. 

Of course, the particular 00 loop slio\\-n nbo\.c is 
siniplc c n o u ~ h  that many compilers \voulci recognize 
t11c i~idcpc~ldcncc of iterations and could t1icrcfo1.c 
p r f o r m  thc :l~.cliitcct~~rc-sl>ccific optimiz~tiolis \vitli- 
out  tllc ,lid of Fort~.a~l 90's lie\\! arl-a!, constrLlcts. 1 3 ~ 1  t 

in gc~~er'li,  111;111y of the IIC\\- fcat~11-cs of F o r t r ~ ~ i  90 
hclp compilc~-s to pc rh rm i~rchitcct~~rc-spesifc opti- 
mizations. More important, tlicsc features help pro- 
gralnlncrs express basic numerical algorithms in \\-n!.s 
inherentl! more amc~lablc to optimizations that taltc 
ad\.anc.lgc of m~~l t ip l c  nritl~mctic units. 



A Brief History of Parallel Fortran: PCF and HPF 

1)~11-ing tlic p ~ s r  ten !,cars, t\\,o significant efforts li,l\,c 
bee11 un t ic r~ .~ l<c~l  t o  stantlardizc parallel extensions t o  
F o r t m ~ l .  ' fhc  first o f  thcsc \\,.IS 111ider the auspices o f  
the l'nrnllcl (:omputing F o l - ~ ~ n i  (PCF)  and tnrgcted 
glohnl-sli;il-cd-mc~iior!. architccturcs. T h e  P(:l-' cffo~.t 
\\.,IS directed t o  control p~mllel ism,  \\.it11 little nttcn- 
tion t o  Innguagc f c ~ t u r c s  for managing data localin. 
.I'Iic 1991 I ' < ; t '  srnndarci cstablislicd an approach t o  
s l ~ ~ l - c d - ~ n c m o r y  cstcnsions o f  Fortran ancl also cstnb- 
lishcd 311 intcl-ini s!lntas. Tlicsc extensions \\/ere Inter 
somc\\:lint ~iiodificd and incorporated in thc  standard 
exrcnsions no\v kno\\ln as ANSI X3H5. 

At nhout  tlic time the ANSI X3H5 standarcl 
\\.,IS aiioprul,  .inotIicl- standarclization conimittcc 
l>ega11 \\cork o n  cx tc~ ld ing  F o r t m ~ i  90 for distributcd- 
memor!, n rch i tcc t~~res ,  \vitli the goal o f  providing 
.I l , ~ ~ i g ~ ~ n g c  suit,lblc for scalable colilputing. 'This 
co~i l~ l i i t t cc  I>cc,~~lie  1<110\\.11 .IS the High  l'crfor111,lncc 
F o r t r ~ n  Forum and produced in 1993 the High  
17crh)rmnncc Fortran (HI'F) language spccifcntion.' 
.l.'l~c HJ'l-' progr,~m~ning-1~1ocicJ. target \\,as data pal-,ll- 
Icl~sm, ; ~ n d  In,ln\r iinta placement dirccti\,cs nl-c pro- 
\.iclcd h)r  the progmnimcr t o  optimize data locality. In  
addition, H1'F ilicludcs t o  speci* a more general 
style ofsi1~glc-progn1ii-1i~~1lti~~Ic~c1~1t~i (SPAIID) csecu- 
ti011 in \\.Iiich scp3ratc processors can indcpc~ldc~l t ly  
lvork 011 dittcrcnt p;irts of  the code. This SPMD spcci- 
fication is fol-~n;ilizcJ in such a way as to lnakc the 
resulting codc f;lr Inorc maintainable than previous 
mcssngc-~>as~ilig-lil>s;iry \\,nys o f  specifiring SPMI) dis- 
rril>utcci pnr~~llcl is~n.  

<:nn H1'F and 1Y:F catc~lsions be  used togcrlicr in 
rlic snmc Forn-nn 90 code? Sure.  Rut  tlic I7CF spcciti- 
c , ~ t i o ~ i  I i ~ s  lots o f  L'~~~er-L>c\\.are' '  \\,arnings nbout the 
co~.l.ccr usngc of t l i c  L'AKAL.L,EL IZkGION consrrllct, 
and the Hl'F specification has lots o f  \vanlings about  
the col-rcc.t ~ l sngc  o f  the  F.STRINSI<:(HPF-I.OCAI.) 
c o ~ l s t r ~ ~ e t .  So .IS !,ou c,ln see, there arc tilncs I \ V I ~ C I ~  
n ~ x o g r ~ ~ i i ~ i l u  JIAJ bcttcr he lzer!, lu~o\\.lrdgcal.dc if she 
o r  lie \\.ants t o  \\,rite 3 mixed H17F/1'CF codc. Digital's 
prociucls s11ppo~-t both the I'CF and H P F  extensions. 
.l'llc HI'F extensions Lire s ~ ~ p p o r t e d  as part o f  the 1)1'(; 
I-'ol.t~.nrl 9 0  compilcr, 2nd tlie PCF extensions arc sup-  
1x)rtcd t l i s o ~ ~ g l i  1)igital's I U P  Fortran opti~nizcl-."' 

Shared Memory Fortran Parallelism 

'I'hc tlxiitional discussions o f  parallel computing h)c~is  
I-athcr hcn\*ily o n  \\,hat is kno\\,n as cor~ /~ -o lpc~~wl l c l i . s~~~.  
N.~~ncl!l, tlic .~ppJication is analyzccl in terms o f  the 
o p p o ~ ' t i ~ ~ i t i c s  for parnllcl cseclltion o f  \,arious thrcnds 
o f  control.  l l i c  c;inonical example is a D O  loop in 
\\.liicli the i ~ l d i v i d ~ ~ n l  iterations operate o n  indc- 
p c n d c ~ i t  d.lr.1. E ~ c h  itemtion c o ~ r l d ,  in principle, be 

csccutcd simultancousl!. (pl-nvidcd o f  course that the 
li.ird\\.nrc allo\vs simultaneous access to instructions 
2nd da ta ) .  'Technolop  has c\.ol\.ed t o  the point .lt 
\\~hicIi compjlcl.s arc o h e n  able t o  detect tlicse kincis 
o f  p;irallelization opportunities and automatically 
decompose codes. Even \\.hen the co~npi lc r  is no t  ahlc 
t o  maltc this anal!,sis, the programmer often is ~ b l c  to  
d o  so ,  pcrliaps .~f tcr  performing a tic\\. .~Igoritlimic 
n~odi fca t ions .  I t  is then relati\-cly easy to pro\.idc Ian- 
g i ~ ~ g c  c o ~ i s t r ~ ~ c t s  tliat the user can add to t l ~ c  program 
,IS pnmllclization hints t o  tlic compiler. 

This Itind o f  analysis is all \\,ell and good, pro\ridcd 
that data can be accessed de~nocratically and cluicltly by 
all Ixoccssors. With modern hardware clocked a t  ahout  
300 mcgdicr tz ,  this ~ ~ n o u n t s  t o  saying that menlory 
latencies are. lo\\,er than 100 nanoseconds, anti mcli1ol.y 
band\\,idths are greater than 100 mcg;ibytcs per scc- 
o n d .  This  cliaractcrizcs today's single ; ~ n d  symmetric 
mult iproccssi~~g (ShllP) cornputel-s such ,IS 1)igit;ll's 
Alph,~Scr\~cr  5400 system, \\.hich comes \\,ith t\\.cl\.c 
600-mcgatlop proccssors o n  a bacliplnnc \.c,ith 3 bancl- 
\\.idth ofclosc t o  2 gigabytes per second. 

I n  surnn1ar\; rlic bear1~7  of sliarcd-lncnlory p;ir-nl- 
Iclism is that the psogrammer does no t  need t o  \\.err\. 
t o o  11i11cIi nbout  \\.llere the data is and can conccntr,ltc 
instead o n  the easier problem ofcontrol  p3rallclism. 111 
the s in~plcst  cases, tlie compilcr can .lutornatically 
dccomlx)sc the problcm \\,itbout rccluiring any code 
modifications. For  example, autolnatic Jccompositioli 
h)r SMI' systems o f  a code  called, for csnlnplc, cfd.f, 
can bc  clo~lc tri\~ially \vitli Digital's I(A1' optimizer by 
using tllc command line 

As an example o f  guided automatic dccolnposition, 
t l ~ c  tillo\\ring slio\\,s ho\\ a 1Ul' pa~.al lc l izat io~~ ,~sscr- 
tion cnli be includcd in tlie codc.  (Act~~.~ll!, ,  tllc codc 
s c g ~ i i u l t  bclo\\. is s o  simple tliat the co~npi lc r  can auto- 
m~iticall!, detect the parallelisni \\.itIiout the help of t l ic  
asscrtioll.) 

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 ( I )  = B ( I )  + C ( I )  

E N D  D O  

).'or explicit control of tlie parallelism, l'(;t: dircc- 
tivcs can be LISCC~. 111 t l ~ e  exa~nplc  that k)llo\.cs, tllc MI' 
preprocessor form o f  the  PCF directi\,cs ;ire used t o  
p,w.~llclizc 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 O C A L ( 1 )  
C * K A P * P A R A L L E L  D O  

D O  1 0  I = l , N  
A ( I )  = B ( I )  + C ( 1 )  

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  
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Cluster Fortran Parallelism 

High Perfor~nance Fortran V1 . l  is currcntl\r the onl!, 
language s t~ndard  for distrib~~tcci-memory par~llcl 
compi~ting. Tlic most significant \\.a!, i l l  \\,hich HI'F 
extends Fortran 9 0  is t l i ro~~gl i  a rich hlnil!, of data 
placement directives. There are also lihrar!, rolltines 
.ind somc estensions for control parallelism. HI'F 
is the si~nplcst \\lay of parallelizing d;lta-p;l~.;~IIel ~ p p l j -  
cations o n  clusters (also known as "F,II-ms") of \\,ark- 

stations and servers. Other n~ctliods of cluster 
parnllclism, s ~ ~ c l i  as lnessagc passing, rccluire more 
booltltccping and are thcrcforc lcss easy to express and 
lcss c.1~). to maiutain. In addition, during the past ycx, 
H PF has bcco~ue \videly a\,ailablc and is supported on 

the platfornis of all major \renders. 
Hl'l-' is often collsidered to bc a clnln lx11~11lc.l lan- 

guage. That is, it facilitates parallclization of array- 
bnscd algorithms in \vliicli the instri~ction stream can 
be described as a sequence of  army r~ianipulations, 
cach of \vIiich is inherently parallel. What is less \vcll 
kno\vn is that HPF also provides a powcrfi~l \\lay of 
csprcssing the more general Sl'M1) parallelism Incn- 
tio~iccl earlier. 'This kind ofparallclism, ohcn expressed 
\\,it11 message-passing libraries suc l~  as hlll'l,' is one in 
\vl~ich i~ldi\,idual processors can opcrntc s i ~ n n l t a ~ ~ c -  
o ~ ~ s l y  o n  independent instruction strcums and gc~lcr-  
ally cxcliangc data either b!, csplicitl!, sharing memory 
or  by csclianging messages. Thrcc case st~~ciics folio\\, 

\\~liicli illustrate the data parallel and  thc Sl'kll) st!~lcs 
of prograniming. 

A One-dimensional Finite-difference Algorithm 
Consider a simple one-dimensional grid problem- 
the most mind-bogglinglp simplc illustration of  H1'F 
in action-in which cach grid valuc is i~yd;itccl as n lin- 
car c o ~ ~ i b i ~ i a t i o ~ l  of its (previous) nc;~rcst ncighhors. 

For cach interior grid index i. the upci,ltc algorithm is 

In Fortran 90,  tlic resulting DO loop c;ln be 
cslwcsscd as a single array assignment. H o \ \  ivould 
tliis be palallclized? The simplest \\-a!, to imagilic p'il-al- 
Icli~ation \ \ , o ~ ~ l d  be to partition the S 2nd Y ;Irl:l!,s into 
equal-size clii~~ilks, with oric cliunli o n  c;lch processor. 
Each jtcration could proceed si~ii~~ltnncously, anti at 
thc clil~nk boundaries, solnc con in i~~~l i ca t io~ i  \\iould 
occur bct\vcc~i processors. The HPF implcmc~itaticln 
of this idea is simply to add the Fortrnn 90 codc to h v o  
d.it'i p l ace~ l~e~ l t  statenients. Onc of  thcsc cicclarcs that 
the X array should be distributed in to  chunks, 01. 

blocks. Tlic other declares tliat tlic Y ;may slioulci bc 
distributed such that the clcmcnts aligli to the same 
processors ;IS the corresponding clcmcnts of the S 
army. The rcsi~ltnnt codc for arrays \\.it11 1,000 clc- 
nlcnts is as follo\\'s: 

!HPF$ DISTRIBUTE X ( B L O C K I  
! H P F $  A L I G N  Y WITH X 

R E A L * 8  X(1000) ,  Y(1000)  

< c h e c k  t h e  answer> 
E N D  

Tlic Hl'F compiler is rcsponsiblc for generating 311 of 
the bounclary-elcmcnt communicntion code. The c o n -  
piler is also responsible for dctemli~ung die niost c\vn 
distribution of arrays. (If, for csample, therc \verc 1.3 
processors, some chunks \\.o~rld be bigger than othcrs.) 

This simplc example is uscti~l not only as a n  illustra- 
tion of the po\vcr of H1'F hut also as a \\.a!. of poilitilig 
to one of tlic hazards of par~llcl algorithm dc\.clop- 
nicnt. Encll of tllc clement-updates invol\res thrcc 
floating-point operations-an addition, a subtraction, 
arld a ~nultiplicntio~l. So, as an cxample, o n  a four- 
processor system, cncli processor \ i ~ ~ ~ l d  operatc o n  
250 elements \\lit11 750 floating-point operations. In 
addition, each processor \\/auld be required to colli- 
municatc OIIC \ \ ~ d  o f  iiat;~ for  each of the n\!o chunk 
boundaries. Tlic time tIi;~t each of  tliese co~nlliunicn- 
tions trlkcs is l<no\\.~l as thc communications lat~nc!~. 
T!,pical rrans~~lission control ~~otocol / in ternet  proto- 
col (TCP/IP) nch\,orlc latencies arc n\,enty tllousand 
times (or  111ore) Io~igcr tlian tlic time it nrpicnll!, tnltcs 
a I i ig l~-pufor l l~ ;~~icc  s!'stc~ii to pc~.form a tloating- 
point opcrntion. Thus cvcn 750 tloating-point opcr;l- 
tions arc negligible compared \\,it11 the rime taken to 
c o m ~ l ~ t u ~ c a t c .  In  the above example, nenvork paral- 
leliSll1 \\,auld be 3 net loss, since the total esccution 
time \vould be totally swamped by the network 
latenc!~. 

Ofcourse, somc communication mechanisms are o f  
lo\ver latency than T<:l'/IP ncn\,orlts. As an esamplc, 
Digital's iniplcmcntatio~l o f  MEIVORY <;HANNEl, 
cluster interconnect rccluccs the latency to lcss than 
1000 tloating-point operations (relative to the perfor- 
mance of, sa!; 13igiral's Alphastation 600 5/300 s!-s- 
tern). For SA41', the I,itcncy is cven smaller. 111 both 
cases, thcrc 1113V be ,I Oc~icfit to ~>arallelism. 

A Three-dimensional Red-Black Poisson 
Equation Solver 
Thc esamplc of a one-din~cnsional algorithm in the 
previous scction can he easily gene~.alized to n n ~ o r c  
rc'ilistic thrcc-cii~iicnsio~ii~l algoritli~n for ~ o l \ ~ i n g  
tlic Poisson ccluation 11sing a rclasation tcclinicluc 
commonly knoiim as tlic red-black method. Thc 
grid is pnrtirioncd into t\vo colors, follo\ving n n\.o- 
dimensional clicckcrboard an-angement. Each red 
grid elcnicnt is updated based ~ J I  the values of neigh- 
boring black c lc~nc~l ts .  A si~nilnr array assiglinlc~lt can 
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C A L L  C F D C 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 0 C A L )  
R E A L * 8 ,  D I M E N S I O N ( : , : )  : :  V L O C A L  

! H P F O  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  work  w i t h  v l o c a l >  
E N D  

Figure 2 
<:ode Esanlplc of Pnnllel Algoritlilll EsprchhcJ ;IS <:ollcction o f  Instrustion Streams 

Clusters of SMP Systems 
1)uring thcsc last fe\v !mrs of the second millennium, 
\\.c arc nirnessing the emcrgcncc of systems that con- 
sist of  clusters of  sharcd-nicmory SMI' cornputc~.~.  
This cxciting dcvclopment is the logic;ll result of the 
csp)~icntial  incrcasc in p c r f o r l n ~ ~ ~ c c  of ~iiici-pricccl 
($1001< to $10001<) systems. 

'1'11~1-c arc two natural of  \\,riting parallel 
Fern-an programs for clustcrs of SMI' systems. The 
easiest way is to use HPF and to target the total num- 
ber o f  processors. So, for example, il. rllcrc \\,ere n\,o 
SIML' s\stclns, cnch xvith four processors, one \ \ ro~~ld  
compile the H1'F program for eight proccssot?; (more 
generill!-, for eight peers). If the progr.l~ii contained, 
fix instance, block-distribution directives, the nffcctccl 
nrr,i!,s \\.oi~Id be split LIP illto eight c l l ~ ~ ~ i l i s  o f c o ~ ~ t i ~ ~ ~ -  
ous array sections. 

The second \\.a!, of \\!riting pal-nllcl Fortran pro- 
grams ti)r clustered SMP systcms is to use Hl'F to  
target thc total niunlber of  SML' machi~ics anci then 
to use IY:F (or Inore gcncrally, shared-~ilcmor.!, cxtcn- 
sions) t o  acliie\ie pa~-dlclism locally on  cacli of the SMI' 
machines. For csample, one might \\,l-itc 

! 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 >  
r * K A P * P A R A L L E L  R E G I O N  

If the t.11-gct S!.S~CIII co~isjstcd of n1.o SIC1 I' systems, 
cac11 \\.it11 f i ) ~ ~ r  processors, and the abo\,c program \\.as 
co~iipilcd for n1.o peers, t hc~ i  the V nl-r,l!. \ \ . o ~ ~ l d  bc dis- 
tributed into turo chunks of columns-one cl1~111li 
per S1\/11' system. Then the routinc, <:FI), \\~oi~lci be 
csccutcd once per SIMP system; and the l'<:F dil-ccti\,cs 
would, o n  each SYS~CIII, C ~ L I S C  ~ ; I ~ . I I I c I I s I I I  011 ~ L I I -  

threads of cscc~ition. 
It is ~~nclciir  at this time \\~hethcr tlicrc \\roi~ld c\.cr 

be n practical reason for tising ;I mix o f  H1'F ;und I'(X 
cstcnsions. It might be tempting to think that thcl-c 
\vould be pcrfi)rmancc advantages associated \\.it11 the 
loc,ll L I S ~  of sliarcd-nlcnior!, p31.~1llclis1n. I--Io\\.c\.c~., 
cxpcl.icncc I i ~ s  sho\\.n that program pc~.fo~.m,~ncc 
tends to be restricted b!, the weakest link in tllc perfor- 
mance chain (an obscrl-ation tli'lt 113s [)CCII C J I S I I ~ ~ J ~ C C ~  

as "A~ndal~l's I.,n\\-"). I n  tllc case of clustcrcd Shl I' s\.s- 
tcrns, the \\.cnIi link \\ro~~lci be the inter-Si\/lI' comlnit- 
nication ~lnd not tllc intra-SMl' (shared-memory) 
commu~i ica t io~~ .  This casts some doubt on the \\.ortli 
of local co~nmi~nic;l t io~is optilllizations. Espcrimenta- 
tion \ \ . i l l  be ncccsa.lt.\,. 

Whatc\~cr clsc o ~ i c  migllt sn!, about parallelism, one 
thing is ccruin: .l'Iic f11tul.c will not bc boring. 

Summary 

Fortran \\$as cic\,clopcd .incl hns continued to c\,ol\.c as 
n computcr I,lngu;~ge tlint is particularly suited to 
csprcssing mnthclnnticnl form~~las .  Among the recent 
c ~ t c ~ i s i o ~ i s  to Fortrnn arc 3 \.nrict\. of  constructs h)~-  
the higli-lc\.cl ~ n n ~ ~ i p ~ ~ l , ~ t i o n  ot'nl-ra\rs. .l'hesc constrllcts 
are cspcciall!' nmcn,lhlc to parnllcl opti~nization. I n  
additio~l, thcrc nrc extensions (I'CF) for explicit 
shared-~licmor!. pill-;lllclizntion ;lnd also data-pnr~llcl 
extensions (HI'F) h- cluster parallelism. The 1)igit:il 
Fortr,un compiler pcl-k)~.rns Iiinu)8 interesting optimizn- 
tiolls of codes \\l~.ittcn i~sing Hl'F. Thesc Hl'F coiics 
arc able to hide-\\itliout sacrificing perfornia~lcc- 
much of the tedii~m that othcr\visc accompanies clus- 
tcr PI-ogramming. 71i)dn!., the most exciting f-ontier 
for Forrrnn is rh.lt of Shill' s l~~s tc r s  a ~ i d  otlic~. 
1io11~1nifor1ii-11ic111o1~~~-,1cccss ( S U h l A )  s!stcms. 
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Performance 
Measurement of 
TruCluster Systems under 
the TPC-C Benchmark 

Digital Equipment Corporation and Oracle 
Corporation have announced a new TPC-C 
performance record in the competitive mar- 
ket for database applications and UNIX ser- 
vers on the Alphaserver 8400 51350 four-node 
TruCluster system. A performance evaluation 
strategy enabled Digital to achieve record- 
setting performance for this TruCluster con- 
figuration supporting the Oracle Parallel Server 
database application 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 TruCluster features such as the 
MEMORY CHANNEL interconnect and Digital's 
distributed lock manager and distributed raw 
disk service. 

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

Current industry trc~ltls have movecl, from centralized 
so~nput ing offcrcd by uniproccssors and synl~nctric 
niultiproccssing (SMI') systems to ~nult inode,  highl!. 
available and ~c31d~Ie  systcnis, called clusters. The 
TruCluster niultico~nputcr system for the Digital 
UNIS  en\.ironmcnt is tlic latest cluster product ft-on1 
Digital Equipment (:orporation,' In this paper, 
disci~ss our test and results o n  a four-node AlpliaSer\,cr 
8400 5/350 Tru<:lustcr configi~ratio~l supporting the 
Oracle Parallel Scrvcr ciatahase application. We evalu- 
ate this systcm i~ndcr  tlic Transaction Processing 
Perfi)r~iiancc C:ouncil's TI'(:-C bcnclirnarlt to pro\idc 
perfor~iiancc results in the compctiti\,c niarkct For 
database applications. 

