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Abstract

The NON-VON machine (portions of which are prasently under construction in the
Deparmment of Computer Science at Columbia, in cooperation wizh the Xnowledge
3ase Management 3ystems Project at Stanford) was designed oo apply
computational parallelism on 2 rather massive scale % a large share of zhs

.

=
infomation processing Zfunctions now performed oy digital computers.,

The NIN-VON archizaccturs comprisss a -res—scruc-ured Primary Processing
Suosystem {PPS), wnich we are implementing using custom nMOS Vo.SI cnips, and 2
secondary Processing Subsystam (SPS) incorporating modifiad, nighly
intalligent disk drives. NON-VON should Dermit particularly dramatic
Seriormance improvementzs in vary iarge scale data manipulation tasks,
including relational database operations and exrarnal scrting. This maper
orisfly describes the struccturs and Sunczion of the NON-VON machine ard its
constitusnt processing subsystems.

rch was supportad in part Dy che Defense Advanced Researsh Projects
Agency under contract NEJ@35-80-C-3132.



L Introduction

The past decade has seen great progress in the develomment of oweriul zools
for the management of ‘ange and complex databases. Most svident, perhaps, is
rhe tramendous influence of the relaticnal model of Zdata (Codd, 197i], whose
jreat oromise iiss in izs potential for insulating those who must administer
and use the datapase from zhe ceculiaritiss of its chysical structure,
Iscusing their attention instead on the underlying Loglical constructs defined
by the groblems at hand.

Wizh this framework has come 3 number 2f highelevel linguistic tools for the
dafinitzion, organization, manipulation and rertrieval of data. A ccrmon theme
avident in the design of many such languages has been the incorporation of
mechanisms sucporting the nonprocedural specification of data manipulation and
guery =asks. In particular, a wice range of languages based on the rslational
ard oredicate calculi [Codd, 1372; Gallairs and Minker, 1373; Shaw, 13832aj
nave been introduced that allow the user = indicate what database operacions
are desirad whils minimizing the requirement Zor an axplicit specification of
now these operations are 2o 2e performed. ADDly*ng techniques borrowed Zrom
the field of Arzifizial Infalligence, some researchers (for sxample, Xaplan
11379]; shaw ([1238@a}; Wisderhold, Xaplan and Sagalowicz [1281]) have becun jole}
construct systams cazapls of communicating in an even more "human-like"
manner, often making ra2fsrence =o domain-specific sntities ard relacionships
in the "real world"

In view of zhe rapid srograss during the oast decade in =he Zevelopment of

SowerIul al,u—level tcels Zor managing large, complax dacatases, the axtant o
which =hesa mjols have heen apelied in practice is quite disapcofnt‘ng Ahile
a certain period of zime must of course be allowed for the transisr of any
tachnol oq.cal advance from the research laboratory to its intended sites of
arplication in zhe public or private sectors, thers is resasen to deliave that
zhe diffusicn of contemporary database nmanagement zachnology has Seen seversly
retarded Ior more zarticular rsasons. Specifizally, the very limitad aczual
cenetration = date of relational database systems into the industrial,
commercial and military data processing arenas seems to De attributable in
large mart <o the rather serious zime inefficiencies which characzarize the
seriormance o most currently operational systams.

Recently, a great deal of “cmnonality hNas beccme apparant among the
Sundamental operatlons involved in a surnrlalwaj 7arge aumper of
superficially disparats computational approaches o high lsvel Zatabase
management. Although these overaticns have been formularted in diZferent ways
jo3% 3ifZarent rasearchers, zheir assential characteristics ars capgtursed v the
orimicive operators of the relational algebra de::red oy Codd [1372]. ameng
nese operators are the set tneoretic operatlions 'mi on, interseczion, and set
diffsrence, the relational sperators aqui-join and oroiecticn, and several
otnh2r sperations derivabla from chese Iive,

A._nougn “he bes: sequential a;gorl.:ns known Zor these cperzations are still
Juize inefficisnt on a von Neumann machine, parzicularly in the case of very
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’ar~e dacabases, we dell
archizectures suppor:;ng h2 highly
exscuzion of each of these relational algebraic operations, 2long with a
number of other operations of practical hnporuance, lnb_udlng _arge-scale
external sor*ing I~ is this belief wnhich motivated <the design 2I zhe NON-VON
database machine.