The TlK-C bcncli~n,~rk is '1 ~ncdiilm-complexit\., 
on-line transaction processing (OLTP)  \\,orkload." It 
is based OII an orticr-cntr!, \\,orldoad, n~itli different 
transaction types ranging horn simple transactions to 
medium-complcsity tra~lsactions that Iia\se 2 to  50 
times the number of c.iIIs of a simple transaction.' To  
run the TPC-C benchmark 011 a clustered systcm, the 
operating systcln and the databasc cnginc must present 
a single dntabasc to the bcnchmarlt client. Th~rs  thc 
TruCluster systcni running the Oracle Parallel Scr\,cr 
differs greatly from a nct\\.ork-based cluster s!'stem b\z 
tnro s igni fc~nt  features. First, the Digital U N I S  distrib- 
uted ran  disk (1)Kl)) service enables the distributed 
Oraclc Parallel Scrvcr to  access all ra\\. disk \.olumcs 
rcgardlcss of their physical location in the clustcr. 
Second, the Omclc l'ar,allel Scl-\.cr uses Digital's distrih- 
uted locli mnn;lgcr (1)l.M) to s!~nclironize all acccss to 
shared resoilrccs (sucli ns in Incrnor!l cache bloclis or  
disk bloclts) across n Tr~~Clustcr  s!,stcm. 

I n  tuning thc systcm under test, \\'e i~sed the 111<1) 
and the l l l ,M scrviccs to b;ilancc thc database across 
the TruCluster niulticomputer syste~ii. The config- 
uration includes a spccializcd peripheral compo- 
nent intcrconncct (1'CI) kno\\n as the IME~MORY 
Cmh'f\lEL intcrconncct to greatly i~npro\*e the band- 
\\.idth and latcnc!, bct\\rccn n\.o or lnore member 
nodes.' \Vc tunccf tlic s\,stcm ~ ~ n d c r  test to attain the 
p c ~ k  baud\\.idrIi o f  100 mcg~h!~rcs per second (Mll/s) 
for 1ieai.y internode commi~nicatio~l during clieck- 
pointing by using a dedicated PC1 bus for the 
MEMORY CHANNEL intcrconncct. We also tuned 
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tllc s\,stcIn under  test t o  use the \,er!, large. menlor!! 
technolog!, and tr'lde off Incmor!, h)r the database 
caclic \\,it11 memory for DLiM locks t o  ilnpro\.c the 
throughput .  ( F o r  a discussion o f  this technology, see 
t l ~ c  section Performance E \ , a l u a t i o ~ ~  ~Mcthoclology.) 
\iVc ~ncasurcd the masiliium t l i r o i ~ g l ~ p ~ ~ t ,  the YOtli 
percentile response time for each transaction type, and 
the keying and tliinl< times. Finally, L\/C colnparcd o u r  
mcasurcd t h r o ~ ~ g h p u t  and price/pcrformanc.c with 
compcti t i \~c vendors like Tandeli1 ( :ornp~~tcrs  and 
Hc\\,lctt-Pacltarcl Company. 

T h e  rcst o f  the paper is organized as follo\\~s. In the 
ncst  section, \ve pro\,ide a s y ~ ~ o p s i s  o f  the TruClustcr  
t c c l i n o l o ~  a ~ l d  introduce the Olaclc Parallel Scr\.er, 
an optional Oracle product that enables tlic user t o  use 
TruClustcr technology \\-it11 the  Oruclc relational 
database management  sys tcn~ .  Follo\ving tlint, \\*c givc 
an ovcrvjc\~. o f  the  T P C - C  benchmark. Next, \\.e 
describe tllc systeni under  test and o u r  pcrfi)rniance 
cvaluatio~l methodology. T h e n  \vc discuss o u r  pcrfor- 
rn31icc measurement results and compare t h e m  with 
competitive vendor results. Finally, c\/c prcscnt o u r  
concluding remarks and discuss o u r  f i ~ t ~ ~ r c  \vorlt. 

TruCluster Clustering Technology 

l>igit,ll's Tr~~<: lus te r  c o n f i g ~ ~ r a t i o n  consists o f  inter- 
conncctcti computers (uniprocessors o r  SIMI'S) and 
c s t c r n ~ l  ciisks connected t o  o n e  o r  1i1orc shared, small 
c o m p i ~ t u  systcms interfice (SCSI) buses providing 
ser\,jccs t o  c l i cn t s .Vt  presents a single ra\\. volume 
nkllmespxc t o  '1 client \\,ith better application ;~\r;~ilabil- 
ity than a single system and better scalability than an 
SM1'. A TruCluster configuration supports highly par- 
allclizcd database managers, s~icl i  as the Oracle ParalJ.el 

Ser\.cr, t o  pro\.idc ~ ~ l c l . c ~ n c l ~ t a l  performance stilling 
o f  at  least 8 0  pcrcc~l t  fo1- tl-nnsaction processing appli- 
cations. Tile c~ndcl.l\ring tec [1nolog~~ to pro\ . i~ic  tliis 
incremental gro\\, th inclucics a I'CI-based iLIF.iUORY 
CHANNEL intcrconncct for comml~nicat ion bcn\,ccn 
cluster mcmhcrs." T h e  MEIMORY CHANh'l'L, 
intcrconncct provides n 100-MR/s, me~iiory-niappcd 
co1i11cction bct\\~ec11 cluster members. '  The clustcr 
n~ernbers  map  transfers ti-om the  MEMORY 
CHANNF.L intcrconncct into their n1emory using 
standard mcmor!$ access instructions. T h e  use o f  
mcmory  store instructions mther  than special I/O 
instructions PI-ovidcs lo\\ latcnc!, ( n \ ~  ~ ~ ~ i c r o s c c o n d s )  
and  lo\\, overlicad k)l- a transfer ofan!, length.- 

T h e  TruClustcr for 1)igital UNIX product  supports 
u p  to eight  (four for com~ncrcial  lIL.M/DllD- based 
applications) c1ustc1- mcrnbcrs connected to a c o ~ n -  
m o n  cluster interconnect. T h e  colrlpilter systcms 
supported within a cluster are  Alphaserver systcms of 
varying processor speccl and number  o f  processors. 
T h e  m c m b c r  systcms run  applications (for example, 
user applications), as \vcll as 111onit01. the  state o f  each 
member  system, each shared disk, the  MEMOllY 
<:HhVNEL intcrconncct,  and thc  nenvork. Tlicsc 
cluster ~nc lnbcrs  co~nmunica tc  o\.er the  MEA4ORY 
CHANNEI ,  i n t c r c o ~ ~ n c c t . " , ~  A h/lEh/IORY CHANNEL, 
c o n f i g ~ ~ . l t i o n  consists o f  n I\IIEMORY C H A N N E L  
adapter installed in J. I'(:I slot 2nd l i~ ik  cables t o  con-  
nect the adapters. In n c o n f g i ~ r a t i o n  \\!it11 more  t11a11 
t\iro membc~.s ,  t l ~ c  hIER/lORY CHANNEL adaptcrs 
are connected t o  a iblEhilORY ClHAXNEL h ~ ~ h .  A 
typical T r u C l ~ ~ s t c r  conl igurat io~i  \\.it11 a MEMOIIY 
C H A N N k l ,  h u b  is sho \v~i  in E'jgurc 1. 

Applications cdn dttdin I ~ i g h  availability by conncct- 
ing tc\w 01- 111orc 1nc111her systen~s t o  o n e  o r  more  

I I 
I I 
I I 
I I 
I I 
I SHARED STORAGE I 
I I 
I I 
I I 
I I 
I I 
I I 
I LOCAL STORAGE I 

Figure 1 
A TI -LI<:~LISICI~  Co~l f ig~~rr l t io~> with J M E ~ I O ~ ~ Y  (:MANXEL H L I ~  
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sliarcd SCSI buses, thus constructing a11 A\.ailnhlc 
Scr\,cr Environment (ASE). A shared S<:SJ bus is 
rccl~~ired only fix two-member co~~figi~ra t ions  that d o  
no1 have a MIMEORY <:HANNEI, hi11>. Altl io~~gli  
MEMORY CHANNEL, is tlie only supported clustcr 
interconnect, Etlicrnct 2nd fiber distribittcti d,it,l 
i~ltcrfacc (Fl>l)I) nrc s~tpportcd for conucc t i~~g  clients 
to cl~tstcr ~ne~nbcrs .  Disks arc co~l~lcctcd citlicr loc.lll!r 
(i.c., no~isliarcd) to ;i S<:S1 bus or to a slinrctl S(:SI bus 
bcn\.cen n\.o o r  more mcmbcr systems. A single nodc 
in the clitstcr is itscd to serve tlic disk to otllcr clitstcr 
mcnlbcrs. Disks ~ J I  local buses obviously become 
unavailable upon hilurc o f thc  scrvcr nodc. The S<:SI 
co~ltroller supported in tliis configuration is the I'<:I 
disk adaptcr, I<Zl'SA. 

The disting~~isliing fc;ltitre of the Tr~l(:li~stcr 
~o t i \ \~a re  is its s~tppol-t o f  the MEi\/IOR\' ( :HAKNEL. 
ns a cluster intcrcontlcct, thus pro\.iding iniiustt.\.- 
Icadcrship pcrhrm,incc to intraclustcr colnln~tnic,l- 
tion." The Trt~<:lustct- soti\\,arc inclitcics the ti)llo\\.ing 
components: the I11 .IM, the connection manager, the 
L)RD, and the clustcr commiinicatio~i service. 'The 
1)1,M facilitates synclil-onizatio~~ to shared rcsourccs to 
;ill member systems in a clustcr by means of 3 r~tti-ti111e 
librar!: Cooperating pt-occsscs itsc the D1,kl to syn- 
chronize acccss to a sh.il-cd resource, a I)I\1) dc\icc, 
3 GJc, or a program. The IILILI ser\.ice is pt.ima~.il!, used 
b!, tllc Oracle Parallel Sc~-\rer to coordinate access to thc 
cnclic 11nd sliarcd disks that Iia\fe the databasc insrallcd." 
The co~lllcctioll nl.inagcr maintains informntion about 
thc clustcr configuration and maintains a comniunicll- 
tion path bct\\.ccn each cluster mcmber for itsc by the 
I>l,M. The DLM uses tliis confgur,ition data and other 
connection nlanagcr set-vices to maintain n distributed 
lock database. The 1)RI) nllo\vs the exporting of clus- 
tcr\\.idc ran- dcviccs. This allo\vs disk-bascci ~ ~ s c ~ l c \ . c l  
applications to run \\.itliin the clustcr, rcgardlcss of 
\\,licrc in tllc clustcr the actual physical storage rcsirlcs. 
7 7 

I licrcforc a DM> scr\~icc nllo\\s tlic Oracle l'nr,lllcl 
Scr\lcr parallel acccss to storage niedia ti.0111 ~n~lltil>lc 

clustcr mcmbcn. The clustcr commitnicatio~i ser\.ice is 
used to nllocatc tlic bIE,MOKY <;HANNI<I. address 
space and m;ip it to tlie processor main memory. 

TPC-C Benchmark 

The TI7(:-(: hcnclim,lrl< depicts tlic acti\ri~, o F a  generic 
~.i~Jiolcs;~lc s l c r  con~pan!.. Tlic liicrarcli\~ 
in the TI'(:-(: business en\ . irot~mct~t is slio\\.n in 
Figure 2.  Tlic company consists oEn uumhcr of gco- 
graphically distributed salcs districts and associated 
\\,archo~tscs. Furt1ic1-, there arc 10 ciistricts under each 
\\,arehouse \\lit11 cach district serving 3,000 (3K)  cus- 
torncrs. All the \\~arcIiouscs maintain a stock of 10,000 
items sold by the company. As the colnpnn!. grows, 
nc \ \  \\~nrclio~tscs nnti associated salcs dist~.icts arc crc- 
atcd. The b~~sincsb ,~cti\.in. collsists of cLlstolnc1- c,llls 
to place orders or reqllcst the stntlls of csistins 
orders, pn!,rncnt entries, proccssitlg orticrs for ticJi\,cr\., 
and stock-lc\,cl cs.imination. 'Tlic ortict.~ o n  at1 average 
arc comlx)scd of  10 ot-der lines (i.c., line items). 
Ninety-nine percent of all orders can be lnct by a local 
\\,areliousc, and only one percent of  them liecd to  be 
sold by a rcmotc \\-archoitsc. 

The TI'(:-<: logical databasc components consist of 
ninc tables:' Figure 3 s1ion.s the rclatiotlsliip bcn\.een 
tl~esc tables, tlic c,irdinnlinr ofthc tal.,lcs (i.c., thc nlun- 
bcr of t.o\\.s), ,lnd tlie cardinalin, o f  tllc rclationsliips. 
Tlic figure also sho\\.s the npprosimatc ro \ \ )  Jcngth in 
bptcs for cuch tnblc and thc tablc size in mcg,tb!rtes. 
Tbc cardi~lnlit) ofall the tables, cxccpt tlic itc111 tablc, 
gro\\.s \vitli the number of  \\~'~rcliouscs. The order, 
order-Iinc, and histot-!, tables gro\v i~idcfinitcly as rhc 
orders arc proccsscd. 

Tlic f \ ,c  nspcs of TPC-C transactions are listed in 
Table 1 .' 'l'lic ncn-ot-dcr tmnsaction pl;ices an ot-der 
(of 10 orcict litics) fi-om a \ \ ~ ; I ~ C ~ I O L I S C  r l i~ .o~~g l i  ,I single 
databasc tl.ansaction; it inserts the ordct. ,inti ~ ~ p d a t c s  
the c o r r s o ~ t i t g  stock le\,eJ for c;~cIi itctil. Nincn-  
ninc p u c c ~ i t  o f  t11c t i ~ n c  the supplying \\,nt.clioitsc is 

COMPANY 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  WAREHOUSE 1 . . . . . . . . . .  WAREHOUSE W ' 
DISTRICT 1 . . . . . . . . . . . . . . . . . . .  DISTRICT 10 DISTRICT1 DISTRICT10 

+ 
. . . . . . . . . . . .  

A&&& . . . . . . . . . . . . . . . . . . . . . .  
1K . . . . . . . . . . . . . . . . . . . . . .  3K 1K . . . . . . . . . . . . . . . . . . . . .  3K 1K 3K 1K . . . . . . . . . . . . . . . . . . . . . .  3K 

Source: Transaction Processing Performance Council. TPC Benchmark C Standard Specification. 
Revision 3.0. February 1995. 

Figure 2 
Hicl-arcllical Kclationship in the 'TP(:-(: 13usincss Eli\,i~-onment 



WAREHOUSE DISTRICT 

W.89,0.000089'W W'10.95,O 00095'W 

~ I O O K  HISTORY l i  I R1.89.0.000089'W CUSTOMER 

ORDER-LINE 

W'300K+,54,16,2'W+ t- 
KEY: 

TABLE NAME 

CARDINALITY. 
APPROXIMATE ROW. 
TABLE SIZE 

CARDINALITY OF RELATIONSHIP 

Note: + impl~es variations over measurement interval as rows are deleted or added. 

Figure 3 
TI'<:-(1 133t3bnsc Tables Relationship 

Table 1 
TPC-C Requirements for Percentage in Mix, Keying Time, Response Time, and Think Time" 

90th 
Percentile Minimum 

Minimum Response Mean Think 
Minimum Keying Time Time 

Transaction Percentage Time Constraint Distribution 
TY pe in Mix (Seconds) (Seconds) (Seconds) 

New order N/Ab 18 
Payment 43 3 
Order status 4 2 
Delivery 4 2 
Stock level 4 2 
Notes 

' Table 1 IS published in the Transaction Process~ng Performance Council's TPCBenchrnark CStandardSpec~ficahon, Revision 3.0, February 1995 

" Not applicable (N/A) because the measured rate I S  the reported throughput, though it is desirable to set i t  as h ~ g h  as possible (45%). 

the local \.varehouse, and only one pel-cent of  the t i ~ n c  
is it a remote warehouse. The pa!~~nc~lt transaction 
proccsscs a payment for a customer, updates the cus- 
tomer's balance, and reflects thc payment in the dis- 
trict ancl \\arehouse sales statistics. The customer 
I-csidcnt \\-archoirse is the local \\.;ircho~~sc 85 percent 
ot'tlic time and is the remote \\~arcIiousc 15 percent of 
the timc. The order-status transaction ~-ctilrns the sta- 
tus  of^ custolner order. The customer orclcr is sclccted 
60 ~ x r c c n t  o f  the time b!, last name ,lnd 40 perccnt of 
the timc by identification number. Tlic dcli\,cry rrans- 

action processes ordcrs corrcspolldi~lg to 10 pcnding 
orders, 1 for each district with 10 items per order. 
corresponding entry in the new-order table is also 
deleted. The dcli\,cry transaction is intended to be csc- 
cuted in deferred 111odc t1i1-o~igh a queuing mecha- 
nism, rathrr than being executed interacti\rely; tlicrc is 
no tcrmirlal rcsponsc indicating the trans.1 , C ~ I O J I  - ' coril- 
pletion. '1-lie ~ t~c I i - l c \ , c l  transaction csan>jr>cs thc 
q u a ~ i t i n ~  ot'stocli for tlic items ordered b!, cacl.1 of the 
last 20 ordcrs in a district 2nd determines tlic items 
that have a sroclc Ic\,cl belo\\. a spccificcl threshold. 
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T h e  TP<:-(1 pc~. t i ) r~i lancc metric mc,lsurcs the tot'll 
n ~ ~ m b e r  o f  11c\\. orders corliplcted per minu re, \\.it11 ,I 
9Otl1 percentile response-tinic constraint o f  5 seconds. 
This metric measures the b~lsincss t l l r o u g l i p ~ ~ t  r ~ t l i c r  
th'ili the transaction execution r'itc.' I t  is cxpl-csscd in 
t rL lnsac t ions -pe r -~ l~ i~ iu tc  (: ( t p m C ) .  T h e  mctl-ic implic- 
itl!, t a l a  into ~ c c o ~ ~ ~ l t  ,111 tllc transaction t\.pcs as tlicil- 
indi\~idu,ll t h r o ~ ~ s l i p ~ ~ t s  ~ r c  controlled h\r the mi\ per- 
centage gi\.en in 'I'nblc 1. T h e  t p m C  is also til.i\.cll b!. 
the acti\.it\r o f  c~n~llatcci  users and  the f ~ . c q i ~ c ~ i c \ .  of  
chcckpointing."' Tllc c\,clc for generating .I ?I'I'(:-(: 
transaction by an c m ~ ~ l , l t c d  user is s l i o \ \ ~ ~ i  in Figure 4 .  

T h e  transactions .Ire generated uniforml!~ ,inti ,it 
r < ~ n d o ~ n  \\rhilc maintaining a minimum pcrccnLngc in 
mix for each tr,llls,~ction t!,pc. Tal2lc 1 gi\.cs t l ~ c  mini- 
Inurn mix percentage c,ich tl-,insaction t\,pc, t l ~ c  
minimum lie\ring timc, tlic maxim~irn  9 0 t h  percentile 
response-time co l i s t ra i~~t ,  and  the ~ n i ~ l i r n ~ ~ m  thinlc 
timc dcfincd h\. the TI'<:-(: specification. 

T h e  dcli\,cr!r tr.lnsnction, unlike the otllcr trans- 
,~ctions, I I I L I S ~  bc c x c c ~ ~ t e d  in a deferred mocic.' Tllc 
rcsponse time in Tnhlc 1 is the terminal I-csl>onsc 
<~cl<no\\,ledging t l ~ a t  t l ~ c  tr3nsaction has bccn c l ~ ~ c ~ ~ c d  
,ind no t  that the cicli\,cr\r transaction itself I i ~ s  bccn 
e ~ c c u t e d .  Further, ,lt le,lst 9 0  percent o f t h c  dcfcrl-ed 
cieli\.er\r transactions must complete \\.irhin SO scconcis 
of  their being c l ~ ~ c u c d  ti)r execution. T h e  p c r f o r m ~ l ~ c c  
tuning for t l ~ c  ~ \~s tc11> under tcst dctcl.nljncs the 
~ i ~ ~ r n b c r  o f  c11ccl;points clone i l l  the  mcasurcl-ncnt 
intcr\.al and tlic length o f  the chcclipoi~iting inter- 
\ral. T h e  TPGC: spccitie,~tion, ho\~re\rcr, dctincs the 
uppc~'  bound o n  the cliccl<pointing intcr\.al t o  bc 
3 0  minutes.: 

T h e  o ther  TI?(:-<: ~nc t r ic  is the price/pc~.forrn.t~icc 
r'itio o r  dollars per tp~ii(: .  This metric is c o m p ~ ~ t c c i  h!. 
di\.idi~ig the total fi\,c-\,c,~~. s!.stcm cost till. the s!.stclli 
under test \\.it11 the rcpo~.tcti tpmC." 

Performance Evaluation Methodology 

In this section, \\!c first cicscribc the c o n f i g ~ ~ r ~ l t i o ~ ~  o f  
the s\.stcln ~ ~ n t i c r  tcst ( S U T )  used for the pc~. t i )~-nia~icc 
c\.alu,ition o f  t l ~ c  T r u ( : l ~ ~ s t c r  s\~stcln nncicr t l ~ c  ?TI'(:-(: 

n ~ l - l c l o ~ d .  -Illen \\,c discuss tlic testing r r , l t c g 8  11sed t o  
enhancc the pc~.formnncc oft l ic  SL.'I'. 

We silo\\, tlic configuration o f  the clic~it-scr\ 'c~. S U T  
in E'igurc 5 .  Tlic ~ c r \ ~ c r  S U T  consists o f  a T r c ~ C l ~ ~ s t e r  
c o n f g l ~ ~ . a t i o ~ i  \\,it11 four nodcs; cnch node  is an 
Alpll,iScr\-cr 8 4 0 0  5 /350  system \\.it11 eight 350- 
megal1c1.t~ (htll-lz) (:PUS 2nd S gig,ll)!rtcs (GB) o f  
rncmor!.. ?'hcsc nocies are conncctcci together b!. a 
h/lEi\'lOI<Y ( : H h S N E L  link cable fi.om t l ~ c  hlEi\lOl<Y 
C H h S N t , l ,  ,ld,lpter o n  the notic t o  '1 si~iglc I\.IEICIOKY 
CHANNEL, hub.  'lyhe local s t o ~ l g c  configul-ation fc)r 
each nodc consists o f  6 HSZ4O r c i i u n d a ~ ~ t  array o f  
incspcnsi\,c ciisl<s ( M I D )  controllct-s, 31 lU,28 , ~ n d  
1 4 1  RZ29 iiisli d l - i \u ,  con~iectcci t o  the ~ i o d c  b\r SCSI 
buses t o  6 KZI'SA disk ~ d a p t c r s .  F ~ ~ r t h c ~ . ,  c , ~ c l ~  nodc  is 
conncctcd t o  k'1)DI b\, a DEFPA F1)l)I ad,lpter. T h e  
nodcs c o r n ~ n ~ ~ ~ l i c ~ i t c  \\.ith the clic~i ts o\.cr this FDDI. 

T h e  clic~it SL' T co~lsists o f  16 AlpliaScr\.cr 1000 
4 /266  s!,stcnls, c ,~ch \\.it11 512 o f  rnclnor!,, one 
Rz2S disk dri\,c, and one DEFl'A t'l)l)l 3ii~ptcr." T h e  
remote tcrmin,il r l n ~ ~ l a t o r s  (RTEs) t l i ~ t  arc ~ ~ s c c l  t o  gen- 
erate the tr,i~lsnctions and measure the \,al.ious times 
(i.c., think, response, o r  lte!cing t imc) f ) ~ -  each trans- 
actio11 ,Ire 16 \'i\Sst,ition 3100 \ \ ~ ) r l i s t , ~ t i ~ ~ l s ,  each \\.it11 
one  RZ2S ciisli dri\.c. From o u r  logical cicsc~.iption of  
the ncn\.orlc topolo>?, sho\\.n in Figure 6 ,  \\.c see that 
cacll o f t l ~ c  ti)u~- 11ocics i l l  the cluster is conncctccl to  four 
client s\,stcm\, mci c.1~11 l<TE is conncctcd t o  one client 
system. T h e  f i ) ~ ~ r  clients assoc~atcd \\,it11 c,lcl~ notic arc 
conncctccf t o  n 1)EClictb 9 0 0  s\\'jtch. E ~ c h  of  the ~ L I I -  

DE<:hub 9 0 0  products contains n\.o concentrators, 
one  1)El-'HIJ-MLI 14-por t  ~~nsh ic ldcd  t\\.istcd-pair 
(G'TI ' )  conccnt~- tor (for FDDI)  and one  1)EFIHU-MH 
concentrator (for tllc n i j s t e d - p i r  1-tllc~.nct).  T h e  
l>ECIii~h 9 0 0  s\\.itcllcs are cou~lcctcd to  ,In 8-port  
GIGAS\\ ~ tc l l  s\.stcm, \\~hicIi is used t o  r o ~ ~ t c  c o ~ n ~ n u n i -  
cations hcn\,ccn the clicnt and the scr\,cr. 

T h e  soft\\,,lrc co~ifignration o f  tlic scr\.cl- system is 
the TruClustcr soti\\,urc running under  the Digital 
U N I S  \.crsion 4.OA operating system anti tllc Oracle 
Parallel Sc~-\ ,cr  ti,lr,lbase manager (01-aclc7 \,crsion 7.3) 
inst,lllcd o n  c,lcIi c l ~ ~ s t c r  ~ n e ~ n b c r .  T h e  s o h \ , a ~ - c  config- 
uration insrallcti 011  each clicnt s\,stcm is tllc Digital 

Figure 4 
(;!,i-lc for Gencratillg n '1'1'<;-(: 1 r,~nbaction h!~ .in E~l lu l~ tcd  I ' w r  
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Figure 5 
<:licnt-Scr\.cr S\,src~ii 1111der Test 

LINIS version 3.21) operating system and the RF,A 
Tc~xcclo Systcm/T \.ersion 4.2 transaction processing 
nlonitor. F ~ ~ r t l i e r ,  each KTE runs tlic 0pcliV1MS oper- 
Jting s\.stcm and a proprictil~.!' c~ i iu la t io~ i  p,icI<.igc, 
VASICT'I-. I n  the I-cmaincicr o f  this scct io~i ,  \\.c disci~ss 
rile resting ~rl-ateg\~ used t o  gcncrntc the  trnnsnctions 
o n  tlic h o n t  end.  T h e n  1j.e discuss the tuning clone on 
r l ~ c  hack c ~ l d  t o  achie\.e the mnximum possible t p m C  
~i icnsurc~ncnts  h o r n  the SUT. 

I n  cont'orrnnnce \vith the  TPC-(1 sl>cciticntion, \vc 
used n scrics o f  1cTF.s t o  drive tlic SUT. T h e  one-to-  
o n e  correspondence ben\recn cmulatcd users o n  the 
ICTE and the TPC client forms o n  thc clicnt required 
us t o  cictcrminc the  maximum numbcr  of users t o  be 
g c ~ i c r x c d  by the RTF.. T h e  main factor \\lc used t o  
cictcrminc the number  of users \\'as tlic clicnt's m c m -  
or\ ,  size. \<Vc ~cssumed that o n  a clicnt, 32 MR o f m c m -  
ol-!. is ~ ~ s c d  for the operating sJrstcln and 0.25 i\/IR for 
cacli TI'(: clicnt form process. Tlicrcti)rc, \\.it11 tlicse 
constraints, cnch RTE generates 1,620 c~i-~ularcd users. 
l'he c m l ~ l , ~ t c d  users thc1-1 gcncratc transactions ran- 
cio~i i l \  b,iscd o n  thc predefined trr~nsiiction mis (3s 

described in Table 1 ) \\4rli a unique secd. cluurcs 
the mis  is \\,ell tlcfincd and a \,arict)r o f  trnns.iction 
nrpes arc 1.un11ing conc~lrrcntl!, ( t o  bettcl- s i m u l ~ t c  ,I 

real-~\rorld cll\ , ironmcnt).  Wc had a local area trans- 
por t  (LAT) c o ~ ~ ~ l c c t i o n  over Ethcrnct  bcnvccn each 
emulated usel- ~ n d  n corresponding TPC clicnt h r m  
promss 011 rhc clicnt for faster commi~nicat ion.  We 
slio\v tlic comrni~nicat ion bcn \~ccn  an RTE, a client, 
and  a server in Figure 7. 

\Ye built five o rdcr  qucucs o n  eacll clicnt corrc- 
sponding t o  a transaction type, \vllicli allo\\.ccl us t o  
control  rlic tl-ansactio~i percentage mis. A TI'(: clicnt 
form process c l ~ ~ c ~ l c s  tr.~nsnctions gcncratcd by thc 
emulatcd usel-s t o  the ,~pp~.opriatc  ordcr  c l u c ~ ~ c  using 
T u s e d o  libral->I cnlls. l 'hcsc transactio~l reclLlcsts in 
eacli clucuc JI-c ~~roccssccl in n first in ,  first O L I ~  ( F I F O )  
order  by tlic T ~ ~ s c t l o  s ~ r \ ~ c r  proccsscs running ~ I I  the 
client. \Ye had 44 T u s c d o  scr\,cr proccsscs that \\.ere 
no t  e \ml \ r  c l is t r ib~~tcd .lmollg tllc 5 order  q ~ ~ c ~ ~ c s  1 ~ 1 t  
\\.ere distributed so  that rlic number  o f  Tuscdo  scr\.cr 
processes dcdicatcti t o  a q i l c ~ ~ c  \\.as dircctl!. corrclatcd 
t o  the pcrcclit.lgc of the \\,orkJoaci handled by the 
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Figure 6 
I .ogic.ll 1)cscription of the Net\\.ork 71'opolog\ 

Each emulated user on the RTE uses a different RTE 
For this test. 1.620 users were emulated 

seed so all clients are not executing the mix in on each RTE. This number however, is 
the same order. USERS 

I/ deprndont on the amount 61 memory on 
the client. 

There is a one-to-one relationship between LAT connections were used from emulated 
emulated users and TPC Client Forms. 

\ 
I 

users to TPC Client Forms. 

TPC Client Forms I 1 1 I 
For this lest. 44 total 
Tuxedo Servers service 
requests. Each process 
services one type of 
transaction. However. 
not all transaction 
types have the same 
number ol server 
processes. ----- 

f f 
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I I I I 

Communication IS TCPIlP 0 FDDl RING 
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lo the appropriate 
order queue 

Each queue 
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/ 

Figure 7 
(:onlni~lnicario~l bet\veen a n  RTE, .i Client, and a Scr\,cr 



~ I L I ~ L I C .  In othcr \\.orcis, the grcatcr tl.1~ pcrcclit,lgc of 
the \\.orkload on a queue, the grcatcr the number 
of Tuscdo scr\*cr processes dedicated to tliat queue. 
The nunibcr of Tuxedo server processes per client is 
c o m p ~ t c d  bascd on the rule of t l i i~mb rliat each clllcue 
should Iia\,c n o  more than 300 outstanding I-cqucsts 
d ~ ~ r i n g  chcclcpointing and 15 at othcr times. Tllcse 
Tuscdo scrvcr processes communicate with the sc~-\,cr 
system (cli~stcr ~ i o d c )  using the Transmission Control 
PI-otocol/Intcrnet Protocol (TC:l'/Il') over 1-'1)111 to 
csccutc related database operations." 

Tlic industry-accepted method of tu~iing the TPGC 
back end is to add enougll disks and disk controllers on 
the scr\.cr to clirninate the potential for an 1 / 0  bottle- 
neck, thus tbrcing the CPU to be snturatcd. Once the 
c~lginccrs arc assured that the performarlee limitation is 
(;1'U sat~~lxrion,  tlie amount of menlor!! is tuned to 
i~ilpso\'c tlic datal>ase hit ratio. Bcca~~sc all \,cntiors sub- 
~n i t t i~ ig  TI'(:-(: results use this style of t ~ ~ n i n g ,  t l ~ c  per- 
ti)r~nn~icc limitation for TP<:-C is ~~sunll!/ the bacli-cnd 
scrvcl.'~ <:llU pourer. In fact, tests have slio\vn tliat if 
this mctliod of tuni~lg is not followed on the back-end 
scrvcr, the user will not obtain the optimal T P C X  pcr- 
hrmancc results. Instead, the tests reveal a back-end 
scr\*cr configuration that tins not f ~ l l y  i~tilized tlie 
scr\.cr's potential by ha17ing unbalanced (:1'U anci I/O 
cnp;lbiIitics. Tliis type ofconfiguration not onl!, rcduces 
tlic scr\.cr's throughput capacinc but nlso ad\,crscl!r 
.~ffccts tlic pricc/perforrnancc of the SU'l'. 

On the back end, 1i.e 11scd TruClustcr technology 
features to  chic\-e the niasirnum possihlc tmns-1- c C ~ I O I ~ S  ' 

per minute ( t p n ~ ) . "  tVe balanccci the I/O across all the 
1WI 1) controllers and disks of tlic clustcr and distrib- 
uted the database across all the server nodcs. tVc dis- 
tributed tlic database sucli that each node in the 
c l ~ ~ s t c r  liad a n  almost equal part of the database. The 
TI'(:-<: bcnchmarlc execution requires a single data- 
b.lsc \,ic\\ across the cluster. We L I S C ~ ~  tlic 1>R1> and 
I)L,iVI scr\~iccs of the TruCluster sofh\rnre to prcsent 
n co~ltiguous \,ie\v of the dat~basc  across thc clustcr. If 
both tlic datnbasc- and the indescs could havc been 
complctcl!* partitioned, \\.e could lia\*e achieved close 
to linear scaling per node. Hen-ever, since the Oraclc 
P;lmllcl Server does not havc horizontal partitioning 
oftlic indcscs, could not co~nplctcly partition the 
illdcscs across the cluster. '  This rcsultcd in 15 pcrccnt 
to 20 p r c c n t  of intesnodal access, \\/Iiich means that 
15 pcrccnt to 20 percent of the nc\v ordcrs wcrc satis- 
tied by rcniotc \\/arehouscs, tlicrcforc ~naliing our 
'll'(:-<: rcsults Iiiore realistic. 

We also tuned the physical memory to tr;ide off 
mcmory for database cache and the 1)1.1\/1 locks. 
Heuristically, \Ire observed a 40-pcsccnt gain in 
throuyh[x~t on a single-node AlphnScrvcr 8400 5/350 
scr\.cr s\,stcrn running TPC-C ~ \ ~ l i c n  the nienior!r size 
\\.,IS increased fro111 2 GR to 8 G13. This is becausc, \\~ith 
morc data being served by memos); t l ~ c  number of 

processor stalls ciccrcascs, anti tlic database-cache hit 
ratio irnpro\,cs from 8 8  pcrccnt to more than 95 pcr- 
cent.1° Tuning pllysical memory be!-ond 2 GB is called 
very largc Inclnory (Vl.1\/1). tVc ~ ~ s c d  the tpm results of 
the AlpliaScrvcr 8400 system to tune the physical 
memory size and co~lfigusation. We shon. thcsc Inca- 
sured tpm rcs~~ l t s  For the AlpliaSer\~er 8400 clustcr 
systems in Figi~rc 8. 

To achieve optinial scl.\,cr pcrfornia~ice, it is impor- 
tant to tune the .1111oi111t o f ~ i i c ~ i ~ o s ! ~  L I S C ~  L>y tllc Omcle 
System C;lobal Area (SGA) and tlic 13L1bl. Our tcsting 
foulid tliat using VLM to increase the size oftbe SGA to 
5.0 GR of pliysic.il riicmory yicldcd optin~al pcrhr-  
mance in 3 Tru<:luster cnviron~llent. Hen-ever, it is 
in~port~unt to 11otc that o n  a single-node ser\,cr rliat docs 
not run the Ornclc Parallel Scr\,cr, \\.e could assign 6.6 
GR of ph!,sical ~uclnol-y to the SGA. (One reason that 
the SGA \\,as smaller in ,In Ornclc Parallel Ser\,er c w -  
ronliient is tliat 11~c111ory ~lccdcd to be set aside for the 
I>LhIl.) Consccl~~cntly, as sccn in Figure 8 ,  thc tpm on 
a single-node cluster s!>stcm running the Oraclc l',lr,illcl 
Servcr (8.41< tpm) is lcss than a singlc-node clirstcr ~ i o t  
running the Oracle P;irallcl Server ( 1 l .4K tpm). 

In an  Oraclc Parallel Server en\?ironmcnr, \vc 
assigned 1 GI3 of mcmory to the DLM for the folio\\,- 
ing reasons: The 1)Lh4, under the 64-bit Digital UNIS 
operating s!,stcrn, rccluires 256 bytes for each loci<. I n  
addition, the I)l.h/l must bc ablc to hold at l e ~ s t  one  
other location (2nd somctimcs three) for lock ~ J I I -  
back. As a result, c ~ c h  locli rccl~~ircs ben\,een 512 byte 
and 1 Icilobytc (]<I<) ofpliysic;il menlor!,. To  tune tllc 
systeni, \ve added morc locks to increase the granu- 
larity of  the locks and reduce lock contention. We 
obser\~cd that for this configuration, a systcni of  this 
size supporting the Oraclc E~rallcl Ser\*er rccluircs 
1 million loclts (occupying 1 GB ofmemol-y) h)r tlie 
DL&l \vhcn using 5.0 C;l< of memory for the SGA. 
Again hei~ristic.lIly, \vc obscr\,cd that if \\.e uscd lcss 
memory for the l)l,hlI, the total number of locks per 
page \\,as rcejuccd. The dccrcnse in loclts per p ~ g c  
increases contention across nodes and hence rcduccs 
the tpni as tlic number of nodcs increases. 

Witli the Iiclp of engineers fi-om Digital's 
IMEMORY CHANNEL Group, \\.e \\.ere able to use a 
Iiardware data annlyzcr to measure the percentage of 
the MEMORY (:Ht\NNF,L intcrco~lnect's band\\.idtli 
used \vlicn running the 'TI'(;-(: bcnchmark. U!, using 
the data '~nnl\~zc~-, \\>c determined that \Ire d o  not 
approacll saturation of the PCI-based MEIUOKY 
CHANNEL h'~rd\varc c i~~r ing  a TPC-C test, cvcn 
though it is capable of sustaining a pcuk t l irouglip~~t 
rate of  100 MR/s. In  C~ct, we obser\,ed that tlie 
~~/IEIMO~<Y \i<:HANNEL. band\~ridth lvas not saturated; 
a TPC-C test rcquil-cd a peak throughput ratc of 
only 15 rMB/s to 17 ~blB/s fiom the hlE~\/lOllY 
CHANNEL. As stated pre\rio~~sl!; the benclimnrk 
specification forccs 15 pcrccnt of the databxe ,~cccsscs 

Digital Tcch~~icnl Jol~l.n.)l o  8 N o  3 I 5.3 



1-NODE (8-CPU) 1-NODE (8-CPU) 2-NODE (16-CPU) 3-NODE (24-CPU) 4-NODE (32-CPU) 
WITHOUT THE ORACLE 
PARALLEL SERVER Y 

R U N N I N G  THE ORACLE PARALLEL SERVER 

Notes: 1 .  Each node 1s an 8-CPU Alphaserver 8400 51350 cluster system. 
2. The number preced~ng the X lndlcates a mull~ple of the tpmC measured on a s~ngle node runnlng the Oracle Parallel Server. 

Figure 8 
'1'1'<;-(: I<ch~llts o n  tlie A I p l i ~ i S c ~ ~ \ ~ e ~ ~  8400 b.imil!, 

t o  bc I-cmotc, resulting in d'it,lbnsc Licccsscs net-oss tlic 
I\/I~.ICIOI<Y <:HANSEL.  Using the 1)1<1) ,liiniinistra- 
tion scr\,icc .l\ail,lblc \\,it11 the C'SIS -l-r~~(:lusrcr soft- 
\ \  .it-c, \\,c mcnsut-cd tllc DRD trniotc  t.cuil pcl.cclirngcs 
to  lu,itch thc 15-percent retiiotc .iecc>sc.; rntc. T h e  
1)1<1) rcmotc \\.rite pcrformancc \ \as  only 3 percent t o  
4 percent iinl-ing the stead!. state and  rosc to  10 pet-- 
cent  t o  11 percent during a d ,~ t , ib ,~sc  checkpoint.  It is 
important  t o  note  tlint tlic 'Sl'(:-(: hctlclitilark pcr- 
for111s random 21< I/Os using the Ot..iclc Par.~llcl 
Scl.\,cr. Sm,lll, r w d o m  I/O transfers ~ r c  111~1cll Inorc 
ilifticulr t o  perform tli'zn I ~ r g c ,  s c c l t ~ u ~ t i ~ l  t r ,~t~sfers .  
licc,~usc tlic bIEMORk' (:HhYKEl, intcrconncct no t  
onl\r 1laa s~lfficicnt band\\.idth for TI'(: <; bttt nlso pro- 
\,ides csccllcnt I<itcnc!. (Icss th,in 5 microscconris),, \\,c 
nrc ~ b l c  t o  1.cpol.t \ . c s \ ,~ooc i  scaling rcsi l l t~.  

In  tlie section 1'1'( ' <: Bcnclim,zrk, I\-c iiisittsscii t l i ~ t  
thc ttmc taken for a checkpoint imp,lcts the t l i l -o~~gl i -  
put .  'l'licrcforc, \\.e focitseci on impl.o\illg t l ~ c  cliccl<- 
poitlting time t o  increase the tpm(;  n ~ ~ m h c r .  Fit-st, 
\\.c tlscii a dcriicatctl PC1 bus o n  cacli notic fc)r the 
l ~ \ 4 O I Y  <:HANNEL intcrconnccc nnti t h ~ t s  
obt ,~incd ,I .5-pcrcct~t impro\ ,cmcnt  jn pcrfol-tn,incc 
dul-i11g clicckpointing. N e s t  \\,c illlplcmcntcci the 
Iliglil!, optimized "fastcop\," routine in 1)1<1), \\.tiich 
p . ~ l < s  riata on tlic 1'CI \~ .hcn  tr,insmittillg tliro~lgli the 
h~ll,:,ClORk' (:Hi\NSEJ_. interconnect. 

Performance Measurement Results 

I n  this section, \\.c prcscnt o u r  rcstllts for the 
T r ~ ~ C l ~ t s t c t .  configuration running the '1'1'( c' \\.orli- 
Io.lcl anil colilpnrc thcnl \\.it11 rcs~tlts fi-otil cornpctiti\ c 

\.cndors. Wc coniiuctcri tlic tcst o n  n dat.zb.isc \\,it11 
2,592 \\ ,nscho~lscs 'inil 25 ,920  emlll,ited users. Tlic 
datab'lsc \\.as ccl~t.ill!~ di\.iticd, \\.hiell means each node 
containcci 648 \ \ . ,~ rc I~o~tscs  ,lnd ser\,cd 6,480 cmlllntcd 
users. \\'e sIio\\. tlic initid c,lrdin:llit! o f  the tInt,th,lsc 
tnbles in l h b l c  2 .  'l 'hc c,zt-din,llit\, of t l ic  histor\,, order';, 
ne\\~-orilcr,  ,lniI osrlcr-litic t,il,lcs increased JS tlic test 
progrcsscd ~ n d  gcncl.,~tcti orders. We cond~lctci l  
tlie esperimcnr.~l I.uns for J minimum o f  1 6 0  min- 
utes." 1'11~ t ~ ~ e a s ~ ~ r c ~ n e ~ i t  oti tlic SLIT began ,ippt-oxi- 
matel!, 3 nlinlltcs ntkct- tlic sim~ll,itcd ~lsers  h'id bcgcltl 
esecuting tl.nns'1cttons. 71'1ic ~ n c , l s ~ ~ r c m e n t  period of 
1 2 0  nlinutcs, ho\\,c\,cr, s t ~ r t c d  after tlic SUT 'lttaincd a 
stead\, stntc iri nppso\irn,ltcly 3 0  niinutes. In ngrcc- 
mcnt  \\.it11 tlic '1'1'<:-<: specification, \\.c pcrforn~crl 
4 chccl<points ,lt 30-rni11~1tc intcr\.nls during the  mca- 
sitrement pcsioii 

011 the SI 'T ,  \ \ c  ~nc. is~~t-ct i  a masimitni t l i r o ~ l y l i p ~ ~ t  
o f  30 ,390 .65  tplii(:, \\.liicIi 111i\.ciIc~1 a record liigli 
i t 1  the  cornpetiti\.c nlat.l<ct for ilarabasc ,~pplic,ztiolls 
and U N I S  sct.\.crs. \l\'c I-cpcntcd tlic expel-imcnt once 

Table 2 
Initial Cardinality of t h e  Database Tables 

Warehouse 2,592 
District 25,920 
Customer 77,760,000 
History 77,760,000 
Order 77,760,000 
New order  23,328,000 
Order lines 777,547,308 
Stock 259,200,000 
Item 100,000 



~ n o r c  t o  ~ I ~ S L I I . ~  the ~.cj>l-od~lcibilir!, o f  the makimum 
rnc,lsurcil rp~nc: .  lligiral Eql~ ipmcnt  <:orpor,ltion .lnd 
Oracle (:orpor,ltion also p1.csc11t ,I pr~cc/pcrfor~nal icc 
ratio o f S 3 0 5  per tpm(:. 