T™is zaper .x=AiA-= The organizazisn and behavicr of he NON-VON machine,
1llustrazing zhe essenzial mechanisms involved in its operation in Zdatabase
managament :DDll:ath ns., Mllowing 2 brisf overview of the archizecture of

the Iull NON-VON machine in Section 2, we will focus on the organization and
operation of the Primary Processing Subsystem (in Sections 3 and 4,

respectively). 3y way of background, Sec:ion S reviews the architecture oI a
nighly parallel archizecture Zor retrisving variabls=length strings whizh was

sropesed scme time ago Dy ancther rasearcher, NCN-VCN'S own 2PS unit may be
ws2iully Thought oI as incorporating slaments of this zarlier archizacture,
adapred Ior realization in VLSI, as described in Section 6.

Having already introduced the central mechanisms involved in associative
matshing, we desc:i in Seczion 7 NQN-VON's hardware implementation of
associative enumeratzion and nulziple match resoluction, which permit =ach
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element in a ching tuples <o de output in tum without the need for
intervening associazive search steps. The manner in which these mechanisms
are applied w the intarnal evaluation of the relational algebraic operators
is descrided in Seczion 8. 3ections 9 and 1@ sketch the organization of the
Secondary Processing Subsys:an and the most impor=zant aspects of its use in
the sx=errnal svaluazion of ralational dazabase operations.

b
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2 werview of the NON=VON Architecture

The theorstical basis for che NON-VON architecturs was established in the
course o 3 doctoral research droject at Staniord [Shaw, 13731, and was
ccomzaniad by 2 mathematical analysis of the attainable <ime complexity of

zhe egui-ioin and srojection operators on such 2 machl a

was 3shown 2o Dermit a rather surprising o{log n) incrs in efiiciency over
zhe bDest evaluation mezhods known Ior 2 conventional computer systan, without
Zhe use of redundant storage, and using currencly svailable and en<i
competitive technology. In many cases oI practical import, the proposed
archizecture was also found o ocermitz a significant improvemen: (by a factor
roxhly proportional =o the capacicy ¢of che Primary Processing Sudsystem) over
zhe performance of previously implemented or proposed database machine
archizeczures based on associative secondary storage devices,

3

ras-yre

i
PR — e

e

Subsequently [Shaw, 198@a), 2lgoritims Zor evaluating the selection, .
restriction, union, interssctzion and set difference operators (each with
comparabls or more favorable performance improvements) were also described,

ard <“he key procedurs on whizh the architecture is based was contrasted with
relatad, bus in <his applicazion, infarior method 2ased on an asseoclatlve
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neads, and wnich divides the argument relations into kev—dis
suizarle for "iatermal" evaluation. The top-level organization of zhe NON=VON
machine is illustrated In Tigurs 2.1,

orimary . :] secondary
buffer
processing :l processing

and
: subsystem

subsystem control
(PPS) unit —] (SPS)

Tigure 2.1 Organizat:ron of tne NON-VON Macnine

3 COrganization of the Primarv Processing Subsvstem

The PPS it Imctions as the site of what we zall intermal evaluation of th
ralational algebraic and other cperations performed Dy NON=VON. 3orrowing
rom e terminolegy of sorzing, we use the zerm "intermal" o distinguish
what case In which <he cperand data is small snowyh (or =an e croken ints
smal owgh pieces) o Zi:t entirely within the primary soo device = in
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sar<izianes and zransfarred Zrom SPS o 2PS.