111 Table .?, \\.c present the total o c c ~ ~ r r c ~ i c c s  of  each 
trans,lctioli t\.pc <~nci  tllc pcl.ccntagc t~. . i~lsact io~i  mix 
~lsecl t o  gelielxrc the tra~isactions in c .~ch  test run .  Wc 
comp,lre tlic pcrccntagc transaction mix in Tablc 1 
,lnii T,lblc .?, ,111~1 ol>scr\ c that o u r  mcasltrcmcnts are in 
Jgrccmcnr \\.it11 r l ~ c  '1'1'(:-(: spccitication. LVc present 
the 9 0 t h  pcrccntilc rcspo~isc timc nlcasured for each 
tr.~ns.iction t!.pc in T ~ h l c  4 .  -I-lie 9 0 t h  percentile 
rcsl>onsc timc \\.c rnc,~surcii is \\.ell belo\\, the '1'1'(:-(: 
spcc~tic.ition rccluircmcnt (compClrc Tablc 1 and T ~ b l c  
4 ) .  In T ~ b l c  5, 1i.c pl.cscnt the m i n i m i ~ m ,  ,l\.cr,lge, and 
rn,ixirnl~ln kc\ring ,ind think times. Ag'lin, \ire colnpl!. 
\\,it11 the 1'1'(:-(; spcc~t ic , i t~o~i  ( c o ~ n p n r c  ?',iblc 1 'lnd 
T~lI.>Ic 5 ) .  

No\\ ,  \\'e C O I I I I ~ , I ~ C  tllc mnsimuln t l i rougl ip~l t  
.icliic\~cd on the All)li ,~Sc~.\~cr 8 4 0 0  5 /350  four-node 
Tru( : l~~s tc r  configuration \\,it11 r c s ~ ~ l t s  fro111 Tandem 

Table 3 
Measured Total Occurrences of Each Transaction Type 
and Percentage Transaction Mix 

Transaction 
TY pe  

New order 
Payment 
Order status 
Delivery 
Stock level 

Total 
Occurrences 
- 

3,645,228 
3,540,l 19 

336,255 
337,423 
337,730 

Table 4 
Measured 90th Percentile Response Time 

Percentage 
in Mix 

Transaction 
TY Pe 

90th Percentile 
Response Time 

New order 
Payment 
Order status 
Delivery (interactive) 
Delivery (deferred) 
Stock level 

Table 5 
Measured KeyingIThink Times 

Transaction Minimum Average Maximum 
Type (Seconds) (Seconds) (Seconds) 
- - 

New order  18.010.00 18.111 2.2 18.81188.1 
Payment 3.0/0.00 3.1112.1 3.71201.4 
Order status 2.010.00 2.1110.1 2.711 25.6 
Delivery 2.0/0.00 2.115.2 2.7174.9 
Stock level 2.010.00 2.115.2 2.7162.7 

C o m p u t w  and from Hc\\,lctt-I',lck~rd <:ornp,in\, 
(HP).'. T h e  Tandem nonstop Hirnaln\ra I<10000-1 1 2  
112-node  c l ~ ~ s t e r  rcpo~.tcd 20,') 18 .03  tprn(: ,lt $1,532 
per tpniC.  O b s c r \ ~  t l i ~ t  I)isit.ll's ~ n c ~ ~ s u r c i l  tpm(: 
are 4 5  percent liighcr tli,ln '1-.lniic~n's, .11id lligir.~l's 
p r i c c / p c ~ - f b r ~ n ~ ~ ~ c c  is 2 0  pcl.cclit o f  'l'nl~cicm's cost.  
I n  F i g w e  9, \\,e comp,lrc Digitcll's pcrforrn,~~lcc \ \  1t11 
HP's. :The HP 9 0 0 0  EPS.30 (;/S 4S-(:l'C: f o n ~ - - ~ ~ o d c  
clustel- s!.stcm using the Or.lclc l'.l~.,lllcl Scl-\.cr Ornclc7 
\.ersion 7.3 rcportcti 17,820.50 tpm<: at  S396.l' 
Again, obser\.c that the tl>m(: \\,c 111ensi11~eci 011 

Digital's ?'rirCIustcr configur,itio~i ,ire .59 percent 
l~iglier than HP's .it 77 pcrcelit o f  the cost. 

Conclusion and Future Work 

In this p'ipcr, \\.c discusscti thc pc1.ti)rm3ncc c\.Lll~l.ition 
o f  l)igital's T ~ - ~ ~ C l u s t c r  m ~ ~ l t i c o m p ~ ~ t c ~ - -  s\,stcm, spccifi- 
call? the iVph,~Scr\,cr 8400 5/350  32-(:I'U, ti)111.- 
 lode clustcr s\,stcm, under tllc .1'1'(:-(: \\,orl<loaii 
For  complctcncss, \\!c g,i\,c all o\,cl.\ric\\ o f . f r ~ ~ ( : l ~ ~ s t c r  
clustering technology and the F1'l'<:-(: bcncli~n,lrk. \/Vc 
discussed t ~ u i i n g  strategics that toolc ,ld\,,lntagc o f  
TruCluster t c c l i n o l o ~ p  I->i.at~~rcs lilic tlic ~Ml~,blOl<Y 
C H A N N E L  interconnect,  the 1)1<1), ,11111 tlic 1)1,1\/1. 
We tuned mcmor!, t o  use Vl,h/l f i ~  the d,~t,~b.isc c,lclic 
and made mcr-nory nl loc~tion tr.lcic-off5 for I l l  .A4 locks 
t o  rcducc proccssor stalls anti inipl-o\.c caclic lilt ratios. 

O n e  common concern is pcrfo~.m.l~icc scal.thilit\~ o f  
c111ster S \ ~ S ~ ~ I I I S ,  that is, incrcliiclirnl pcr t i )~ .~n ,~ncc  
gro\r.th \\.it11 the s i ~ c  of  the cluster. 111 Fig~1l.c 8 ,  \\-c 
slio\\,ed the m c n s ~ ~ r c d  pcrformnucc o f ~ n  SA11' scr\,cr, 
botli \\.it11 and \\,ithour the Or,lclc I'.lrL~llcl Sc~.\.cr, ,lnd 
cluster conf ig~~mt ions  \\,it11 t\\.o, tli~.cc,  lid fo111- SICII' 
ser\.ers. \lVe cdo not  scc linc,lr \c.~lilig h c c ~ i ~ s c  the ( l r ~ c l c  
Pal-allcl Scl-\.cr imposes ,I s j g ~ i i f c a ~ l t  ,lrnount ofo\ .cr-  
head on e,lcIi c l ~ ~ s t c r  11odc. This o\.crlic.lri cqn.ltcs t o  
.~pprosimntel\,  ,l 23-pcrccnt rcril~ction in rp~n(:  o n  a 
per nodc  bnsis. Ho\\.c\.cl., it is i~nport.lnt t o  ~ i o t c  t h ~ r  
due  t o  tllc time constraints ofobtainin!g :-,~~~ciitcri results 
fo r  t l ~ c  product announcelnrnt ,  the tcsting tc,lm 
unable t o  fi~lly time the scr\.cr ,lnd sut~~l.,ltc tlic S C I . \ . C ~  

CPUs. In f i ~ t ~ ~ t - e  tcsting, ,~dciition.ll pcrf i )r l l i~~icc t ~ ~ n i l i g  
is planned to f ~ ~ r t h e r  optimize scr\.c~. ~ > c r f i ) r m ~ i ~ ~ c c .  

T h e  performance testing o f  the T r ~ ~ ( : l u s t c r  m d t i -  
co1npLltel. systclii \\,,IS til1ie-colis~11iii11g ,111ti cxpcnsi\,c. 
Thus ,  ans\vcring "\ \~hat  if" i l ~ ~ c s t i o n s  ~-cg,il.cling s i ~ i n g  
and tuning o f  varying c l~~s tc l .  co~l t ig~ l~ . , l t io~ is  I I I I C ~ C I .  ~ i i f -  
ferent \\~orldoads using Iilc,lsurcmcnts is an cxl>cnsi\rc 
(\\,it11 respect t o  monc!, allti tilnc) t~slc .  '1'0 ,ltlcil-css this 
problem, \rrc arc clc\'eloping .In ~nnlytic,ll pcrform:lncc 
cluster model ti)r c,ipacir!, p l ~ n n i n g  ,111d t ~ ~ n i n ! g . ' "  T h e  
model \ \ r i l l  PI-edict the pcrfor~nancc o f  c l ~ ~ s t c r  con-  
tigurntions (r&l~nging from t\\ ,o t o  eight mcmbcrs)  
\ ~ , i t h  \.arying \i.orltloads unri c\.htcm p,lr,lmctcrs ( to r  
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Figure 9 
<:omp~rison of  Tl'C-C Rcsillts 

cs;i~nplc, memory size, storage size, and (;1'U po\\,er). 
We \\.ill itnplemcnt this ~ n o d c l  i l l  Visual C++ t o  
dc\,clop a capacity pla111u11g tool.  
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Performance Analysis 
Using Very Large 
Memory on the 64-bit 
AlphaServer System 

Optimization techniques have been used to 
deploy very large memory (VLM) database tech- 
nology on Digital's AlphaServer 8400 multi- 
processor system. VLM improves the use of 
hardware and software caches, main memory, 
the I10 subsystems, and the Alpha 21164 micro- 
processor itself, which in turn causes fewer 
processor stalls and provides faster locking. 
Digital's 64-bit AlphaServer 8400 system running 
database software from a leading vendor has 
achieved the highest TPC-C results to date, an 
increased throughput due to increased database 
cache size, and an improved scaling with sym- 
metric multiprocessing systems. 

I 
Tareef S. Ibwaf 
D. John S11,akshober 
David C. Stanley 

Digital's AlpliaSer\.cr 8 4 0 0  enterprise-class ser\,cr com- 
bines a 2-gignb\rtc-per-scco~id (GB/s) rnultiproccssor 
LXIS \\,ith the latcst rllpha 2 1 1 6 4  64-bit ~nicroproccssor.' 
Benvecn October  and llcceni bcr 1995, an XlpliaScr\.cr 
8 4 0 0  m~~lt iproccssor  ~ ! ~ s t e ~ i i  running the 64-bi t  Digital 
UNIX operating s!.stcm acliic\.cd iulprecedented results 
o n  the Transaction Processing l'crformance Council's 
TPC-C bc~iclimark, surp;lssing all otlier single-node 
~-esults by n filcto~. o f  ncnl-l!, 2 .  As oFSeptemhcr 1996 ,  
only one  otlicr complltcr \vendor has C O I I I ~  \ \ i t l i i~i  20 
percent o f  the Alpl~aScr\rcr 8 4 0 0  s!lstem's TP(:-(: 
results. 

A mcmor!, size o f  2 GI3 o r  more,  kno\i-n as vcr!, 
large mcllior!r (\'1,k,l), \\-as essential t o  achieving thcsc 
results.  most 32-bi t  UNlS s!,stcms can use 3 1  bits 
for virtual ndcircss space, Ic~\ . i~ig.  1 bit t o  differcntintc 
ben\.ccn s!,stcrn nntl uscr spacc, \\,liich crcatcs d i m -  
culries \\.lien at tempting t o  address more  tlian 2 GR 
o f  menlor!! (\\.licthcr virru.1I o r  pliysicnl). 

In contrast, 1>isital7s Alpha niicroprocessors and the 
Digital UNIS opcrating systcm have implenicntcd 
a 64-bi t  \.irtual address spacc that  is four billion times 
larger tlian 32-bi t  systems. Toclay's Alpha chips arc 
capaL>lc ofnddrcssi~ig 43 bits o f  physical memory. T l ~ c  
NpIiaScl.vcr 8 4 0 0  ~ \ ~ s t c ~ i i  supports as Inany as S physi- 
cal modules, each o f  \\.liicl.i can contain 2 CPUs o r  
as much ,IS 2 GR o f ~ n c ~ n o r y . ?  Using these limits, data- 
base applic;ltions tend to acliic\+e peak performance 
using 8 t o  1 0  CI'Us and as m i ~ c l i  as 8 (;B o f  11iemo1-y. 

T h e  csnmplcs in this pnpcr , ~ r c  dra\\.n priniaril!. horn 
the optimization of a state-of-the-;lrt datlihase appli- 
cation on AlphaScr\acr s\.stcms; siniilar technical con-  
siileratio~ls appl!, t o  a n y  datab,~se running in a n  Alpli,i 
en\.ironlncnt. As of Scptcmbcr 1996, three of the 
foremost datnbasc co~npanics  have estendcd their 
products to exploit Digital's 6 4 -  bit Alpha en\,irou- 
ment ,  nnlncly Oraclc < h - p o r a t i o n ,  Sybase, Inc.,  and 
I i l fo r~nis  Sohvarc ,  Inc. 

T h e  sections tlint folio\\. clcscriLx the TPC-C \\.or!-- 
load and discilss t \ \ u  d.lt.ib,lsc optiniizatio~ls tlint arc 
~ ~ s e f i ~ l  rega~.dlcss o f  mclnol-\, size: loclii~ig intrillsics 
and OM instruction-cazhc packing. (OM is a post- 
link time optimizer a\.ail;ible o n  the  Digital U N I S  
operating s!,stcm.)' V1.M cspcrimcntal data is then 
presented in thc section V1.M R e s ~ ~ l t s .  



TPC-C Benchmark 

7 - .I. lie TPC-C bcncIi~-nark \\,as designed to  mimic com- 
ples on-linc transaction proccssing (OLTP) as speci- 
fied by the Tra~lsaction Processing Performance 
Council.' The TPC-(: ~rorkload depicts the activity of  
a generic \vliolesale supplier conipany. Tlie company 
consists of n nurnbcr of distributed sales districts and 
associated \\rarcho~~ses. Each \ \~a rcho~~se  has 10 districts. 
Each district ser\jiccs 3,000 customer rccluests. Each 
\\~arcliol~se maintains a stock of 100,000 items sold by 
tlie company. The database is scaled according to 
thro~~glipil t  (that is, higher transaction rates Lue larger 
databases). Customers call thc company to  placc ne\v 
orders or request the status of an esisting ordcr. 

Method 
The benchmark consists of five co~nples  trans? ' L~IOI IS  - ' 
that access nine different tables.'Thc fivc transactions 
arc \vcightcd as ti)llo\\s: 

1. Fortythree percent-A ne\v-order transaction 
places an order (an average of 10 lines) fi-om a \\,arc- 
house through a single databasc transactlon and 
~ ~ p d a t c s  the corresponding stock level for each item. 
In  99 percent of the ne\\/-ordcr tr.ins'ictions, the 
supplving \\larehouse is the locd  ar arc house and only 
1 percent of tlic accesscs arc to a rernotc \\larehouse. 

2. For?-thrcc percent-A paylnent transaction 
processes a payrncnt for a customer, updates the cus- 
tomer's balance, and rctlccts the payment in thc 
district and warehouse sales statistics. Tlie customer 
rcsident \\larehouse is thc honle \ \ la re l~o~~se  S5 per- 
cent of tlic tinie and is the rernotc \\,arehouse 
15 pcrccnt of tlie time. 

3. Four percent-An order-status tra~isaction returns 
the s t a t ~ ~ s  ofa custo~iicr ordcr. The customer order is 
selectcd 60 pcrcent of the time by the last name and 
40 pcrccnt of the time by an identification number. 

4. Four percent-A deli\rcr!l transaction proccsses 
orders corresponding to 10 pcnding orders for each 
district \vitIi 10 items per order. The corresponding 
entry in the ne\v-order table is also deletcd. The 
delivery transaction is intcnded to  bc executed in 
clefcrrcd niodc through a clueuing mcclianisni. 
Tlicre is n o  terminal rcsponse for completion. 

5. Four percent-A stocl<-le\,cl transaction examines 
the cluaitity ofstock for thc itcms ordered by each 
of the last 20 orders in a district and determines tlie 
itenis that have a stock level below a specitied 
thresliold. This is :I read-only transaction. 

The TPC-(: spccifi cation requires a response time 
that is less than or  equal to 5 scconds for the 90th  
percentile of all but the deli\rcry transaction, \\lfiich 
milst complete within 20  seconds. 

In acidition, thc TPC-C specifcation recluires that 
a completc checkpoint of thc database be done. A 
checkpoint flushes all transactions committed to the 
database froni the database cache (memory) to n o n -  
\ ~ i a t i l e  storage in less than 30 m i n ~ ~ t e s .  This impor- 
tant rcquire~ilent is onc of tlie 1iic)rc diffici~lt parts 
to tune for systems \\,it11 VLM." 

Results 
Table 1 gives the highest single-node TPC-C results 
pitblished by the 'Transaction Processing l'erformance 
Council as of Scptcmbcr 1,1996.'  

For a complete TPC-C run, a remote terniinal 
emulator must be used to  simulate users ~iialting trans- 
actions. For performance optin~ization purposes, ho\v- 
ever, it is convenient to use a back-c~ ld -o~~ly  version 
of the bcnchmarlc in .i\,Iiicli tlie clicnts rcside on tlie 
server. The transactions per minute (tpni) dcrivcd in 
this en\rironrnent arc called back-end tpni in Table 2 
anci cannot be co~iiparccl to the results of auditcd runs 
(such as those given in Tahle 1 ) .  Ho\\,e\rer, \vlien a per- 
formance impro\wnent is made to the back-end-only 
environment, pcrforrnance i m p r o v c ~ ~ ~ e n t s  arc clearly 
seen in the hll environment. 

Tuning for the s!lsteni is iterative. For eacli data 
point collected, clients wcrc acldcd to try to saturate 
the server; then the amount of n ic~nory was \~aried for 
the database cacl~e. A trade-of'fbet\\~ccn database mem- 
ory, system througliput, a i d  checkpoint performance 
required us to  tune eacli data point individuall!~. The  
system \\!as configured n~itli a sufficient nunibcr of 
disk drives and I/(> controllers to  ensure that it \\.as 
100-percent CPU saturated ancl never 1/0 limited. 
Tlie experi~iients reported in this p,lpcr usc database 
sizes of approsimately 100 Gl3, spread over 172 RZ29 
spincues and 7 I(ZI'SA adapter/HS7AO controller pairs, 
with each HSZ40 controller ~ ~ s i ~ i g  5 small computer 
systems interface (SCSI) buses. 

Tuning Specific to Alpha 

UNIX databases on Di~ital 's  Alpha s);stems \\]ere first 
ported in 1992. For database companies to filly use 
the power ofAlp1ia's 64-bit address space, each data- 
base vendor had to espand the scope of its normal 
32-bit arcliitect~~re to make use o f  64-bit pointers. 
7 7 I lius, each database could then address niore than 
2 GI3 of  physical lnemory \ \ j i t l io~~t a\\,l<\\,ard code seg- 
ments or  other manipulations to the operating system 
to extend physical address space. 
Ry 1994, most vendors of large databases ulcre offer- 

ing 64-bit versions of their databases for Digital's Alpha 
environment. As a group chartered to rncasurc databasc 
perforniance on Alpha syste~iis, Digital's Computer 
Systems Division (CSD) l'erforniance Group \\lorkcd 
with each database vendor and with the Digital System 
Pet-forniance Expertise Center to  impro\rc pcrformalice. 
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Table 1 
TPC-C Results 

Price1 Number 
System Throughput Performance o f  CPUs Date 

Alphaserver 8400 51350, 14,227 tpmC 8269ltpmC 10 May 1996 
Oracle Rdb7 V7.0, OpenVMS V7.0 

Alphaserver 8400 51350, 14,176 tpmC 81 98ltpmC 10 May 1996 
Sybase SQL Server 11 .O, Digital UIVIX, 
iTi Tuxedo 

Alphaserver 8400 51350, 13,646.17 tpmC 
lnformix V7.21, Digital UNIX, iTi Tuxedo 

Sun Ultra Enterprise 5000, 11,465.93 tpmC 
Sybase SQL Server V 1 1.0.2 

Alphaserver 8400 51350, 1 1,456.13 tpmC 
Oracle7, Digital UNIX, iTi Tuxedo 

Alphaserver 8400 51300, 11,014.10 tpmC 
Sybase SQL Server 11 .O, Digital UNIX, 
iTi Tuxedo 

Alphaserver 8400 51300, 9,414.06 tpmC 
Oracle7, Digital UNIX, iTi Tuxedo 

SGI CHALLENGE XL Server, 6.31 3.78 tpmC 
INFORMIX-OnLine V7.1, IRIX, IMC Tuxedo 

HP 9000 Corporate Business Server, 5,621 .OO tprnC 
Sybase SQL Server 1 1, 
HP-UX, IMC Tuxedo 

HP 9000 Corporate Business Server, 
Oracle7, HP-UX, IMC Tuxedo 

Sun SPARCcenter 2OOOE 
Oracle7, Solaris, Tuxedo 

Sun SPARCcenter ZOOOE, 
INFORMIX-OnLine 7.1, 
Solaris, Tuxedo 

IBlVl RSl6000 PowerPC R30, 
DB2 for  AIX, AIX, IMC Tuxedo 

IBM RS16000 PowerPC J30, 
DB2 for  AIX, AIX, IMC Tuxedo 

5,369.68 tpmC 

5,124.21 tpmC 

3,534.20 tpmC 

March 1996 

April 1996 

December 1995 

December 1995 

October 1995 

November 1995 

May 1995 

May 1995 

April 1996 

July 1995 

June 1995 

June 1995 

Table 2 
Amount o f  Memory versus Back-end tpm, Database-cache Miss Rate, and lnstructions per Transaction 

Database 
Memory 
(G B) 

Back-end 
(Normalized 
tpm) 

Relative 
Database-cache 
Miss (Percentage) 

Relative 
Instructions per 
Transaction 

'I'\\,o optimizations generally realixcd 20 percent gains 
o n  Alpha systc~iis.' These \irere 

1. Opr i~niznt ion ofspinlock primitives supported no\\. 
b!, 1)E<: C co~npi lcr  i~ltr i l isics 

2. OM profile-based link optimization, \ \ ~ l ~ i c l i  per- 
forms instruction-cache packing during thc final 
l ink o f  the database 

In addition, the Digital UNIS operating systcol 
version 3.2 and highcr \.ersio~is h a i r  op t i~n ized I /O 
code paths and support ad\.;lncecl processor affinity 
and other scheduling algor i t l~ms that have been opt i -  
mized for cntclprisc-class commercial performance. 
W i t h  tlicsc optimizations, dat~base performance o n  
Digital's Alpha systcms has bccn significantl! inipro\.cd. 
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Lock Optimization 
L,ocl<s arc ~rscd on niultiproccssor sysrcnls to synchro- 
~ i i ~ c  atomic acccss to shared ciara. A loclt is cithcr 
~ ~ ~ l o \ \ ~ ~ i e c i  (clear) or o\\.ncd (set). A lie\' design dccisio~i 
Ic,~tii~ig to good ni~rltiprocessor pcrfbl-~nancc ancl scal- 
ing is partitioning tlie shared dara and nssoci;ltcd loclts. 
The discussion of lie\\. to partition ci~t.1 ,ind nssociatcd 
locks to ~ninimizc contention and the number of loclts 
I-ccluircd is beyond the scope ofthis paper. 