Tor pUrToses 9
large rumder o
Thousand, if 2 Iull-scals protozype were o De bulilt using 1381 zechnelogy,

hth

this discussion, the PPS may De thousit of as composad of 2
very simpils orocessing = =S (on the order of several

and berween 3 nundrad housand and 2 million ”u::ﬁ; what period during wWhich
NN=VN=-1iKe machines would in Zact 2e =2

< rzetad lor oractical usel,
=
inzerzonnectad o form 2 complsta binary trae,  Aith the =<cecc*on of ninecr
3 . " = il a - = Yais M 3
arences N tne "leal nodes", 2ash PI Is laid out identically, and
ses:
N A =t 2 CArmon Ay moam
e S JaremaT oiUUIl 423 Gy
- - ; 3 - - < - =~ v s pe - h =
2. 2 very simple (and arsa—eillzisnt) cne-biz—wide ALU Zor local flag
manipulazion,
< Tl " - . - . v - - = =
J. an mmtelilgent memcry/otasarzios it containing 22 byvtaes of local
: - o .
rancom=2ccess soorace and cazacle oI aristmecic comzarisons setwesn
‘ - o . = . :
values taken Irzm the sus and Irom specifiad memcry locations

- 3 - - S 4 = - 1= i, - : =3
The op-lavel structure o 3 single T ois ifllustratad in Figure 3.1,

to parent PE

i/0

random
access arator bit-wide
memory it ALU

(32 bytes)

i/0 >
to left child PE to right child P&

Single Processing Zlement

A
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3V a ’onven:‘ﬂﬂ=7 mizrozracessor, no Zinize—state OnTISL LOGIC
- i ' = 2T's ~staad ingie ramacie
{5 inzorporazed within the zonstizuent PI's. Instead, 2 sing.s ?f?g-anq,~‘ as
1xcic =f;=v ‘PTY) associated wizh sach chlp services 2.- 2T's sn That chlo, 2
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The 2PS Middle Chip, on the other hand, will ambed 27-1 "intarnal nodes" of
zhe POS tree (where m is a constant Zdzcermined by pirout limizations, and
independent of device dimensions), serving to combine 2T subcraes, smpedded
2izher in separate 3ottom Chips or (racursively) in lower-lsveal subtraes
rootad in other Middla Thips, into a single complete Sinary subctrze.  3ecause
zhe number oI 2rocessors per Middle iz will De constrzined =y cinout
linmizactiorns, and not 2v by ninimum Zsaturs width, the sapacity of =ha 20S
Middls Tnips wiil not zenefiz Zrom zha 2flfscts of scaliné 3s will The 3oczom
Tnizs. This (zrovatly unaveidazle) I/2 tandwidth limizatizn, howevar, will
rastlz inonly a smell, constant wast: 2CIor; the tree-scructured incra- and
inzer—chip inzarconnection opology of he NAN-VON 2rimary >racessing
Subsystam i3 in Izct axcremely well suited to the affeczs of Ffuture downward
scaling.

N

4 P.ncticn of the Primary Prscessing Subsvstam

The NON-VIN £S5 instruction s2t will support 2 number of sperations involving
associativa razrisval, logical manipulartion of local (%o zhe individual 28s)
Ilags, and a3 number oI incideanzal Zunctions (input and outout, Ior axample) .
Anil2 a discussion of all these Zuncticns is not within the scope of zhis

CUS3L
saper, the two Ifundamental associative orerations axecutad Sy the 2PS hardware
are oL sufiicisnt importance in the implamentation of Zatabase management
apelications = merit special attention hers,

In zhe ontaxt of fha zresent discussion, zhese assoclative sceraticns are
Srepably cest dascribed in relacional zerms. Intuitzively, 2 rz2lation may Ce
hougnt of as 2 tabla, with the rows rsfsrred 5 as zuples, and the cclumns
zalled atzributss., The ralation shown in Figure 4.1, Zor =xampla, =xprasses 2
carc-whoi2 raiactionsiip between airplanes and their (hypothetical) zonstituent

sarts.