The implcmcntatio~i of  locks requires an i~tornic 
test-and-set operation. O n  a particular system, the 
iml'lc~iicntatio~i of the lock is dependent on the primi- 
ri1.c test-and-set capabilities pro\ridcd by the hard\\~arc. 

L,oclts arc used to s!,nclironi~e atoniic access to 
sh;l~.cJ data. A shared data clement t1i;lt r.cquires 
,~tomic acccss is associated \\,it11 ,I lock that must be 
accluircd anci held \\~llile tlie d ~ t ~  is moditiccl. O n  mul- 
tiprocessing systems, locks arc ~rscd to synchronize 
~ t o ~ i i i c  acccss to sl~arcd datd. A scqucncc of cocic that 
,lcccsscs sliarcci data protected by a lock is called a crit- 
ical scction. A critical section begins \\!it11 the accluisi- 
tion of a lock and ends \vith the I-clcasc of tliat lock. 
Although it is possible to ha\.e nested critical sections 
\\,here multiple loclts are acquired and released, tlie 
discussion in this section is limited to a critical scction 
\\.it11 a siriglc lock. 

'I'o pro\.idc atomic access to sIia1.cc1 data, the critical 
scction running on a gi\.en processor locks tlic data b!! 
nccl~riri~ig tlie lock associated \~~ i t l i  the shnrcci dara. In 
rlic simplest case, ifa second proccssor trics to acquire 
acccss to sliarecl dara that is already locked, tlie second 
proccssor loops and continually retries the access 
(spins) i~ntil the processor owning the lock releases it. 
In  a complcs casc, if a second processor trics to acquire 
acccss to shared data that is already locked, the second 
proccssor loops a fe\v times and then, if the lock is still 
o\\rncJ by another proccssor, p i~ts  itself into a   la it 
st,lte until tlic processor o\\,ning tlic lock ~*clcascs it. 

The Alpha Architecture Reference Manila1 spccjfies 
that " .  . . tlic order of reads and \\,rites done in an Alplia 
ilnplc1nentatio11 ma!, differ from that specified b!. thc 
progr~~i i l i iu ."VThereforc ,  process coordination 
requires a special test-and-set operatio11 th;~t  is imple- 
mcntcci througli the load-loclted/storc-conditional 
instruction sequence. To pro\,idc good performance 
and scaling on multiprocessor Alpha systems, it is 
ilnl'ortnnt to  optimize the test-and-set operation to 
minimize latency. The test-and-set opcr,ltion can be 
optimized by tlie follo\ving mctliods: 

Use an in-lined load-locltcd/storcCco~iclitional 
stquaice through an embedded asscmblcr or  c o ~ n -  
pilcr intrinsics. 

Preload a lock using a simple load opcration prior 
to a load-locked operation. 

If a lock is held, spin o n  a simple load instructio~i 
rather than a load-locked instl-uction sequence. 

The basic hard\\,nrc birilrii~ig block used to  irnplc- 
nient tlie acquisition of a lock is the test-and-set 
operdtion. On miany microprocessors, an atomic tcst- 
and-set operation is pro\ridcd as '1 single instructio~i. 
011 an Alpha microproccssor, the test-and-set opcra- 
tion needs to be built out  of load-loclicd (LDs-L) and 
store-conditional (STs-C) instructions. The 1,l)s-L 
. . . STs-C instructions allo\v the Alpha microproccssor 
to pro\.ide a multiprocessor-safc method to implcmcnt 
the test-and-set operation \\.it11 minimal restrictions o n  
read and \\.rite ordering. The load-locked operation 
sets a locked flag o n  the cache block containing the 
data item. The storc-conditio~~al operation cnsurcs 
that no other proccssor has modified the c,lclie block 
before it stores the clata. If n o  other processor lins 
niodif ed tlie caclic block, tlie store-co~~dition'~l opcrn- 
tion is s~rccessfi~l ancl tlic darn is \\.t-ittcn to rnemor!l. If 
another processor has modified the cache bloclc, the 
store-co~iditional opcration hils, and the data is not  
written to  memory. Optimizing the test-and-set 
sequence on  Alplia systems is a complex task that pro- 
vides signif cant pcrfi)rn~ancc gains. 

Figure I slio\\,s codc scqucnces that Digital's CSI) 
I'erformancc Group has gi\.cn t o  ciatabase \renders to  
in1pro1.e Iocl<ing ilitri~isics in the Alpha en\ , jron~iic~lt .  
These code sequences can be used to implement spin- 
locks in the Dl<(: C colilpiler on the Digital VNIS 
operating system. 

Using OM Feedback 
As previously mentioned, OIM is a post-link time opti- 
mizer available o n  tlic Digital UNIS operating system. 
I t  perfonns optimizations such as compression of 
addressing instructions ilnd dead code elimination 
through the ~ s c  of feedback. The performance 
inipro\,crncnt pro\icicd by OIM on Alpha 21 164 
systems is dramatic for the fi)llo\\,ing n\.o reasol~s .~  

The 2 1 164 microproccsso~- has an 8- kilob!,tc ( I < R )  
direct-mapped instruction cache, \~.hicli mukcs 
codc pl;lcc~ncnt cstrcmcl! important. 111 a di~.cct- 
mapped caclic, the codc la\.out and l i ~ ~ l t i l ~ g  order 
maps onc for one  to its placc~iicnt in cache. Thus 
a poorly chosen instruction stream layout o r  sim- 
ply i~n l i~cky  code pl;lccmcnt within librq ‘tles -' can 
alter pu ' f rmancc by 10 to  2 0  percent. Routines 
arc frcqucntl!l page aligned, \vhich can increase 
the liltelillood of c.~cIie collisions. 

The l ~ i g l ~  cloclt r ~ t c  of tlie Alplia 21  164 micro- 
processor (300 to 500 ~negaher tz  [ M H z ] )  
recl~ircs a caclic Ilic~.arcl~!~ to attempt to keep thc 
CPU p i p c l i ~ i c ~ l l c d .  The penaln of a first-lc\.cl 
cache ~iiiss is 5 to 9 C!TICS, \\,hich Incans tliat .In 
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//TEST-AND-SET 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 .  The 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  and, 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 O .  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 .  
/ / 
/ / 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 :  
/ /  0  - f a i l u r e  ( s p i n l o c k  was 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 )  
/ /  1  - s u c c e s s  ( s p i n l o c k  was c l e a r ;  now s e t )  
/ /  2 - f a i l u r e  ( s p i n l o c k  was 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 )  
/ /  3 - f a i l u r e  ( s p i n l o c k  was s e t ;  s t i l l  s e t )  
/ / 
# d e f i n e  TEST-AND-SET ( s p i n l o c k - a d d r e s s )  asm( " L d l - 1  $ 0 , ( $ 1 6 ) ;  " 

" o  r $0,1,$1; " 
" s t  1-c $1 , ($16) ;  " 
" s t 1  $0,1,$0; " 
" o r  $0,$1,$0 ", 
( s p i n l o c k - a d d r e s s ) ) ;  

/ /  BASIC-SPINLOCK-ACQUIRE 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  
/ /  t h e  s p i n l o c k  i s  a l r e a d y  owned 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  
/ /  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  
/ /  s p i n l o c k  i s  a c q u i r e d .  
/ / 
# 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 1 o c k ~ a d d r e s s )  
C Long s t a t u s  = 0; \ 

\ 
w h i l e  ( 1 )  \ 
C \ 

i f  ( * ( s p i n l o c k - a d d r e s s )  = =  0 )  \ 
C \ 

s t a t u s  = TEST-AND-SET ( s p i n l o c k - a d d r e s s ) ;  \ 
i f  ( s t a t u s  = =  1 )  \ 

C \ 
MB; \ 

b r e a k ;  \ 
\ 
\ 
\ 

1 

Figure 1 
(:ode Scclucnccs for 1,ocl;ing Intrinsics 

instruction-caclic miss rntc OF 10 t o  12  pcrcclir can 
ct'fccti\~cl!~ stall the <:i'U 70 t o  80 I>crccnt o f  tlic 
time. Co~i\,ersel!,, dccl.c,lsi~lg tlie miss ratc b!! 
2 pcrccnt can increase t l i r o ~ l g h p ~ l t  17!7 10 percent .  

Oh4 performs prof  lc-b,iscd optimization. A pro- 
gram is first partitioned into b,~sic blocks ( tha t  is, 
regions containing only o n e  entrance and o n e  exit), 
;lnd instrunie~ltation codc is adiicd to count  the n u m -  
hcr of times each block is csccutcd. T h e  i n s t r u ~ ~ i c ~ i t c d  
icrsion o f  the  program is ruli to create a feedback file 
that  contains a profile o f  basic block counts. OM tlicn 
i~scs  t11c fi'cdback to l-c;lrl-a1igc tllc hlocks in an optimal 
\\.a!* fc)r the frst-levcl cachcs o n  the Alpha chip. Tllc 
details o f  t l ~ c  proccdurc for ~ l s i n g  Oh4 may hc f o u ~ l d  
in the Inanpage for cc o n  the 1)igiral U N I S  operating 
~ ! ~ s t c ~ i i  but  can be sum~n,irizcd as k)llo\\rs: 

13~1ilJ csccutablc \\,it11 -11o1i-sliarcd -om options, 
pl.oiinci~ig prog. 

Usc pixie to  p r o d ~ ~ c e  prog.pisic ( t h e  instrumcntcd 
cscc~~rn l ) le )  .uid prog.Atici~.s (adcircsscs). 

I<un ~-"'og,pixic t o  pl.oducc prog.(:ounts, \\rhich 
records the basic blocli counts. 

No\\. build prog again \\,it11 -lion-shared -om -WL, 
o m - i r c o r ~ f e e d b a c k .  

VLM Results 

Fisurc 2 slio\\.s tlie incre,isc in tlirougliput realized 
\\.hen using \'LM. N o t e  that  t l i r o ~ ~ g l i p u t  ncal-I!. d o u -  
bles ns the ,imount o f  mcmor!- allocated t o  the  data- 
hnsc cac l~c  is varied from 1 GI< t o  G (;I{. O f  course, the 
o\,crall ~ ! ~ s t c ~ n  reqi~ircs  aciditional mcliior!r L>e!,oncl 
rlic d.it~L>,lsc cadle  t o  run  LJNIS itself and  otlicr 

\fol. S No.  3 1996 



DATABASE CACHE SIZE IN GB 

Figure 2 
Uatahc~sc Cnclie Sizc \Jessus T ~ I - o u g l i p u t  

processes. For  examplc, an 8-GI? system allows 6.6 GR 
t o  be used for tlie databasc c ~ c h e .  

Performance Analysis 
Why docs thc use o f  VLLM impro \~c  pcrformancc by a 
factor o f  nearly 21 Using statistics within the database, 
we measured the database-cache hit ratio as memory  
was added.  Figure 3 s l ~ o w s  the  direct correlation 
bcnvccn lnorc mclnory and dccrcascd database-cache 
misses: as Inemor!! is added,  the  database-cache miss 
ratc dcclincs from 1 2  pcrccnt t o  5 pcrccnt. This  raises 
hvo more c1i1cstions: ( 1 )  Why docs t h e  database-cache 
miss rate r e m ~ i n  at  5 percent? and (2 )  Why does a 
small chdnge in database-cache miss rates iniprove the 
throughput  so  greatly? 

T h e  answer t o  tlie first cluestion is that \vitli a data- 
base size o f  more  than 1 0 0  GB, it is no t  possible t o  
cache t11c cntirc databasc. T h e  cache improves the 
transactions that are I-cad-intensive, bu t  it does no t  
entirely eliminate 1/0 contention. 

01  
1 2 3 4 5 6 

MEMORY IN GB 

KEY: - BUS UTILIZATION 
H B-CACHE MISS RATE 
M I-CACHE MlSS RATE 
W DATABASE CACHE MlSS RATE 

Figure 3 
Cache A/Iiss Ritcs and Bus Utilization 

To ansnrcr tlic second question, \\re need t o  look at 
the AlpIiaServer 8 4 0 0  s!!stem's hard\\rare counters that 
measure instructio~i-cache (I-caclie) miss rate, hoard- 
cache (B-caclic) miss rate, ancl the band\vidtli used o n  
the multiprocessor bus. Wit11 an increase in througlipi~t  
and niemolj! size, tlie VLIM system is spanning a larger 
data space, and the bus utilization increases horn 2 4  
pcrccnt t o  32 percent. Intuitively, one  might  tliinl< this 
\vould result in less opt i~nal  instr~~ct ion-and d ~ t ' l - s t ~ - e ~ r n  
locality, thus increasing both miss rates. As sho\\>n in 
Figure 3, this provcd true for instruction stream misses 
(I-cache miss rate) but  not  true for tlic data stream, as 
I-epresented by the B-cachc miss ratc. T h c  instruction 
stream rarely I-esi~lts in B-cache misses, so  B-cache 
misses can be attributed primarily to the dara stream. 

Performance analysis reqi~ires  careful esamination 
oft l ie  throughput  o f  the system under test. 'The appar- 
e n t  paradox just I-elated can be resolved i fwe  norm'li- 
ize the  statistics t o  the t l i rougl ipi~t  acliie\~ed. Figure 4 
s h o n ~ s  that tlie instruction-cache misses per transaction 
dcclincd slightly as tlic mclnory size \\[as increased fi-on1 
1 GB t o  6 GI?-and as t~-ansaction t h r o i ~ g h p ~ ~ t  do i~bled .  
Further~i iore,  the R-cache \\lorlts substant.ially better 
with more memory: misses declined by 2S o n  a pcr- 
transaction basis. M%!J is this so? 

Analysis o f  the  system monitor  data for each run 
indicates that bringing the dara into nlemory helped 
I-educe the 1 / 0  per second by 30 pel-cent. If the trans- 
action is forced t o  \trait for I/O operations, it  is d o n e  
as)!nchronously, and the databasc causes some o ther  
thread t o  begin cxccuting. Wi thout  VL,IM, 12  pel-cent 
o f  trarlsactions miss the database cache and thus stall 
for J/O activity. VVitIi VLM, only 5 percent o f  tlie 
transactions miss tlie database caclie, and tlie time t o  
perform each transaction is greatly reiluccd. Thus  each 
thread o r  process has a shorter transaction latency. T h e  
shorter  latency contributes t o  a 15-percent  reduction 
in system contes t  s\\~itch rates. We attribute the 
measured in ipro \~e~i ien t  in hard\\,are miss rates per 
transaction \ \ h e n  using VLbI t o  the improvement in 
contest  s\vitching. 

T h e  performance counters on the Alpha rnicro- 
processor \\/ere used t o  collect t h e  number  o f  instruc- 
tions issued and the n ~ r m b e r  of c!~cles." In  Table 2, 
the  relative i~is t ruct ions per transaction r e s ~ ~ l t s  are the 
ratios o f  instructions issued per second divided by tlie 
number  o f  ne\\i-order transactions. (113 TPC-C,  each 
transaction has a different code path and instruction 
count;  tlicrcfore the instructions per transaction 
a m o u n t  is n o t  tlie total number  o f  ne\\r-order trans- 
actions.) -The relative difference b c t \ v c c ~ ~  instl-uctions 
per transaction for 1 GB o f  d ~ t a b a s e  memory versus 
6 GB o f  database rneliiory is the  nieasurcd effect o f  
eliminating 3 0  percent o f  the I/O operations, satisfi- 
ing m o r e  transactions from main memory, reducing 
context switches, and reducing loci< contention. 
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Figure 4 
Normalized C,iclic Miss Rates and Rus Traffic 

Improved CPU Scaling- More Efficient Locking 
A final hcncfit of using VLM is i~nprovcd symmetric 
~nulti~woccssi~ig (Sh4P) scaling. Rccausc the .1'1'( :-(: 
workload has seireral transactions \\*it11 high ~-e;ld con- 
tent, lia\,ing thc data a\.ailable in mcmor!; rnthcr than 
o n  disk, allo\\,s an SIMP system to perform morc effi- 
cicntly. ~Morc requests call be scr\riccd that arc closer in 
c!,clcs to the (:PU. Data found in menlor\  is lcss than 
a microsecond a\\.a\., n.hereas cintn f o ~ ~ ~ l c l  o n  disk is 
o n  the order of milliseconds n\\.a!.. 

Wc lia\,c s l i o \ \ ~ ~  ho \ \  this s i t~~at ion impl-o\,cs t l ~ c  
ovcrall sy tcm throughput. In addition, it i~np~-ovcs 
SIMP scaling. Figure 5 shows the rclnti\rc scaling 
bcnvccn 2 CPUs and 8 CPUs \\fit11 o~ily 2 GI< ofsystc~n 
mcmory (1.5 GK of database cache) cornpal-cd to the 
same configurations having 8 GR of system memory 
(6.6 C;R ofclatabase cache). 

Wc used tlie performance countcrs on tllc Alpha 
2 1 164 ~nicroprocessor to monitor the nnmbcr of 
cycles spent o n  thc rncmor!, barrier instr~~cltion." 
Mcmor!. bal.riers are required for i~nplcmcnting 
mutual csc l~~sion in the Alpha processor. T'lic\. arc usccl 
h!. all locking primitives in the dat.tbasc nnd the opcrat- 
ing system. With VLhl at 8 GB of mcmor\r, \\.e nica- 
surcd n 20-percent decline in time spent i l l  the memory 
barrier i~istruction. Larger nicmory implied lcss con- 
tcntion for critical disk and 1 /0  clinnncl rcso~~~.ccs  and 
tl1~1s lcss time in thc memory barrier instruction. 

Conclusions 

01x11 systc~ii database vendors arc expanding into 
m;1infi3nic markets as open systcnis acquirc grckiter 
processing po\\.er, larger I/O subsystems, nnd the 
nbilit!? to deliver higher th roug l~p i~ t  at reasonable 
r c s~onsc  ti~ilcs. TO this end, Digitill's Alpli~Scr\.er 
8400 5/350 s!,stcrn using VT.M ciatnbnsc technolog!, 
I~as dc~nonstratcd substantial gains ill commercial 

0,5 0 L 
2 4 6 8 

NUMBER OF CPUs 

KEY: 

H NORMALIZED Ipm AT 2 GB -- NORMALIZED lpm AT 8 GB 

Figure 5 
CPU Scalins \.ct-si~s ~Vc~nory 

perfvrlnancc \\die11 compared to systems \\'itlio~lt the 
capability to use VtA4. Thc use o f u p  to 8 GI3 of mcm- 
ory helps increase system throughput by a factor of 2, 
e\Ien for dambascs that span 50  GR to  100 GK in size. 

The Digital AlpliaScr\,cr 8400 5/350 system com- 
bined \vith the 1)igital UNIS operating s!,stcm to 
address greater than 2 GR of n~cmory has made possi- 
ble impro\.ed TP(:-(: results from several vendors. In  
this paper, \\,c lha\.c slio\\.n ho\\  VLhI 

1nc1.eascd the thro~lghput b!, a factor of nearl!. 2 

I~icrcascd the d.it;~basc-cnchc hit ratios fro111 8 8  per- 
cent to 95 pacent  

By i~sing monitor tools designed for tlie Alpha plat- 
form, we 1ia\.c mcasurcd the effect of VLIM in issuing 
fewer instructions per tra~lsaction o n  the Alpha 21 164 
microprocessor. When transactions are satisfied by 
data that is alrcad!, in Incmor!; tlie CI'U has fe\\rer 
liard\\,are clachc misses, fc\\rcr mcmor!, barrier proccs- 
sor stalls, faster locking, anti bcttcr SMP scaling. 

Future Digitdl Alpl~aScr\.cr s!.srcms that \ \ . i l l  be 
capable of i~sing morc pl~!sical me~iiory nil1 bc able to 
h r the r  exploit V1.M database technolog.  The results 
of industry-standard bcucli~narks such as TI'<:-<':, 
\\.hicli force p~-oblc~n sizes to gro\v \\,it11 increased 
througliput, will continue to demonstrate thc realistic 
\~alue of statc-ofithe-art computer ' 1 I C  - -h '  ~tect~lres.  
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Collaboration 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 
Digital contains extensions to World Wide Web 
technology that facilitate collaboration on the 
Internet. The extensions consist of a toolkit 
and a set of collaboration applications. The 
toolkit components include a built-in data- 
base with an indexing and search capability. 
Generic applications include discussion, docu- 
ment sharing, and calendar applications and 
administrative functions for managing users, 
teams, and access control. 

I 
Dah Ming Cliiu 
David M. Griffui 

Building Collaboration 
Software for the Internet 

Tlic Internet and the World Wicic Web (WWW) 
lia\,e changed the scope of nen\,ork computing. As 
the Intcrnct i~scr  population has gro\\,n, so I~as thc 
demand for better to collaborate o n  the Intcmct. 
Some csamplcs include the ability to share and discuss 
issues o f  com~iion interest, coauthor i ioc~~ments ,  and 
track project st,~tus. Altliougli today's \V\VW is ideal 
for publishing inhrlnation, it rcquircs considerable 
customized programming to  support collaboration. 
The AltaVista F o r ~ ~ m  \.el-sion 2.0 proci~~ct is both a set 
of collnbor<~ti\,c applications anci a tooll<it (platform) 
that facilitates cas!,, efficient, 31ici rapid cic\~cIop1ii~11it of 
collabor;iti\.c applications for t l ~ c  Intcrnct for both 
UNIX and \Vindo\\,s NT s!.stems. 

Tn this ~ N ~ c I - ,  \ire describe our cspcricnccs in build- 
ing collaborario~i soh\.arc for the Intcr~lct .  Wc begin 
\\,ith a bricf tlisc~~ssion of \YWW tcchnolog!~ and 
groupc\farc applications. Then \\re present our clesign 
pllilosophy and the fiame\vorlc of the soft\\rarc and dis- 
cuss the applications supplied b!, AltaVista Forum. 
Follo\\'i~ig that, \\,e discuss the \,arious c~pcricnces 
gained in dc\.cloping soh\.arc for the nc\\. Internet 
paradigm. \.\k c o n c l ~ ~ d e  the paper b!* discussiug our 
plans for t i~turc dc\,clopnient efhrts .  

World Wide Web Technology 

Today's I~ltcrnct  \\.as originally a g o \ - c ~ - n m e n r - f ~ ~ ~ ~ d c d  
computcr nct\\.orl< that facilitated collnboration 
alnong ac..lclcnlic researchel-s. I~if?)rmarion cschange 
\\.,IS c~~iciuctcri  171, ~iic,ins of c l c~ t ro~ i i c  ~iiail (c-mail) 
and file trnnsfcr. O \ r r  t i ~ i ~ e ,  bullcti~l-board st\'lc 
discussions \\*ere supported by the Ncn\,ork Ne\\.s 
Transfer Protocol (NNTP),  \vhich propagated tcsrual 
discussion tlirc.~ds to a largc number of NNTP ~cr ' \~ers  
for \,ic\\~iiig. With tlic dc\~clopment of thc \?'WW tech- 
nology, collabornting over the Intcrnct has bcco~ne 
even casicr. 

Thc W W w  technology consists of the fi)llo\\.ing 
clemcnts: 

Universal resource locator (URL) ,  a con\.c~ition for 
inforniarion naming and linking 

Hypcrtcst niarliup language (H'T'MI.), 3 test-based 
language for i~iforniatio~i rendering 



H\,pcrtc\-t  Transfer I'rotocol (HTTI'),  ,i si~iiplc 
clic~it-scr\.cr protocol t o  transport j~ifornlat io~i  
associatccl \\.ith a UKL 
\Ycb bro\\sc~-, a program that  renders H T M L d o c u -  
mcnts, provides URL caching, and supports  a 
clirectory till- URLs 
VVcb scr\.cr, a ser\'er that  responds t o  rcclucsts for 
information ti-on1 the  Web bro\\~scrs 

Information Access 
\\I\YW tcclinolog!i lias tra~lsfo~.nicd the \vay users 
acccss inform'ition tlirougli col.iiputcr ncn\.orks. 
Access t o  information o n  the I ~ l t c r n c t  \\,as primnril!. 
text-h,iscci; \\,it11 tlic \VWW, users nrc ~ b l c  t o  ncccss 
infotmntion in ~i iul t imedia format. 'The combin.~t ion 
o f  firnctionC1lit\ (information linking, graphical inter- 
Lice, and caching), estensibility (for  dealing \\,it11 ne\\. 
protocols and nc\v information types), case-of-use, 
and lo\v cost appealed to a \\ride range o f  users in 
homes, offices, and corporations. I n  addition, t h e  
R/Iosaic-snlc o f  "point-and-click" graphical Intcrnct  
hl-o\vscr lias bcco~i ie  the  most  \\lidely acccptcd user 
intcl-hcc for nct\\,ork coniputing. 

Tlie most p o p ~ ~ l a r  use o f  tlie WW\Y todny is for pub-  
lishing information, and tlic process is comparable t o  
tlic \\,a!! ,I nc\\.spaper publislics o r  a tclc\-ision station 
131-oadc~sts information. T h e  roles o f  tlic information 
pro\.idc~- a n d  the information consunicr arc clearly 
dcfi ncd. T h e  information provider gatlicrs and orga-  
nizes tlic pertinent information, con\,crts it t o  tlie 
HTML scripting format, and makes it a\.ailable o n  a 
\Vcb server. Tlie information consumer, after obrain- 
ing initial acccss to the W b  server (as o n e  might  tune 
into the correct rele\rision station), can then bl-o\vse 
2nd seal-cli for \,al-ious types o f  information a\,ailable 
o n  tliat ~ c r \ ~ e l - .  T h e  linlting capability o f  U l i L  and 
HTA4I. allo\\rs the references o r  links t o  additional 
inf i )~.matio~i  o n  \.arious serirers t o  be easily pi~blishcd 
along \\.it11 the original infor~iifition. 

I n  contl-.lst, multiple information [>I-o\.idcrs \\.o~-l< 
in collaboration t o  generate the con ten t  o f  shared 
inhrmat ion .  For  the purposes o f  this paper, \ye 1\41 
assume that  there is only o n e  hrpc  of user-informa- 
tion collat~orators. 

Collaboration and Groupware 
T h e  W W W  is usefill for many ty~7csof  collaboration. 
For example, a project team may need t o  Icccp track of 
project s t n t ~ ~ s  mid individual progress; people \vitIi 
3 cornlnon intcrcsr (e .g . ,  film cntl~usiasts) may \\,ant t o  
slinrc ,ind d i s c ~ ~ s s  their vic\vs o n  that topic; .I customer 
sul3po1.t g roup  ~ii.ay ~ i w d  a s!'stcm t o  pro\,idc on-line 
nns\\,crs to real-\\,orld customer problcrns; o r  se\.eral 
nutliors may \\.is11 t o  \\vrlt o n  n document  togcrlicr. 

Toda!; sc\rc~-al c o ~ n p u t c r  npplications facilitatc such 
collaboration. Collccti\~cl\., tlicsc applications are 
lu~o\\ ,n  as group\\.arc. Lotus Notes  is a pop~l la r  g r o ~ 1 ~ -  
\\.are application. T!,picall!r, group\\.are iipplications 
support  the follo\\ring cnpabilities: 

Management  o f  a set o f  users and groups 

Storage ofshared i~iformation in a database (sonlc- 
times wit11 replication c'ipability) 

Viejving information stored in tlie databases h!~ 
means o f  a graphical intcrLicc 

Protection o f  the collaboration e n \ i r o n ~ n e n t  \\ 'Iicl~ 
necessary tlirougli ciutllcntic,ition and access control 

Group\\.arc s!,stcms arc built t o  run in l i o ~ n o g c -  
neoils clicnt c~i\.ironnicnrs, such 3s the Microsoti 
Windo\\.s cnvil-onmcnt. The!  rel!? o n  specific clicnt- 
ser\Ier t e c h n o l o g ,  \\~liicli is often proprietar!; to sup-  
por t  rcmotc operations. 

T h e  popularity and rapid gro\\.tli o f  the Internet and 
tlie W WW havc crcatcd an open, universal, and casy-to- 
program infrastructure tliat can readily serve se\,eral 
g r o u p u ~ x d ~ ~ i l n c t i o n s .  Engineers at Digital's Internet 
S o h v a r c  Business G I - ~ L I ~  recognized tlie potential o f  
using the W W W  as tlic unclcrl\ning infrastructure for 
groilp\\,are s o l ~ ~ t i o ~ i s  nncl ,it the same time thnt tlic 
groupnzarr  applicntions a\~ailal~le toda!, ha\.e f c a t ~ ~ r c s  
that  the \!VWM' lacks. O u r  goal \\.as t o  add group\\.a~-c 
Featl~res t o  the LV W W to hcilitate collaboration. 

We starred exploring the  idea o f  using tlic Intcrnct  
and the \VW\V h r  group\varc applications in the slum- 
rner o f  1994. By the end  o f  that year, \jrc liad built 
a prototypc that  supported the siniplificd discussion 
(bulletin-bond) fcati~rcs o f a n  internal product Itno\\~n 
as DEC Notes. '  This prototype generated co~~s idcrab lc  
interest a m o n g  acti\,c 13E<: Notcs  users \\~11o 
seclcing a simi1,ir sol t~t ion b ~ ~ i l t  around a n  Intcrnct  
infi-astructu~.c. Raseci o n  tlicil- feedback, the protot:,pc 
was redesigncd 2nd bcc,lmc 3. product. '  

B!, September 1995, \\.e liad built several collabol-a- 
ti\.e applications to run o\.cr the \,\'\.VW. I n  a \\,orkshop 
organized b!, tllc World \,Vicle Web Consort ium and 
the  ~Mass~ichusctts Institute o f  Technolog ;  \\*c par- 
ticipated in discussions o n  ho\v t o  extend the W W W  
technology t o  suppor t  collaboration. All tlic \\*orl<- 
shop  participants prcscntcd their ideas t o  the I&'\&'\&' 
Consor t i~u i i  for ~.c\,ic\v:' 

Design 

I n  this section, \\,c s ~ ~ ~ n m a ~ - i z c  o u r  design pliilosopli!~ 
and discuss the framc\\,ork and applications dc\.clopcci 
for tlic AltaVistn Forum product .  For  o u r  design, \arc 
adopted an object-oriented approach, \\hich meant  
tliat nvc  \\.oilld h a \ r  to modi~lar ize tlie 1-arious c o ~ i i p o -  
nents for  reilsc and modification. 
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Design Philosophy 
O L I ~  h~ndarnental design pliilosopli!, I-equired using 
tlic Internet and its infr'istr~~ctu~.c as buildi~ig blocks 
ti)r O L I ~  collaboration softusare. After y a r s  of  esperi- 
mcnting and collaborating to develop an opcn 
process, the Internet developers realized that the 
Intcrnct had reached a state ofcritical niass. In the case 
of ncnvorks and connccti\ity, reaching critical mass is 
a tremendous i ~ n p e t ~ ~ s  for ngrccing o n  ,I common 
sta~~ciard. As more and Inorc users acccss the Internet, 
tllc need for soh\.are dc\~clopmc~lt  for the I~lternct  
also increases. In addition, the \,cr!, nature of tlic 
Internet demands an opcn standardization process to 
ensure the long-term \.iability of a product. 

Our  philosophy also included the reuse of  existing 
o l x ~ i  software as building blocks \\,licne\~er possiblc. 
In  addition to our choice of building upon the 
I~itcrnct and thc W W W  tcclinolog!,, \\.e selected 
the 'rool C o ~ n ~ n a n d  L a ~ i g ~ ~ a g c  (TcJ) as the primary 
langu;~ge for cie\.eloping most of o111 application anci 
user interface f~inctions.~ We also took 'id\.antagc of  
the database library in thc Rcrltclcy UNIS  distribution 
for built-in databasc support.' 

Another objective \\,as to mnltc sure our  so%\.arc 
\vould be easy to port  t o  all the rclc\,ant operating 
system platfol-ms. This principle guided our selcctioll 
ofcomponcnts and lhclpcd us isolate 3 small set ofplat- 
forni-ciependent f~~nct ions  illto a special library for 
porting the soh\lare. 

As stated earlier, \\.c tried to take a n  object-oriented 
approach \vhenevcr possible. The ad\ .anta~es of our 
approach became incrcasingl!. apparent as more peo- 
ple became involved \vitli the sofnvarc development. 
The object-oriented approach made component reuse 
fcasi blc. 

Framework 
Our fi-a~nc\~~orlt orga~lizcs the AltaVista Forum soft- 
\\!arc into n1.o layers: toolkit and ~lpplications. The tools 
rcquircd to build the applications overlap each other. 
kVc hnve used them to build generic npplications, 
including a discussion application tliat supports iucrs 
discussing a set of related topics, nlucli like ne\\.sgroups 
d o ;  a calend'lr applicatio~i that supports users' abilities 
to sclicdule elrents o ~ i  a specific date , ~ n d  , ~ t  a particular 

time; and a nc\\.spapcr npplicntion t l ~ ~ t  provides a per- 
son~lizcd nci\.s filtering scr\.icc. \Vc envision that, o\.cr 
t i~nc ,  the fr.~me\\rork \ire Iia\~c dc\,clopcd \ \ r i l l  support 
n 11i111ibcr of divcrsc applications. Figure 1 sho\vs the 
AltaVista Forum toolkit and application la!lcrs. 

Tlic toollit is a combination of both C and Tcl code 
that creates the follo\ving intcrhcc components: 

Ruilt-in databasc. The applic~ition ~ ~ s c s  a built-in 
d.ir.ib,~sc to storc its object instances. The databasc 
is \.c~-!~ simple rclatioli,iI moiicl \.irith an object 
hict-arch!, relationship t;~cilit\r a\railable to those 
.~pplic.~tions rliat need it. The librrir\r also pro\,idcs 
inversions on  ccrtai~i attributes to support fast 
rctl-ic\d and sorting based o n  attribute values. 

l<uilt-in indexing and scnrcli. All indexing and 
scarcli fi~nction coniplcmcnts the database by 
I,-o\,iding a liigli-speed c1uc1-y facility. For less- 
st~.ucturcd objects, it is oftcn casicr to i ~ l d e s  them 
and lool< tl ie~n up using a seal-cli tool. 

G~.apliical user i~ltcrfiicc support. 'l'lic i~sc ofa graph- 
ical user inrcrficc insulates applic.ltions ti-011-1 ha\.- 
ing to deal Ivith HTML directly and cope \.irith its 
changes over time. Abstract clcfi nitions of user inter- 
face objects also tend to simplie and clari@ the code 
anci cre'ite a more 11niti)rm appcarancc o n  the screen. 

Access control. All applications I-ccl~rirc some form 
ot'acccss control to regulate \\,lie c;in access, creatc, 
modit-\: and delete \rarioi~s ohjccts. 

Internationalization. An intcrn.itionalizatio~~ facil- 
i n  gathers strings that appear in the user interLqcc 
into message catalogs tix later translation to differ- 
ent languages. 

Plntfonn-specific support. A spccial library isolates 
tliosc operating system-dcpcndcnt hinctions that 

from platforn~ to platform. C:crtain file s)isteni 
;~cccsscs and date/timc lihrar!. '~cccsscs are esani- 
plcs of this component. 

Armed \\;it11 all the coniponcnts in the toolkit, an 
AltaVista Forum application consists of a set of  func- 
tions, cacli responding to 3 dit't'crcnt user request. The  
orga~iizntion of an application is modular. A function 
cnn call \*arious objects that arc defined separately as 
p ~ r t  of thc  application, incl~~ii ing the follo\\~iug: 

APPLICATION DISCUSSION DOCUMENT USER LISTING, CALENDAR 
LAYER I APPLICATION I 1 APPLICATION I I REGISTRATION I I APPLICATION I I -.. I 
TOOLKIT r DATABASE, INDEXING/SEARCH. GUI LIBRARY, 

LAYER ACCESS CONTROL, INTERNATIONALIZATION SUPPORT, 
PLATFORM-SPECIFIC FILE SYSTEM, AND TIME SUPPORT.. 

Figure 1 
AltaVista Forum Toolkit and Application L.ayct-s 
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Grc~pliical objccts such as definitions of b ~ ~ t t o n s ,  
toolbars, various objccts that arc part of a form 
(c.g. ,  select boses, radio buttons, checlc boses, text 
boscs), and icons. 

l>,~t.ibnsc entries, tlie definitions of their a t t r ib~~tcs ,  
anti default \,ali~es. 

User interfke aggrcgatc objects such as for~iis, 
\,icws, dialogs, and error messages. 

I)cfiii~lt access control policies, including debult  
groups, acccss riglits, and their mappings, to con- 
trol \\rho call access indi\.idual fi)ru~ns and \\,hat 
actions tlic!l can take \\.ithin them. 

This approach encapsulates thc dct'~ils in lo\\,-lc\rcl 
mociulcs, malu~ig tlie soft\\rarc more readable and 
maintainable. It also makes it cas!, for different func- 
tions to reuse the objects. 

To f~~r t l i c r  hcilitate code sIi,lring, the framc\\~orl< 
also allo\vs applications to inhcrit a set o f  f111ctions 
and objccts tliat have been groi~pcci togctlicr iis a 
pseudoapplication. For example, the acccss control 
managuiient h~nctions can be grouped into a 
pscudoapplication and certain button and toolbar 
cicfnitions can be grouped into another pseudo- 
application. All :ipplications tliat need acccss control 
and the common graphical objccts tliat Icnd a consis- 
tent "loolc-and-feel" can inherit t l~osc fi~uctions rind 
objects from pse~tdoapplicatio~~s. 

'Tlic AltaVistn Forum product \\.arks in c o ~ ~ j ~ ~ n c t i o n  
\\.it11 the Web bro\\.ser and thc Web s c r \ ~ r .  ?'he Web 
bro\\,scr submits requests to  the VVcb scrvcr \\.Iicnc\,er 
tlic user opens a link. If the link points to a tile, then 
tlic Web scrj1cr sends tlie file to the bro\\,scr, \\lIiich is 
tlic nor~nal interaction. The link can also point to pro- 
grams o n  the server; in this case, the Web scrvcr 
invokes the program and then the program responds 
to the LISCr. 

Wlic~i the linlc points to the Altn\listn F o r ~ ~ m ,  the 
\Ych scr\-cr in\~olces the AltaVista Fol-urn dispatcher 
[>I-ogrnm t l i r o ~ ~ g l ~  the conlnloli gatc\\,a! interface 
((:(;I). Rased on the information p.lsscti along \\,it11 
the user recluest, the dispatclicr in\,okcs a specitic 
applic'ltiou, \vliich, in turn, calls \,ariol~s tools in tlic 
toolkit to respond to the user's recluest. Figi~rc 2 illi~s- 
tratcs the i~itcraction of the AltaVista For11111 softupare 
\\!it11 the Web browser and ser\,cr. 

Parameters arc passed to the dispatcher fi.0111 seg- 
ments of the URL,. The tiispatchcr parses the URL into 
the pieces that pro\,itic the o\,erall control oftlie pro- 
gram: (1)  tlic forum nalnc, ( 2 )  tlie access control area 
name, ( 3 )  thc mcssngc Iiamc, and ( 4 )  tlie message 
arguments. 

Each forum is an i~~stniicc of an application object. 
For example, many discussion forums are available o n  
various topics. Each discussion forum has its own name 
at the time of creation; lio\\cver, the same disciission 
application can be used to 111anage all the forums. 

A1 access control area contains a set of forums and 
a common usel-/group database. An administrator 
group helps administer tlic user/group databnsc and 
establish o\.eraIl ncccss control policies for the en~ . i ro~ i -  
ment. A user registers only once \\,it11 an acccss control 
area. Based 011 the access control area location, the 
hypertext scr\.cr ]lot o~il!, Iino\\,s n,liere to find the 
user's credcntials for authentication plirposes but dlso 
lu~o\vs ho\v to autlicnticatc the ilser and pass the 
authenticated user identity to the AltaVista Forum 
en\lironment. (Give11 tlic user identity and the acccss 
control location, AltaVistn Forum sohvare can also 
look up the user profile, check acccss control, and per- 
form othcr user-spccitic filnctions. 

The nlcss:lgc nanic and niessage arguments 
then select parriculnr actions to perform \vitIiin tlic 
application. 

Generic Applica tions 
The AtaVist'i Forurn protiuct s~~ppl ies  a set of generic 
applications that malcc the soh\rarc immcdiatcl!~ 
usable. The applications arc described in this section. 

User and Group Management and Lookup This appli- 
cation pro\ridcs a n  interhce for user registration 
(either by the user or  by nn administrator). Users can 
suppl), and m o d i ~  their b~~siness  card information 
such as phone numbcrs and e-mail addresses. Users 
can also set certain p~.cfcrencc parameters that help 
tlie AltaVist.1 Forurn soti\\farc tailor its responses 
(e.g., nati1.e I.11ig~1agc and preferred displ,i!~ formats). 
I n  adtiition, groups can be created and modified as a 
set of users. This klpplication also pro~rides tlic intcrhcc 
for listing and searching h r  user and group informa- 
tion for all fori~uis. As discussed earlier, the AltaVist.1 

FILES 

BROWSER 
I I-I ALTAVlSTA I 

T HTTP FORUM 
DISPATCHER 

Figure 2 
I~itcraction ofAltaVism Forum, Web liro\vscr, a~id  Web Ser\rer 
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Forum product  can support  . ~ l l  tlic uscrs tliat a Web 
sc r \c r  can handle slncc only o n e  repository o f  users 
and groups is necessarv. 

Community, Team, a n d  Personal Vistas A vista is 
allothcr term for  home page, \vhich is a place for the  
user t o  log in to the  WWW. O n c e  in tlic community 
\.ism, tlie user sees a set o f p ~ ~ b l i c  f i ) ru~ns  and  links to 
perform various tasks, c.g., register oncsclt; look u p  
teams o r  join a team, perform AltaVista Forum admin- 
istrative tasks (if a n  administrator), and s o  o n .  For  this 
reason, the cornmunit\ ,  \.ista is also called the  summit .  
In  ~ n u c l i  t h e  same \\.a\., n tcaln \vista lieeps trnck o f  all 
the f i , r ~ ~ m s  and links for n g r o u p  o f  users, and a per- 
sonal vista performs this f ~ n c t i o n  for single user. 
lloth team and  personal vistas can o\\:~i forums that arc 
~ i o t  visible t o  the public community vista. 

Discussion iUuch lilte a b~~l lc t in -board  discussion 
g r o ~ ~ p  o r  Digital's Dl<<; Norcs s o h \ , a ~ . c ,  this appli- 
cation permits users to  slial-c icicas o n  a set of related 
topics. Users create topics and rcplics that form a liier- 
arcliical tree (also luio\\.n '1s tllrcndcd topics), pro\ iding 
J \\.a? for users t o  navigate through csisting discussions. 
Otlicr methods o f  reading tlic csisting discussion arc 
also pro\lidcd. These include cli~.onologically navigat- 
ing through items no t  rc'id; listing unrcad items only 
,111ci sclccti\~rly reading t h c ~ n ;  n11d scnrclii~ig fbr topics 
, ~ n d  rcplics containing ccrtnin \\.orcis tllnt \\.crc clltcrcd 
during a particular tirnc period b!' LI certain author. 
Usel-s can also create niultiplc ciisc~~ssion forunls t o  
iiisc~lss different topics; tliis is true for the follo\\fing 
npplic,ltions as \\.ell. 

Document Sharing T h e  document  sharing applica- 
tion enables users to organize clocumcnts of the same 
type into hierarchically organized folders. In  addition, 
it kccps track o f  \,ersions o f  the d o c u ~ n c n t s ,  attach- 
ments, and  comments. As \\.it11 tlic discussion applica- 
tion, uscrs can bro\\.se through and scarch for specific 
documcnts   sing a varien. ofmcrliods. 

Newspaper T h e  nc\\.spapcr application lets users 
sclcct a specific source o f  i ~ ~ f o r m a t i o n  and then deti lie 
filters t o  present only those i t c ~ n s  o f  potential interest. 
A good csaniple o f  an information s o ~ l r c e  011 tlie 
Internet is o n e  o f  the  rc'll-time news fcecls. Using the  
ncwspnpcr application, it is also possible t o  read and 
 non nit or o t l ~ e r  information sources, c .g . ,  c-mail sent t o  
,I ciistl-il>~~tion list 01- inf i )rm~tion appearing o n  a set o f  
\\'\V'IV sites. 

Calendar T h e  calendar a p p l i c ~ t i o ~ ~  permits uscrs 
to  cliter a set o f  scl~edulcd c\ .c~i ts  ( o r  '1 to -do  list) and 
prcsui t  tlic e.irents ,is <i ca lc~ id~l r  ( s o ~ n c t i ~ ~ ~ e s  cal,lcd 
n cii,\~-y). T h e  a p p l i c a t i o ~ ~  supports  rcclucsts t o  add 
items t o  tlic calendar, thus aIlo\\zing tlic calendar t o  be 

L I S C ~  as a scheduling tool.  A l t l i o ~ ~ g l i  a calendar f o l - L I ~  
c;in be set up for each person, it is equally u s e h l  
t o  have a team calendar, a c o n ~ m u n i t y  calendar, o r  
c\?cn ,I cillcndar for  a spccitic n p c  o f  c\,cnt. 