PRODUCT ! PART
DC-10 wnee|

DC-i0 :ngize-mouat
DC-3 sxygen-masx

DC-10 3Xygen-mask
DC-13 raqio

ay

Sample Relaction

V-
uu
[
3]
(1]
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—

N

A ~erfsrmming z2sscciacive speracisns, The NON-VON 2PS unic Snceizns as 2




ralatively fast, but inexpensive content-addressabls memory, and nay thought
of as permitting the operation of reslational selection (Codd, 1972] o de
carriad out in a short, fixed amount of time, lncependent of the size of the
argument relation. Given a partial match criterion—rhat is, a set of
at=risuts/value mairs which must oe satistlad 2y any "matching” tuple—NON-VCN
is zapable of 2ither

. associative marking: Simultaneously setting a flag itz in all ?%'s
z3sociated (In 3 manner = be axplicatad shortly) with 2 matching
zuple, or

-

2. associative snumeration: Reading successive matching tuplss out of
e 2PS unit (ard into the contral moduls) irredundant_y, with =2ach
new tuple produced in a small, fixed amount of time.

-
-

In =he sampla ralanisn of Figura 4.1, Sor example, the Isur tuples naving "IC-
13" =s the wvalue of =heir "PRCDUCT" at:rizute could be simul:ianeously narkad;
al=arnatively, 2ach of “hese rtuplas could be cutput in sequence, without the
need Zor intarvenirg search steps.

S _ee's "Distributad logic” Device

Seforz sxamining the 2xact nanner in which zuples are storad and selectively
ratriavaed in the 2PS, iz will prove instructive o consider the operation of 2
simpler associative device oroposed by Lee [1362], whose operation is closely
related @ zhe associative mechanisms amployed in NON-VON. Lee's "distributed
logic" memory is based on a large, linear string of identical cells, =ach

i

{

moodying a3 small amount (on the order of a byts) of storage, 2 faw single-bit
, and 2 nodest amownt of logic. Zach cell is connectsd :o (and zan

the Zlags of) i+s immediate right and i2£% neighbors; in addition, all
ara attached o a cormon broadcast bus.

-4

n

) b an
20t
[} tfg
n

A

_ee's device I3 capable of retr:evxng character strings on a content-
zddressable nasis in zime propor ional o the langzh of The zatzarn string,
cut i~deperdent of the zotal storage capacity of the device, To illustrare

1—
n

o algor._hm for associacive marallel string matching, we 2ssume 2ach strin
= 2e sterad in a contiguous sequence of cells, begi qnlnq wizh a2 distinguished

Jelimizer symbol. To ratrisve all strings beginning with, say, the sequence
<

f,A", a commard (s first issued (over the commen communication channel)
instructing 2ll cells containing a delimitar symbol =0 set zheir Ilag >izs
(indspendently, ard in zarallaly, Next, a command 1S Sroadcast which
-ASTrucss any cell whese la2Itmeost nelighbor has i=s Zlag biz sec =o turm ofS
nat reighoor's f£lag, oSut o set its own flag if {15 own storage oyte <contains
an "S". uring <he third step, =he match flag propagatss another step o he

rizhe in_all strings whose next characcer (s an "A"; the matshing strings ars
zhen =2asily iZantifiaed.




considerations for VLSI Implementation

(92

Tt is not difficult o see how this 2ssociative string natching algorizm Ior
3 distrisuted logic memory can be extanded to handle aczribuces and zuples,
rhus providing Zor 3 rapid zarallel anlanentation of r=zlacisnal selscticon.
There ares saverzl rasgects, nowever, in which Lee's aperoach is msuizasls or
zhe lmplamentaticn in VL3I of 3 practical ?rimary Processing Subsvstam:

-

1. Dirsct Zroacdcasting cver 3 Smele single-lavel 2us structurs 2o 3
very large {ard as Zsvice Jdimensions ﬁnt:“Je Their downward zrand,
rapidly incraasing) numser of c2lls is, Isr reasons related o
cacacizive loading, impractically inefficiant in a tachnology such
3s nMCS.

2. Alzhouzh simpls oy comzarison with 2 conventional nicroprocesser,
the necsssarvy nat:hlﬁg, communication and control logic smbodisd
within szach <21l would sccupy ~onSLderaoly mors 2rea than the Zyzs
or 30 oL local storage we have assumed in our Zescription of th
distributed logic nemory device.

The NON-VON 2PS Zdesizn zddresses the first concern oy utilizing a single,
nierarchically or;ani:ed inzzr-pE data path 0 2ffact 2oth the common
craacdcast and adtacsnt neizhbor communication functions recu$:=d Zor
sontigucus cropagation-cased zarallael matshing., The broadcast Zfunczion is
sumoorted by intsroolating simple level-rastoring legic at 2ach level in the
zrae, ¢1--ui:g 3 highly 2fficiane structure for driving large capacitive

_cads. 3y chcesing an aporosriate order In which 2o sequentially snumerata

Zhe nodes of The PPS :irze (Zwo sSUuch schemes ars now mdar zonsideration) and
including the necessary I/0 control logic within =2ach 2%, the same dinary
tree-structurad datz zath may also ove used Ior 2fZicient communication Cetween
logically adjacent ne lanOfa.

.

P

‘“he sacond zroblem with a straighticrward adoption of lee's ar:nﬁhact"e
mplementation {n VLSI {3 solved in NCN-vCN by "amorzizing" the <o

ara3) Jf 2ach PE's logic over a2 larger amount of 1oc:l 3torace.

sach PE smbodied in zhe PPS 3ottom and Middls This

I rancdom—-access memory. Associatad wizh 2ach lscal stors is 3
sfiicient, bSyte-wide comparacor ﬁodu.= zapable of tasting Zor e

or one oI the five other zrithemstic relations {lsss zhan, grez

acual =3, etz.) ard of ratzinir th intarmediatz rasulis necss

>

(])

quentially cerform 3 variabla-iength comparisen Detwesn the stored and

catzerm v lues.

Tor simplicizy, we nay assume (at l2ast in the contaxt of this paper) that a
siven PE will store at most zne tuple. The convarse, ~owevar, is not the
zase: 2 single tuple, or 2ven a3 single zczribuce wvalve, could well sxceed the
capacicy of one PE (there Zeing ro restriction on the leng“" 2f sither), and
night in general 2e shared among several logically adjacent 2Zs. whils e
3etails are scmewhat mors complax, Propagation among ilogically contigucus 2E'S



n such cases i

s offactad in 2 manner quize similar = the znalogous process
n Lae's hypothetical

It is axpected that the time required for an associative matching operation
will e gquite close o that necessary to simply input the car=ial match
specification zhrough :zhe broadcast trze, one Syte at a tims, Af%er some
consideratzion, it nay be seen that no significant <ime cost is associatad wizh
sur mmorzizaticn of zhe ccmparator logic over a sequentially accessed memory
when I/0 and lscal orocessing times are well matched. It is anly zhe croblem
oL wastad capacizy when the tuplas ars much smallar han the local storage

capacity wnich sravents our amor=izing the 2% logic over an zven largar amount
oL storage,

In short, the NON-VON 2PS archizecture offers the cossibilizy of cerfoming
associative matching operations extramely rapidly — in fact, 3t a cace
limited largely oy zhe speed at which the zartial match scecification imsels
can ce input. Through the 2xploitation of recent architactural advances
applicable = VL3I systams, however, aleng with the caraful zalancing of

storage capacizy against Jisctriduted incelligence, we hope o bring the cost
sf 2PS storage o wizthin 3 small constant nulziple of che srice of an
scuivalent amount oI oridinary random accass memory implementad using

scmparapla tschnclogy.

7 Associative Tnumeration and Multiple Match Resolution

At =he =nd of an associative marking operation, avery PE zhat contains a
matching :tupla (or, in =he case of large tuples, avery PE in which a matching
“uple starzs) will nave one of its intarrnal one-pit flags sec = 1. The
correspording ragiscar in all other PE's will Se ser =o 3. In scme cases,
associative marking may e Zollowed by anothar zarallel sperzcion involving
zhis "mark register"; in osher applicaticns, nowever, it may 2e nscessary <0
output 2all marksd tuples (or the relevant wcrtions thereof) zhrough the root
of the =ree in an arbitrary sequential order, using the global communication
ous,