Experiences 

In  tliis section, 11.e summarize some o f  O L I ~  experiences 
nnd disc~iss the lessons \\.c learned along the \ray. As 
'1 result o f  o u r  decision t o  rely on the Web bron-ser 
,IS tlic uni\.ersal uscr interhcc,  1i.c liad t o  I-csol\.e some 
u n i c l ~ ~ c  user interface issues. I ~ C C ~ L I S C  \ire chose t o  use 
Tcl fi)r cicvcloping higher-level objects, \ire liad t o  copc 
\\?it11 using an  interpreti.i.e I n n g ~ ~ a g c .  bVc designed tlic 
database and  indexing and seal-cli interfaces based 
o n  cstcnsibility and por t~b i l i ty  goals. Fi~ially, in tlic 
design o f  access control,  \ilc liad t o  carcf~illy weigh 
tlic pros and colis o f  simplicity and flexibility. 

Coping with the User Interface Defined in HTML 
Vcr! earl!, in the design phase, \\.c decided t o  ~nal<c 
AltnVistn Forum client-indcpcnric~it, \ \  it11 the ercep- 
tion o f  depe~ldence  011 the Wch bra\\ c r .  'This decision 
\\.as bnscd on  the fact tliat the \Ycb bro\\.scr \\.as alrcad!, 
fieel!: a\railable o n  most o f  tlic platforms. \'Vc expected 
the bro\\lscr t o  bccome .I u b i q ~ ~ i t o u s  ncn\,ork fi-ont 
cnti, allo\\ling us t o  focus o n  builciing gl-oup\.irare f inc-  
tions o n  the ser\,er. This rnc'lnt rh,it \ \(c wcrc heed \\.it11 
tllc tns.k o f  designing the uscr intcrhcc using I-ITRIL." 

Since MTML \\.as c\.ol\.ing, o u r  first s tep \\,as to 
dcfinc gr.lpIiical objects in Inorc abstract constructs 
supported b!' o u r  toolltit. E'~ch construct cncapsulates 
the specifics into a rcprescntntion o f 2  graphical artifact 
in HTkIL in the toolltit. T h u s  as HTML evol\,es, o r  as 
the page ticsig11 changes, only o n e  area needs t o  be 
~~pd;l tcr l .  F o r  example, a sclcct box object o n  a form 
may be dcfi~lcd as follo\zs: 

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 : "  , 
- 1 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 

In tliis csao~ple ,  a select bos is ticfincd to begin \\,it11 
a lnbcl and some spacing nnci then t o  contain n\.o 
options: Englisl1 and E'rcnch, \\fit11 English as the 
dchul t .  'l~lic \,alucs 1 and 2 nrc ilitclxal rcprcscntntions 
o f  the sclcctcd values. Also, the L'm,ip-to" sni tch spec- 
ifics tliat tliis object I ~ ~ L I S ~  cor rcspo~ld  t o  tlie I ~ n g u a g e  
n t t r i b ~ ~ t c  in tlic tiatabase, a t i ' a t ~ ~ r c  tl1;lt \\.,IS included t o  
simpliti, tiatabase update. 

Note  that although a label is spccificci, 110 specific'l- 
tion is pro\,icied t o  represcllt tlint I~ibcl in 3 particular 
k)nt  o r  t\rpcEnce. Neither is the act~lnl s p ~ c i n g  for label 
brcaI< specitircl. These decisions nrc mntic in the forum 



select box part of the toollcit procedure, which trans- 
lates this object into HTML. 

Most of the early Web browsers were single-windo\v 
based. This limitation was especially problematic for us 
bccause most of our applications provide some organi- 
zation to the information content. A much niorc nat- 
ural \\lap of  browsing for our environment would 
include at least nvo \vindows: one sho\ving tlie context 
and the other sho\ving the content of a specific item. 
For this reason, \\/c introduced multiple n~vigational 
methods. For example, the discussioll application 

Allows hierarchical navigation (previous, nest, up) 

Allo\vs na\rigation in chro~iological order (next 
unseen, \\that's ne\v) 

Provides a category view that lists topics accordi~ig 
to  tlncir category 

Supports content-based search or  an index-like 
fi~nction 

Newer vcrsio~ls of Web bro\vscrs support fr-arncs, 
\vliicli lia\re nnultiplc windo\\l-l>ro\\~sing capabilities 
(altliough the standards in this area are still a bit 
vagi~c). \Ve are updating our applications to  take 
advantage of these new features. 

Usability studies guided our decisions as we \irere 
designing forms and dialog boxes. It is liltely tliat 
many potuitial ilscrs of our product are fa~niliar \vith 
Vlli~idows-style user interface objects. Because tlie 
early Web browsers (c.g., iMosaic) were UNIX-based, 
little attention was given to  providing a hunian- 
computer interface that resembled tlie more widely 
used Windo\\ls interhce. However, our  usability 
studies indicated that many personal computer (PC:) 
users had difficulty using Web browsel-s out-of-tlnc- 
box. For example, a user might expect a dialog box to 
have ccrtain standard buttons, such as OI<, cancel, and 
clear. Ideally, the user \\lo~ild lulo\v \\!hat to d o  \\/it11 
tliesc buttons without any training. To make our sofi- 
ware casy to learn, \Ire tried to follow the same user 
intcrfacc style that \\.as already familiar to most ilsers. 
Since we wcrc limited by HTIML and browser design, 
this was not a simple task. Thus we were often forced 
to produce rough facsimiles of tlic rnore well-kno\vn 
interface artifacts. 

In sulnirnar!!, foi111d usability studies to be 
extremely \ialuablc \\'hen designing end-user applica- 
tions. For this reason, it is inlportant to allocate 
enough ti~iic in thc product design cycle to collect uscr 
fccdbaclc before beginning product development. 

The Pros and Cons of Using an Interpretive Language 
As mentio~ied earlier, \Ire selected Tcl as the language 
for building the AltaVista FO~LIIII toollut. Tc1 is a 
highly portable, cxtcnsiblc, and frccly available Ian- 
guage that \\!as originally des ig~~ed  to be embedded in 
a larger Framework.4 Ho\vever, it is also an interpretive 

language, \\jhich supported our goal of rapid and 
iterative de\!elopment of collaborati\le applications 
for the W W kV. 

\Ve extendcd standard Tcl to provide a set of com- 
mands and objects tliat fornied the AltaVista Foruni 
toolkit: database, HTML generation, access control, 
internatio~ialization, user profile management, and 
platform-specific support. 1Many of these extensions 
supported an object-based en\~ironment (i.e., the 
environment supported standard Tcl objects and our 
simple inheritance mechanis~n). The use of these 
extensions made it easier to develop applications than 
it \vould have been \\lit11 Tcl (or any other language), 
alone. As a result, these extensions form the basis for 
h ~ t u r c  de\~elopment tools. 

From the beginning, wc knew that the choice of 
an interpretive language was going to in\rolve trade- 
offs. I n  Fact, performance, lvhich \vas our most critical 
trade-off, continues to be a concern for tlie engineer- 
ing team. Although the perfor~nance ofan interpreted 
language is lo\ver than tliat of J compiled language, 
fast processors have made the use of 'in interpreter 
worth\\lhile because of  the reduced expense of devel- 
oping applications. The  use of Tcl in the AltaVista 
Forum sohvare certainly takes advantage of this. 
Although the applications and part of the toolkit are 
nrritten in Tcl, many critical parts are implemented in 
a compiled language (such as C)  to  stay \vithin per- 
for~iiance requirements. The engineering team is con- 
tinually searching for ways to impro\rc pcrforniance 
while accommodating requests for new features and 
tracking the rapidly evolving WWW en\,ironment. 

The second trade-off was the absence of a sophisti- 
cated debugging anci profiling en\rironment. Partly 
due to thc limitations of 'Tcl and partly due to the 
stateless nature of WWW transactions, some of 
the   no re sophisticated de\~elop~uant  tools that pro- 
grammcrs cxpcct to see are not re~di ly  a\lailable. 
Despite thesc shortcomings, rapid dc\rclop~nellt is still 
possible; ho\\re\~er, we expect even largcr gains as we 
correct these problenis in tlie fiture. 

Interfacing to the Database 
Several factors (primarily portability and cost) influ- 
enced our decis jo~~ to build a hybrid database rather 
than the more custoniar!~ I-elational database. The 
database in the AltaVista Forum toollut consists of a 
B-tree indexed tile (from the Ilerkelcy ndbni paclcage) 
for storage ofbasic attributes about docunients, which 
is backed by the f le system for the nonstructured data. 
This design, combined with the search engine 
(described in the nest section), is quire effective for 
the types of applications \ve initially Je\leloped with 
the AltaVista Forum toolltit. 

111 effect, tlie database is organized as a collection of 
docurnc~its (or  entries) that lna\,e unique identifiers 
(document IDS), hierarchical dociument ni~rnbers, and 
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a set o f  attributes that is similar t o  a relational datdbase 
talzlc. The toolkit pro\!idcs each entry \\,ith a set o f  
built-in attributes (such as title, creation and modi-  
ficdtion dates, and au thor ) .  I-he applications can then 
dcli\~cr additional attributcs. 

Tlic toolkit provides the means t o  retrieve, modi$, 
and iterate through the collection o f  entries in a 
str'~ightforward manner. B c c ~ ~ l s c  the attributes are 
p.lrt o f  the application description ~ n d  are no t  stored 
in a separate database, the toolkit can use its lu~o\\.l- 
cdgc o f  the attributes t o  simplif\r certain c o m m o n  
operations. For  example, because tmnsferring data 
fl-om M'I'ML. forms t o  the tiatabase and back is a b.~sic 
ol.xration in colJaborati\~e 'ipplications, the toolkit can 
link fields o n  forms t o  database attributes, making it 
possilble t o  store t h e m  n~itli  a single c o m ~ l l a n d .  To sup- 
port a d j r n ~ m i c  de\fclopmcnt cnvironme~lt ,  the tool l i t  
also upgradcs databases in real tinic as nc\v attributes 
arc added o r  deleted. This permits tlie application 
dci.eloper t o  conccntratc o n  the task at  hand rather 
than \\.err\! about  databasc managcmcnt tasks. 

Altl~ougl? the prirnar!, o rgan i~a t ion  ~ncchanism is '1 

f l ~ t  table indcsed by d o c u ~ n c n t  identifiers, the databasc 
integrates a hierarchical relationship ben\!een entries 
\ \hen necessary. Because liier,lrcliies are cornrnon in 
collaborative applications (c .g . ,  foldcrs/documents 
and topics/replies)), it was important t o  reflect this in 
a natural way in the database. 

I n  addition t o  attributes, the datab.ise offers propcr- 
ties. Compared t o  attributes, \\~hicli arc stored for each 
cntr!, in the databasc, properties arc stored within 
e,~cIi forum. Application clesigners can use these prop-  
erties in an!! \fray tlic\r desire: the\, .Ire simple key-\value 
rclationsliips. T h e  Alta\iista For~ l rn  s o h v a r e  ~ ~ s c s  
pops-ties t o  i m p l e m e ~ ~ t  a \rariety o f  features, from 
access c o ~ l t r o l  policies t o  the I>acIkgro~~nd color o f  the 
scrccn display. 

User properties are an extension o f  standard forum 
properties. They act like forum psopcrtics except that 
they arc tied t o  tlie user \\.lie is executing the transac- 
tion. User properties keep database loclung t o  a niini- 
m u m  because, in collaborati\,e ,~pplic,~tions, a user \\,ill 
t\~pic'~ll\' execute onl!, one  transaction at  a time. 

Indexing and Search: The Way of the Future? 
O n e  Itcy design decision \\,as to include a n  inclexing 
, ~ n d  search cnginc as a basic component  o f  the prod-  
uct. Although the database is often the central piece o f  
a groupware product ,  an indexing and search engine 
oftcn plays a similar role for '1 WWW site. This devel- 
o p ~ n a i t  is completely consistent with tllc philosophy 
o f  the WWW-inbrmation is linked as needed,  no t  
ncccssarily follou,ing any structure. Database use is 
more suitable for inform,ition objects that have some 
~ ~ n i f o r m i t y  in their definitions. 

T h e  basic function o f  the indexing engine is t o  map 
a set oF\ \~ords t o  a docunicnt  containing thosc words. 

term docunient  is ~ ~ s e t i  in ,I generic sense. I t  can 
be any logical entity associated \irith a set o r  nlords.) -. I lie indcxing information I I I L I S ~  be stored in such a 
\\.a)r tliat s u b s e q ~ ~ e n t  searchcs based o n  individual 
\\/orcis (and  phrases) 'Ire efficient and speedy. T h e  
indexing engine in the Al t~Vis ta  Forum toollcit is 
basically the same indexing cnginc '~\r,~ilable o n  the 
AltaVista \Web site.' l>esig~led and implemented at  
Iligit,~l's System Research Center,  it is liiglil!~ scalable 
and efficient. 

'.l'lie built-in databasc f i~nct ions '1s a repository f ix  
entries \\zit11 3 predefined set o f  attributcs. I t  pro\.ides 
fast retrieval when tlie entries arc identified using either 
an cntl-)I 113 o r  a hicrarcliical 113, and it pro\,idcs sirnplc 
creating, updating, and sorting f ~ ~ n c t i o n s  associated 
w~itli rctrie\~al. T h e  indexing and search engine comple- 
ments the AltaVista F o r u m  ciat,lbase: it proi~ides a 
content-based search method and f ~nct ions  at  higher 
spccd. Since the  search engine is extremely fast and 
sc,ll,~ble, \ve also use it t o  index some o f  tlie attribute 
\-alucs in the database. This allo\\rs us t o  use tlie se'~rcli 
engine for certain c o r n p u t c i ~ ~ t c ~ l s i \ ~ e  scarches that 
otlicr\\/isc \\,auld be performed by the database. 

Kascd o n  o u r  expel-icncc, \\,c cxpcct the capabilities 
o f  the indexing and search cnginc t o  continue t o  
expand. As the popularity o f  the WM'W technology 
continues t o  grow, the v o l ~ ~ m c  o f  pi~blislied informa- 
tion \ \ t i l l  also increase. Only a small a ~ i i o ~ u n t  o f  this 
information can be effecti\,elv c<~pturcd  in databases. .- ~ 

]-lie indesing and searcli cnginc is an in\raluable tool 
for mining i1seh11 information o u t  o f  the lrast a n ~ o ~ ~ n t  
o fda ta  stored in these databases. 

The Dilemma of Access Control 
l3csigning access control  is very challenging because 
users and administrators have different r e q ~ ~ i r e m e ~ i t s .  
On the  o n e  hand,  adn~inis tmtors  want  a high degree 

.- - 
o f  tlesibility in controlling access. 1 heir issues include 
the following: 

What type ofinforrnatiori is subject t o  access control? 

Should access control be iicfincd for e \ w y  possible 
acccss/action type? 

Slioilld there be arbitrary t l ex ib i l i~ ,  in defining 
g r o i ~ p s  (including nesting)? 

On the o ther  hand,  users l ia \~c stated tliat they d o  
not  like products in c\~hich access co~i t ro l  opcrations 
,Ire complex, especially in the case o f  a product  that 
is supposed t o  help pcoplc collaborate. I n  a majority 
o f  sccn,lrios, they argue that very little access control 
is nccdcd. 

For this reason, \ve tried t o  strike J balance beh\,een 
adniinistrators' needs and users' preferences. Although 
we recognize tlie irnportancc o f  ~lcccss control,  \Ire did 
no t  give it precedence over p~-oduc t  ~lsability. Since 
usability \\'as o u r  priority, and the time available t o  
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work on it was limited, \ve divided our  efforts between 
making access control flexible and choosing default 
options that ~vould  p ro~no te  collaboration. 

\Ilk defined access control for the whole database 
(forum), rather than for individual entries and attrib- 
utes of cntries. However, some e~itrp-level access con- 
trol is necessary. For example, it is preferable to  let only 
the owner (or  the creator) of an entry modify and 
delete that entry. As a result, we allowed the group def- 
inition to include cntr~l-spechc logcal users, rather 
than pro\kle a general meclianisni for entry-level access 
control. Therefore, a group may contain a member 
who is the o\vner of the current entry. During access 
control checking, the current entry's owner is loolccd 
up and matched against tlie currently logged-in user. 

Instead of letting the adniinistrator define access 
control for each possible incoming access/action, our 
fi-ame\\lorlc allows the application definition to  group 
accesses together into logical access rights. For esam- 
ple, for the discussion application, we defined the fol- 
lowing access rights: 

Read-Includes all read URLs (different views, 
whether for a single entry or a list of entries) 

Contribute-Includes a d d n g  a topic o r  reply 

Modifj-Includes any form of modification o r  
deletion 

i44odcratc-Includcs such fi~nctions as creating Itejl- 
words, polling options, controlling number oflevels 
of replies, and setting certain entries as hiddcn 

Adliii~iistrate-Cha~~ge access control o r  other 
linds of resource consuniption policies 

By defining these access rights, the administrator only 
needs to  establish who can d o  these five operations, 
rather than define numerous other kinds of opera- 
tions. It is still possible to  change and add to  this 
group of access rights by ~nalci~lg simple modifications 
to  the application definition. . . 

Our  basic strategy for making access control easy to 
manage is t o  set up default policies of  access control 
that apply to as many situations as possible, within rea- 
son. The  default policy is added to  the application def- 
inition. If the admillistrator is satisfied with the default 
policies, then the access control can be used as sup- 
plied. For the discussion application, die default policy 
is tlie following: 

Read-All users, including anonymous 

Contribute-All users, escluduig arionyrnous 

~Modifj-Owner (creator) of  entry and moderators 

Moderate-O\vner of the forum 

Administrate-Owner of tlie forum 

T o  simplifj implcmcntation, we chose not to  allow 
nesting of groups. Our  design allows for adding it in 

the future as long as it nialtes management of access 
control policies easier. 

Future Directions 

To date, we have receivcd encouraging feedback fiom 
users. O f  the ways that we can continue to  improve 
the AItaVista Forum product, we feel tlie follou~ing 
deserve the highest priority. 

First, \\re need to  provide better ways to  help users 
deal with information o\!erflow. Although we have 
built ways to  filter and search information into our 
application, further simplification is necessary. \We 
are worlcing on srnart agents that bring the relevant 
information to  the user's fingertips. 

Second, a number of the fi~nctions that we provide 
can be more easily performed on the client machine. 
The  Java language is the best candidate for pro\jiding 
these hnctions since it enables us t o  handle a wide 
variety ofclient platforms. Initially, we arc loolung into 
using Java t o  improve certain user interface problems, 
such as opening additional \\.indows on the client 
machine to  notify users of new information. 

Third, s)lnchronous collaboration using video, 
audio, and whiteboard will soon become feasible and 
cost effective. I t  is iniportant for LLS to  help bring users 
together through both synchronous and asynchro- 
JIOUS methods of collaboration. For example, users 
should be able to  use the calendar application to  
schedule a meeting over tlie Internet, and Windo\\a 
should be available to  the user automatically. 

Fourth, as the AltaVista Forum sohvare matures, 
we hope to  add to  its performance and increase 
its scalability. As its environment evolves, we are look- 
ing into ways to  bypass the CGI interface and use a 
compiled language for more of the toolliit in ip lc~nc~i-  
tation. We also hope to  add support for large commer- 
cial databases. 

Finally, will continue to  add innovative applica- 
tions to  our  product. We recently built a prototype of 
a customer-support application that lteeps track of 
problem reporting. We are loolci~ig into other applica- 
tions such as project management, group review, and 
survey and decision-support systems. 
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Vol. 2, No. 1, Winter 1990, EY-C196E-111' 

Dig~ral Technical Journal \iol. 8 No. 3 1996 i 



Technical Publications by Digital Authors 

I<. Abugov and X ,  l>icr~-ich, "A Yield Based Replaccrncnr 
for (:apaLbilinr Intic\cs," A ~ / ~ ~ I ~ ~ ' C ~ ~ S ~ J ~ ~ I ~ C V ~ ~ ~ / I I L . ~ ~ I ~ . ~ ~ C I I I I I -  
, /~ Ic / I I I .~ I I , : ,  (,i)l!/i~~'c~l~cc~ o17rl LVo~'/?s/~op (No\.embcr 1995) .  

P. Blinr, "A (hsc  for a IO~o\\.ledge-based Performance 
'Tuning Ad\.isor," C;LlC;')i: P~~oceeGIit~g.~ ?/.the 2lst 
A17ti11(4/ Co~~/L~t~c~trcc~j~)~~the I~e.so~~rce~bfutz~~~c~~~~c~~it 
L I I I C I  I + ~ / ~ ) I . I I I C I I I C C  Er~~1114utiot1 oJ'E17te1;bri.i~ C O I I I / I I I / ~ I I ~  
.S~)N/OIII.S ( l ) eccn~  her 1995) .  

C. I:o\~r~n, ''I-'~.orn ~Mnnagrr t o  Indi\ridual Contributor- 
Would You k t l i c r  Be a Worker Bee?" Proc~eclittgs ?/' 
/he <;tel Cbn/i.rc.nce oJ'the Society.for Technical 
( , ~ I I ~ ~ I I I I Z I ~ L I / ~ O ~ ~  (May 1996).  

\Y. Ro\\,hill, "A 300MHz CMOS 1USC Microprocessor," 
I / : ' /~ / : ' - /~ I I I . I ILI /  c!/'.Soli~l Stu/e Ci~.ci/its (No\,embcr 1995 ) .  

C. I1rc1icl1, "Modeled and l\/lcasured Results ko1i1 
-l'\\.o Stdndard EM1 I'roblcms," IEEE T ~ Z I I Z . S L I C / ~ ~ I ~ S  
0 1 1  I / ~ ~ ~ I I . ~ I I I L I ~ I I O / ~ ~ ~  Ci)l~rpatihili~,i~(A~~g~~st 1995 ). 

A. (:li.ir~l!,, "Scalnbilir!~ I s s ~ ~ c s  for Explicit Ratc Allocation 
in .\Th.l Nct\\,orlts," 1/1/</.'1t~i)c.u111 '96:. I-'~~oceeclii~gs q/' 
/h(, / 7th A I I I ~ I I L I ~  C ~ J I I J ~ ' ~ P I I C C  of'the 1F:fi.t Co117potc~1.o11t/ 
Ci)~trt~~~cr/icn/iorrs Societies (March 1996) .  

A. (:har~iy, "l'irnc~c.llt- hlnlysis for Explicit Kate Allocario~i 
in ATIM Ncn\,orks," IEEE I~?Jocot?i 96: Procc~c~clir~gs (!/' 
t/lc I S / h  A1o711c.tl Cb~!fi,r-c.~icc of the IEEE t:ollq!!rrlet~~117tl 
C,i)~~r~~r~~~rict.itio~~.s Socicjties (~Marcli 1996) .  