<

This associative enumeraticon speration is supportad Sy multisle march
rasolution nardware -hat uses the zree-structurad cormunicacisn -ath to very

)

Tagiily clear the mark ragiscar in all zuc she "Zirst" marksd PE.  3ecause the
srder of anumeration 5 inconsequential Zor zhe Zacabase sperations supported
2y NON=-VON, any definizion 2f "£irst" would have teen acceptabple Ior purzoses
5>f£ mulciple mazzh resolution. Jur design sreserves zhe mark flag within that
natzhing 2% Which would e assigned the lowest node number In an in-orier
‘¥nuth, 1363] =raversal of the =rse. (2n in-order anumeration of Ine ncdes of
a tr2e assigns a lower numter =o all nodes in the left subcree of a given node
chan is assigned 2o the node itself, and a nhigher number =5 all nodes in its
right subtrae, In=order nultiple match resolution has a carzicularly simple
ard 2legant hardware resalization within the NON-VOIN PPS.
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3 Internal zval i
-nternal cval i i
uation of the Relational algebraic Operstors

AS nozad above, the oD i
, the PPS unit's associative narki- g and znumer
2 rmd

nay themselves be rag - :
vl regarded as -mplamentac ons of the ralat: 3--on sperations
mapeioula 1ich recurns a ralation “onsisting of all -usl onal selsction
- icuwlar aceori a _— K P 311 =unla P
ot raly ~.f"1 VLE value spe Lf;:at‘on. Selection ﬂoquDa:;fbflng :
= i aieh] - o Secan - 1 - Z = oy v—
Zar zransfer = :L J:N 5 Secondary Processing Sudsystam, oéé :--a:e~5§r_d-MEd
‘S‘OC‘Q*’;;~ , and :ocesszng within, zhe 2PS, The ’—cor 355;-‘2 <12 need
2S3S V2 marking and enumerscion = TT9. R polihance oL e

‘ . . - == operations instead Zeri: T e
2 cuilding slock in he ;nol-‘- ntation 27 =he "41_::-”1_f'-xes -Iom iS5 Jse 2s
eggf-,o-n,'anc the set theorstic operzticns, \or°:;jm512) ?ngfu-gns (drelsce,
wi=q ralacicnal ;elec::on, can ot me aval_atad Sy mhe 3 amlon, i contrasc
detailad axrosizion of = . svarzated Oy the SPS alore. Whnile 23
S eess posicion of Lla algorizhms Ior =2ach of w3z
‘s seyord the scoze of zhis for =sach of these "diflicull’ operations

= : v? is zaper, zhe =sssential Zehavior of tha NON-VIN 2PS

~A 3 | 1P - - . ;3
and 525 units may e illustracad by considering 2 single, zarticularly

3 ; : ~on: e, zmarticularly
,enaia-n: operation wnich has a garticularly simple raalization wizhin the
NCN=-VQN #PS: the =qui-join. ) ) T

The 2qui-doin o 2 s latd wizh 2 = £

e 22 ioin of 2 source raiacion Rl wisn a2 targes realation R7 over the jolin
f;b--uu 2s A, and A, groducas S 1ts rasult a relation containing one tuple
?erlved Trom each ossidle :a:::ng of one zuple ry fram R, and one tuple rj,
Irem Ry for which t?E"Oln values A, (%) and Ay (ry) are 2qual. is gairing
pfocess1ws {1lustrated o cfigure 8.4, which depicts a Jjoin o: =he PRCDUCT—
PART relation with a new ralacion, CUSTOMER—?PRCDUCT, over ~he PRODUCT
acoribuze of 2ach.

TSR0DUCT ,  PART |

CUSTOMER | PRODUCT
Americaa | DC-3 N [ DC-10 wieel
r Western | DC-10 S ToNT) angine-mouat
| Amenican 2C-10 | Noe3 sxygeo-mask
L DC-i0 sxygen-mask
b ' DC-i0 radio _l
Figure 3.1 ~upla 2airings in & TypLlcal -oln

-n -he squi-doin operation, sach resul= -uple is derived Irom izs assocliatad
source/tupls zalring by ~oncatsnating the scurce and target =xples o form 2
new zuple having the 2ttrisutss and Zalues of both ¢, and r,. The rasuls oL
an squi-join is thus the misn of a set of =axtendsd 2ar=agian croducts, one
f-r sach common join value. 1In the ca Af The Tors common Varlant <hown as
zhe natural joLn one of the w0 (necessarily i2antical) ocgurrences of the
joLn aT--cuce 15 ramoved in the resuls ~alation. The resul: 5% 2 natural
Soin with zhe above parametars IS illustratad in Tigur=s 3.2.

“
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o2 jsuls relation is requirad; the com laxity o7 sur
Tamains linear in =he cardinzlitiag ~: shn <Y ot e

- -

al
9L 2 scurce and rag

;hould e notad that, in =he worse 23s2 {in whizh =fe
T arsumenz ralarti /a; s

. ' - :1“""’."""“35 Qﬁ
tons nave only a3 single value, so =kat

s el c T

22 join praduces

]

= + o . 1,

2 "1 Y =an~ ant - - .
2 :J-- :X--“,._ s3rTeslan sroduct 37 the o r2lacizns ag i-3 rasulz), =he
~agi - =3 eay® .z . TTETIITTS =S . == - ==
TSSULT T2lation wWill izs21F 23mra3in 3 miremer <2 oeims '

' TT [ TSo- -Sh=3ln 2 numter of tuplaes aqual -5 the - duct of
- "3“‘;'.":7 "':“S Q= - ArTimars b . L == - .= ."r:) uct o:
=T 2.8l 1T128 QI the = nt - ; A ot ; =
S moriane mo T3 ~O a2ryument ralaticng, A5 TUST 2@ the cass Sor any
322 [l poe) In o2 - Sr g5 St - [ . - -

e T LAVoLving fixed-bandwidi=h 38quential enimeration sf he rasult
r2lariap, =ha —VON Ak 1 <ain = : . LT -
TE-ation, tne NON-YON intarnal foin shus Ras 3 WOrST Z3Se Juadras=is ‘e -nma
it EE _ N . . - ~ l LR S I SN
3222 01 02 argument r2latisng tapgidaras alsne

3 csrnsidera < al .
r 3palusig S miem —— § = - =
LALYSLS 0 Tine zZomela VAR 2 i 3 =

Et‘ .‘d_/T; : smelaxicy in zars 3t =he size of the argumert and

PP ; 2 Tf it . ) 3 L —
“2SU-- T2-3tions s mocivated Dy empirical s8servations involving zhe
T2.2T1o0SRIT Tetwesn argument and rasyl- cardinalizies in realistic raiarional
S a- - 2 § - § - : - ] = ;
iatacase zpplications. In oractize, -he segenerata case of 3 singla-valiad
B - T I . O, . e
22 3PERArs W appear 0 iniraquesncly Sy comparisen wisth doins in whizh zhe

C T e 2 doinms i vich zhe
argument and rasulz relazions ara of roughly comparable size that <he
aryument/rasuls model seems 15 Settar railacs serfarmance diZZfsrsncas of
cractizal siznificarze. Undar =he ASSUMPTIONS oI TAl3 nodel, mha NON-VON
Inzarnal Zfoin algorizm 2ffers 3 very siznifizant advancace over Tha zest
: e 7 2 °

algorizhms <wown Zor 2 Zoin 2n 3 von Neimarn machine.

The 3PS unit s a slock-orianted storage and orocessing subsystam Sased on a
‘sotentially cuite large) bank of highly inzelligent cirsulating mass storage
Zevices. In our inizial work, we have adeotad an 3PS Zdesign zasad on
ohysically rozacing Zdevices, such as mcving-nead disk drives, AL:er:at%vely,
zhe 328 could me constructad 2sing non-inesr<ial circulating storage devices
Egn chough such davices 2o net, a:
i -

ic butble or CCT tachnelogiszs, al . et
competizive on 3 cost-perizrmanc rozating devices
) lea=nead 3isk 3rives ars suitabls
-]

in =his apolicaticn. Zither single~ cr 2uizip 3 '

23S 2 2asis Sar the NON-VON 2PS oniz, sut iz is a2ssumed {in the intarsst of

2coromy) mhat the aumber 2f zracks consideratly ex:ee@s e numoer of .

r3zd/wrizs heads—rnac is, mac "ordinary', 2s ocposed o "haad-cer-zrack’,
irives ars amploved.