J .  Clcmcnt, "l'i~lscd-current L)uty Cycle Dcpendencc o f  
F,lcctro~nigr~tio~~-i~id~~ced Stress Generation in Alulnil l~~rn 
Conductors," 1t;EE ).lc~ctrot~ Lleuice Lettet:s (1May 1996).  

T. <;ollins, "I'OI,Y<:F.NTER Liccnse System: Enabling 
Elcctr-onic L.icc~lsc Distribution," chapter 10 in lr7tc- 
#I , ( I~CJ(/  A?~/ic~o~i? ~ l ~ l c ~ t r ~ i ~ ~ ~ ~ t t ~ ~ ~ ? t  1 :, Proc~ecli~~gs 01' 
I/)c, kot117h h~tc~rtr~liotral . ~ ) ~ I I I ~ O S ~ L I I I I  on /trtqqra/cc/ 
i\i,/rr.ol-k .Il~~tr~~,qc~trtetrt (London:  C h a p m ~ n  & Hall, 
ISRS 0-41271-570-8, 1995).  

T. <;ollins, "The Wolfas a Metaphor for Sofi\\.arc Agent," 
cllnprcr fi1.c in /jots ~ r ~ ~ t i l ~ i t c ~ t . ~ ~ e /  ~ I L ' I I s ~ ~ ~ s  (Indianapolis, 
Inti.: S ~ m s . ~ l c t  I'ublisliing, ISBN 1-57521-016-9, 1996) .  

A. <:onn, "Tilnc Affordances: The 'I 'in~e Factor in l h g -  
uostic 17s.~bility Heuristics," Hurtrut7 FLIC/OIS iit C,i)tl/p///- 
ilrg. CHI 'OF Proct,~,t/it!:,.s(M;iy 1995).  

%. (:\.ct.i~lo\fic, "Perfo~.mancc Characteriz'ition of the 
Alpha 2 1 164 Microprocessor Using TP and SPEC \Yol'lt- 
Ioncis," l'roccec1i11,ys c!/'thc IFBI.:'Secoi~~d Iizte~rr~~lio~~t.~l 
S~~rtz/~o.si~~tn on I-fish-pct:/i)r~~lurzce Corlzp~i~er 
A~~chi /ec/~r t~e~(E'cbrunry 1996) .  

1M. l>csai, K. <:vijctic, and J .  Jrnsen, "Sizing o f  Clock 
l>istrib~ltion Nct\\,oi.ks for High Pel-for~nancc CI'U 
(:hip," l)~vcoeeli~rg.s of' //?LJ .i-;tzl Design Al1tort7utioti 
C'b~//i.~.elic,c+(Ji~nc 1996).  

M. 1)csni nlid Y. Ycli, "A Systematic Technique for Verie- 
ilig <:ritical Path L>cca!.s in a 300blHz Alpha CPLJ Design 
Using <:ircuit Simulntion," P1~occ~c~lit7~qs qf Ihc.?.31'(1 
nc.sig11 A~i/o~l~c/tiolr ( , t~~! / i~t~o~rcc ( June  1996) .  

M. Elbcrt and K. Ho\\,e, "Manufnct~~ring Proccss Stud!. 
and <:crtification," IEEI~411~ Arri7rit1ISpritrg Relbhili!). 
.y)~~tzpo,si///lt (April 1996).  

1.. Elliott, l i .  Shu~n.in,  J .  Rose, 2nd T. Spoonrr, "Tlic 
Elcctromigratio~i ~ n d  Failure Gchn\ io~rr- ill La!~crccl 
Tungstcll Via Srructilrcs," .II~rtc~-irrl.~ R~csc~~l~ch Soc'ic,!~. 
.S;i*trt/)o.silrtll P1.occ~c~t1i11,q.s (April 1995) .  

1. Emcr, K. Stamrn c t  al., "Exploiting Choice: I~~st rucr ion 
Fcrch and Issue on  an I~nplcrnentablc Siniultancous ~Mulri- 
threading I'roccssor," IJrocc~c~dit7gs qftlw IEEE A(.:II 2:;1zl 
I ~ I / ~ I ~ I / L I / ~ ~ I I L I / S ) ~ I ~ I ~ O . ~ ~ I I I I I  071 C?)I~I/IIII~I.AI~C~~/OC./III.C~ 
(h4;i!, 1996) ,  

A. F l~ndcr s  n ~ i d  h1. Kavcn, "Using Contestunl Incluiry to  
I.carn about !.our Audicnccs," 7??e/o111.17ol r!/'Cb~t?/)l~lcv' 
I ) ~ C . I ~ I ~ ~ J I I / C I / ~ O I I  (Fcbruar!. 1996) .  

I<. C;clilcrr and 13. Scipione, "111 Situ Monitoring of  
I'l-oci ucr \V.~l>r~," ,Coli~I .Sl~//c T~~ci~ilcilo;< ) ,  I hlnrch I 996 ) .  

P. Grono\vski, "Dynamic Logic and Latchcs Part II- 
l'r,~ctical L~nplcnicntation Mcthods and Circuit Examples 
Used o ~ i  rlic Alpha 21 164," I,ZSlC'il-crii/s .~ )~ l t~ / )os i r~~t l  
( J L I I I ~  1996).  

E. Hnli.\oli ; i ~ ~ d  H. \IVood\\,ard, "Process Contl.ol 
~ \ / l c t l i odo lo~ .  fol- PSG and PETEOS Films in a Highly 
I~lrcr.lcri\.c Multiproccss CVI) System," A~l~nl~eecl .S~~l~i i -  
~ ~ O I I C / I I ~ ~ / O I ~ . ~ / ~ I I I I ~ / ~ I C / I I I Y I ~ ~  G'o~z fc~~c~~~cc~  c~tr~l \Lt)rk<hop 
(Novcmbc~-  1995) .  

(1.-L. Hunng, J Earicclli. N .  Khalll, and K. Rios, "An 
Accurate C;;~tc Lc~igtll l<xtrnction hlrrhod for Sub-q~ra~-tcl ,  
Micro11 rMOSFETs," I l X t  Trar7sc1ctio1l.s o// 1jIc~cltn11 
Dcv,i~.o.s ( J L I I I ~  1996).  

H. Jakicla, "Pcrformancc Visualization o f a  1)istributcd 
Sl,stc~n: A Cnsc Srild!;" C O I I I ~ L ~ ~ ~ . I - ( N ~ \ ~ ~ I ~ ~ L ~ ~ I '  1995) .  

I<. I<clscy, "I:nd F~scs ,  Change Spec~fications and  [.in- 
guistic <:onsrraints o n  l'roblem Diagnosis," S'c!/iltn~z, 
lii~giiic.r~rir~ /Votes(March 1996).  

J .  Kern, "Tlic <:liickcn is In\.olved, But the Pig is Corn- 
~nittcd-l$uilding C:ommitment Through O~sc;ieli~ig 
'l'canis," !)lcri/i!)~P~~o~q~.~.ss (Octobcr 1995) .  

N .  I<li;~lil, J .  Faricclli, and J. Huang, "T~\~o-di11icnsio1~:~1 
1)opcuit 1'1-06 ling ofSub~uicron MOSFETs Using Nonlinear 
I . c ~ s t  S q ~ ~ a r c s  Invcns Modeling,"Jorirnal~?/' I ~ ~ I ~ I I I I I I I  
S(.ic~/rcc~ uttrl Tec-h11olog1~ (January/February 1996).  
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J .  I<itcllin, "1)csipn for Rcli.abilih in the Alpha 2 1 164 
h/licrol>roccssor," PI-ocec~di7rg.i ? / ' l / ~  Ikt:'/:'.34/h A I ~ I I U L I ~  
.Sf)rYr~g l<c~li~~l~ilit~~S~~~r~posi~i~~~ (April 1996).  

13. ~\;lir~nnn, "<:hoice o f  h~lodels and Failure Indicators 
h r  'l.l~crmally Loadcd Solder J o i ~ ~ t s , "  P/.o~.ec~cli~(:,.i 01' 
tI1o Tcch~tical PI-o~rcirrl ;\UJC:(X\;M.S"l' '96 ( J u n e  1996) .  

W. Naporski, W. Mc(;cc, E. Piccioli, 311d 1.. h i r ,  "Auto- 
matic 'I'cst <:hip I )oc~~rncn ta t io~ i  Synthesis," I'~.occ~c,tii~r,q.~ 
( ! / ' / / 7 0  19% /i!'/i/; ~1//(2/~/lL7t~01?6// <,70?q?~i'C~/7~~) 0 1 1  1 \ / / / ~ ~ 0 -  
oloc~//~o~lic '/i,.s/ .C/~.~tctl/rc~.s  march 1996) .  

1,. Noack J I I ~  hll. l<antro\\,irz, "I'm [)one Silllul,lting; 
No\\. \Yliar? Vcl-ification C:o\,crage All;ll!lsis alld <:or- 
rccrlicss Checkins o f  the 11)ECchip 2 1 164 Alpha 
iMicroproccssor," P1nceeclit1,o.s og' ihc .3.31~1 D(~sig17 
A111o1t1cilio11 C ~ I ! / @ I . C J I I ~ C  ( J u n e  1996) .  

0.  ILillm.lbi, "Xdnpri\-e r\bsorbing Boi~ndar!. Conditions 
ill I:initc-difference Time l lo t~lnin  Applic.irions for EM<: 
Simulations," //</!I: '7izl~sactio1i.s or1 E/(ct/~~trrc!:,r~otic 
( , ~ ~ / t ~ / ~ ~ ~ / i l ~ i / i / , ~ ~ ( Y o ~ c ~ ~ ~ b c r  1995) .  

0. I<amnlii cr al., "llynarnic An,~lysis of V ' l ' ~~ ;~nsmis s io~~  
I ,inch," C'o/!/i~~-e/lcc I1i.occcdirrgs 01' 1 / 7 ~  ILll? A/r/r c/cil 
lk~1 ,icl10 (!/'Pi.o,q/x,.s:i iii Applied C ~ ~ ~ I ~ I I / L I / I O ~ ~ ~ ~ /  
f ~ / : l c c l ~ n ~ ~ r ~ ~ ~ q ~ ~ c ~ I ~ c . s  (March 1996) .  

S .  I<cgc, "A 1)isrributed Systcni (:licnt/Scl.vcr Archirccr~~rc 
k)r I nrcracrivc Multimedia Applicarions," (,'0.1~//'96: Dige.s/ 
(,?/'/'ci/~c,/:c f Is1 IFF/; Conzplitcv. .Soci~>(]~ / I I / C J I ~ I  I ( / /  I O I  lei/ 

COI!/>I.~,II~.(, ( Fc1~rua1-y 1996) .  

I < .  Kos,  N. Xr01-a, <:.-L. Huang, N. Ni:llil, J .  Faricclli, 
and 1.. C;rubcl-, "r\ Physical Cornp.~ct ,\4OSl-'KI' Modcl, 
Inc ludi~ls  ( Z U ~ I ~ ~ L I I T I  Mechanical Effects, for Statistical 
(:irc~lit I>cvgn Applications," I~?El5'l:'ke~l,'o,1 Ilct'icc-; 
'/i'cl?rlicril /ji:<e.~l ( I)cccn~ bcr 1995 ). 

K. I<oscllc, "Estilnnting Crosstalk in klulricol~ductor 
'1'1.~11snlission I,incs," JFRIi Ttsir7.s~iclio11.s ol? Ci)1?1/1oi7enl.s, 
/ L / I ~ I ~ ,  I I ~ I I I I / L / Y  7i?ck~/olo~qj~/'~11~l U: 
A h  wrlcc.tl P~ick~igi~zg (~\/la!l 1996).  

N. I<uhin, "Efficient Instructioll Sclicduling Using Finite 
St.itc Auto~nat.1," Pt-occ~cf/itzgs o/'t/?c> 281h A I I I I I I N /  
I r ~ / c ~ ~ ~ ~ o t i o r ~ n l S ) ~ ~ ~ ~ p o s i ~ i ~ i ~  011 . I l i o u o ~ ~ c b i ~ c ~ c / ~ i ~ ~ ~  
( S o v c l ~ ~ b c r  1995 ). 

(:. Smith T. Clllonc, "h?e~l tor i~lg :  l'ro\.itiing I'rofcs 
i ona l  anti Orp.niz<~rional Rcnetits," E ' I . ~ L . ( Y J L / ~ ~ ~ R . ~  4' 
1 / 1 0  f;; / ' ( /  ~ O / l / ~ ~ l ' ( ~ / l ~ ~ '  ( ? / ' t /9~  S ~ C ' ~ C J ( ] ' ~ ? ) I '  ~ c ~ c / ? / ~ ~ c ' L / /  

( , ~ ~ I ~ I I I I I I I ~ I C ~ I / ~ O I ~  (blab, 1996) .  

N. Sulli\~an, S. I h s ,  C;. Pollard, W, Jo~ lc s ,  ; ~ n d  'I'. 1,1ntisn!., 
"A (:olnl>arison of Sratc-of-tlic-AIT I)UV I .enses," Pro- 
(.(77li11~:,s (!/' 1/71, .Tociety oJ'Pho10-Opticc1l11 1.~117i1)7e1l/a- 
lioli ]I~l,:,ir~c~c,~:~(l:cbruary 1995) .  

H. 'l'ccg.~n, "1)istriburcd Pcrforlnancc Monitor Using 
SNhlI' Lr2 ," l / ~ E / ~ ~ / F / P  i\Tet~i*o~fi Opct~i/io~z.i I I L /  iV1~ir1- 
o~g:,c~rr~c~~rl .\:~~tr~posir~r~? (April 1994) .  

A. Villal~i and H.  Ngl~ycn,  "Correlation o f  the ~Mcclianical 
t o  rlie Thc r~na l  Stl-cngrh o f  Ceramic Packages," A ~ I I C I ~ C N I I  
Ceialii ic Societ I ,  Ttzi~~.iclc/io~zs: I f )  ~ I W  ~ L l i c r ~ o ~ ~ I e ~ ~ ~ ~ o ~ r  ic 
;I-lcrtericils (No\.cmbct- 1994).  

1.V. Zaha\.i, "Modeling rlic Pcrti)rrnance Budget-A Case 
S t i d  y," C:lIGC).j: Pin~.cw/i~r~q.s 0/'1/?c 2 1st Ati/zri~i/ Coil- 
,fi,;rci.7cc Jrjr t / 7 ~  Nc:soii~.ce ,Ifcr 11~ige177c~1rI ~ 1 1 ~ ~ 1  Per/?li)/.~il- 
flllce Erlalucilio~r c!/'l3rlcr/l1.i.se Co171/111til~'q t \ ' ) ~ l e ~ ~ ~ ~  
(Deccmhcr 1995) .  
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Recent Digital 
U.S. Patents 

Tlic fi)llowiog patents  \arere recently issucd t o  Digital  
E c l u i p n ~ u ~ t  Corpora t ion .  Tit les and names  s ~ ~ p p l i c d  
t o  LIS by rI1c U.S. l 'ate~it  and Trademark  Off ice  arc  
rcproducct i  3s thc!, . ~ p p e ' ~ r  on t h e  origin'11 p~ tb l i shcd  
p;""l t .  

;,371,868 I ; .  1'. Konig, H. S. Yang, and W. Ha\\.c 

5,371,870 1'. Al l .  Good\\,in, D .  Smclser, and 
I ) .  A. Tatosian 

5,371,874 M. Gagliardo, J .  Lynch, K. Chinnas\vvi~y, 
and J .  Tcssari 

5,372,262 J. IM. 13enso1l and J .  E. Frirschcr 

5,373,42 1 <:. 1)etsikas and T. Spcllrnan 

5,375,068 R. S. Palmer and L. G. Palmer 

3,375,199 J .  1<. H , I I - I , ~ \ \  and F. 1'. I\.lcssinpe~. 

Modular Enclosure for Electronic Equipnlcnt 

I<cgistcr X,lctliod 2nd Apparatus for'I'cst C:lnssiticnrion 

iVlctIiod of l'ack.~ging and Assembling Opto-clccrl-onic 
I ntcgratcd Circuits 

~Mctliod and Apparat~ls for Deriving Addresses for Stored 
Addl-css Infor~nar io~i  for Use in Idcnti&ing l)ei.iccs during 
<:ommunicatiw 

S r r c ~ l n  R ~ ~ f l c r  Mcrno1.y Having .a h4ultiple-c1itr!, Atidrcss 
History Buffcr for  lletecting Scq~lentinl Ileads to  Initintc 
Pscfctclling 

Writc-1-c3d/\Yrite-pass Memory Subsystem <:yclc 

Journalling Oprirnizatiol~ System and h4etliocl for 
l>istrihutcd (:o~.nputations 

Fr.imc A~sc~ilbl!. for lbck-mountable Equipment 

Fibcr Optic Tr;unsccivcr Mount ing Bracket 

Video 'l'clcconfcrc~lcing for Sen\-orked \.Vorkcr.lrions 

S!.stclll X'lonitosillg hlcthod and De\.ice, Incluiiing a 
(;r;iphical User Jllrcrface to Vie\\  ancl h/Iallipt~lnrc S V I C I ~ I  
I nfornlarion 

5,377, I 9 0  H .  Yang, 1;. K. Ihmakrislinan, B. Spinnc!.. Fra~nc Kcmo\.nl Mechanism Using Fsamc Coun t  for -1i)kcn 
and K. R. J ~ i n  Rills Ncr\\~orks 

5,377,327 K .  I l .  Jain, I<. K. liamnkrishnan, and (;ongcsrion A\poidance Scheme for Comp~lrcl-  Ncr\\,o~.ks 
I).-1\11, (:lii~~ 

5,377,354 N. Sca~lncll, A. I l d m o n d ,  1'. Uarcs, A. Clark, Alcthod ~ n d  System for Sorting and Prioritizing Electronic 
S. I).~\vson, and S. Himbaut Mail I\/lc.ssagcs 

5,378,945 H .  P.~rto\.i, S. Butler, and L. Tran 

5,379,419 J .  S. Hcffernan, P. L. Sa\.age, S .  ,I. Pittm'in, 
1<. \I. Sunkara 

Voltngc I.cvcl C:on\.crting Ruffcr Circuit 

~Mcthods and  Apparatus fbr Accessing Non-rcl.lriollnI 1);lr.l 
Files Using liclational Q u e r ~ c s  

I'c~k 1)crccrol. Circuit .uld Application in a Fiber Optic 
I l c c i \ ~ c ~ -  

Voltage-rl-acking Circuit and Application in J ?Pr,lck-and- 
hold Amplitics 
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Integrated Circuit Metal Film Intcrconncct Having 
Enhanced Resistance to Electromigration 

B. Lce, E. Atnkov, and J.  Clement 

I/O Espansion Bos M. C. Benson and L. M. ~Mazzone 

M. Patrick and J. A. Daly State Machines for Contigi~ration o f n  Com~nunicat-ion< 
Network 

C.  Bloch, 1'. McKinlc!: and R.  Rangallathan Embedded Features for 11egistration Measurement in 
Electronics Manufacturing 

l'roccss for I~icrcasing Sacrificial Osidc Etch Rate to  
Reduce Field Oxide Loss 

A. Philipossia~i, H .  Soleimani, and B. Doylc 

Q u e ~ ~ c  Apparatus and Mechanics for a Conimunications 
Interface Architecti~re 

V. Boaen, R .  L ~ r y ,  B. R~rbinson, D. Thiel, 
C. \fan Ingcn, W. Watson, R. Willard, and 
E. A. Gardner 

N. A. Crook, M. J .  Seanlan, and 
D. L. A. Brash 

V. Boaen, R. Lary, B. Kubinson, 1). Thicl, 
C. \ran Ingen,W. Watson, and 11. Willard 

J. C .  K. Lcc, IM. Castro, t.'. Tung, C. Lcc, 
and A. Ahmad 

A. Philipossjan 2nd R .  lloylc 

Addressing Scheme for Accessing a Portion of  a 
Large Memory Space 

Systcnl for Accessing Inforniation in a Data Proccss in~ 
Systcm 

Scquuitial Multilayer Process for Using Fluorinntcd 
Hydrocarbons ns a Dielectric 

Threshold Optimization for SO1 TI-ansisrors t l i ro~~g l l  Usc 
of Negntive CIiarge in the Gate Osidc 

Backplnnc Wiring for H u b  in I'acltct Darn 
Communications Systcni 

Menlory Subsystem Input Qucuc L. A. P. (:liis\~in, J .  F. Rantaln, J .  I<. Grooms, 
and 1). MI. Hart~vell 

B .  Mnskns Processor Identitication hdccllnnism for n Multiprocessor 
System 

1'. C;ood\\,in, I<. Tlialler, and B. Maskas History Buffer Control t o  Reduce Unnecessary Allocations 
in a Memory Stream Buffer 

K. K. Pctcrson, J .  R. Ellis, and C .  G .  N!llander l'roccdurc State Descriptor System for Digital Data 
Processors 

E. Soulicrc 

B. Spinncy, 11. Simcoe, G. Varchese, and 
R. Thomas 

Elastomcric Key Switch Actuator 

Packet Format in H u b  for Packet Data Communicatio~is 
System 

1Zeticular 13iscrirnination Ncn~rork for Spcci$ing I la l - t in i r  
Conditions 

Systcrn for Using Three llifferent Methods t o  Rcport 
Buffer Memory Occupancy Information Regarding 
Fullness-related and/or I'acket l>iscard-rclatcd 
Information 

S. L. Rege, K. K. Riinlmakrishnan, and 
D. A. Gagne 

J. Johnson, M .  Ho\\,ell, and C. Whitaker 

K. K. Ramakrishnan and 1'. Biswas 

Transaction Control 

Cache Arrangenient for File System ill Digital Data 
Processing Systern 

C. Lubbers and D. Tl~iel  Method for On-line Reorganization o f  thc Data on  a 
MID-4 or  1WD-5 Array in the Absence o f  O n e  l>isk 
and the On-line lkstoration of  a Rcplnce~nent Disk 

Dcterniination of l~i terconnect  Stress Tcst Currcnr 

I<LIII-lcngtll Co~npression of Indcs I<cy 

S. Birch, G .  Gavrel, and Z.  meni ion 

J .  i\/lu~-~-ay .1nd G .  Antoslienko\r 

I<. Ititn, S .  Tremblny, and T. Lyncli Method and Appara t~~s  for Gcncracing Tests for Structures 
Espressed as Extendcd Finite State Machines 

Arrnngemcnt for a 'Toltcn Ring Com~i~unicat ions  Nct\\,orl< 

Bra~lcli l'rediction Unit for High-performance Processor 

IU. Parrick and J .  A. l h l y  

J .  Bro\\,n, J .  Mcyer, and S. Persels 
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Call for Papers 
Network ~rbducts 
and Technologies 

'T'hc fligital Tech/~icul,/orrrtzal seclts technical papers in all areas of net\\lorlting 
technology for an issue to be publislied in the fall of 1997. Digital's engineers and 
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