In he case of a PPS based 0 3 ead drives, all of ne
log iz rzquirad Zor szeracion oI uosvstam o :ec‘ex—e:nal_y jute)
Tne 4isk mizs, and the drivss themselvas nesd ot be'n-’-_-ec.‘ xe B
zentially oractical raalizazion 22 tne NON-VON a::h::e::::e—-zn.::ft, e
wouid axpect o adeoot Iar surzeses oI sSroTocyming he S5 :eslﬁn:dplgnz
cluds 3 Bank of urmodifiad singla-platzer, Winchestar-type disk drivas,
n Tne size of a2ach Zrive might well ze Tulzz modest inosuch 2 :gs;gngﬁ
the nmser oI Zdrivas would oriinarily e zuizs large (zerhaps seyer?l ?u;cr--)
in 03T r=2alistic applicaticns., 3ecausse The mean tine Tetween Sing.2=Crlive
failurss could sasily oe unacceptably shors wizhin such 2 supsystam, we have



ramlayel fault-tolarance as 3 ~ri=arion Ior a2

= sxpzad o include driv 3 2 o e e
V?eguédr‘e% :ie SpS deslign. Al==cugh we have anly racently gqu? .ol,flir .
e erons :‘r LnCﬂ;cor;tfﬁq such fault-rolsrance within 2 Sing-2-0 a._E.tl:m
;ne'opt-ogs &gears :%ét -~a structura of the PPS may cermit the Implamenta
::Slgqé_; .;2317=1 ;:*ar';=P=C:ion ard corractic machanists which might

oL -5 S T i A

scherwise te impraczically inetficient.

, on he other
gn of the drives
, 2ach head

<

(1]
ry
[SNY P
oY
w un o

"

-n -he case of an 3PS based on ﬁd_:lDl=—OIa-__Ek
mand, special raquiraments ars2 ;mposec an 1?:,:
-nemsalves. Ia ctonftrast With a standard aul:z-ple- ‘
im such 3 Arive would raquirs L:S own sense agp%:: 1 LTl R
sermitting all neads 2 3 : aneouslv read thelr T.ve = _“.‘G. Althougs
not =zrmonly incorporatad wiziln stan ndard
o

lP & L
[T s
e
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saparatcs =ehse ,.le-:_ierS ara kT ; P .
:”1_.A;=_naad drives, it should be no:ed ~hat drives capabla of simultaneously
:;gé:ﬁi_F*c. nora ~=an ore nead have in Iact Deen markartad (in modest

/2ars

~uancircies) for several vears ac the time of <his writing.

“n aither -he single— or tultisle—hnead i9513ns, a2 snall amownt of hardwa{e is
sssociarad wish 2ach diszk nead. The fallowing capabiliziss are assumed Zor
snis "per-hezd" logic. First, it must Se 2ossibls o axamine an a:bltrgry
‘s0s3inly compound) ztIrifuze in each tuple that gasses under ne associated
héad, :o& rf*g sach such value against 3 single specified zattern value. As

in =he case of many =arlisr Zartabase mac ni;

i
! e dasigns (RAP {lzkarahan, 3chuster
ard 3mith, 1374}, 2334

"3y, Zopeland and Lipovski, 1373] and CBC (Baum and

zsiao, 1976}, for =xampla), <he 3PS is able = collsct ZIor output all tuples
f2und o match, or o zear some speciiied arithmetic relationship (lass than,
less zhan or 2qual o, 2tT.) I the given catterm value.

In adcéizion, zhough, the NON-VQN SPS s capaple of sequentially computing 3
nash function for which the resulting hashed value fz2lls wichin the range (3,

li. 3ecause the range of our hash function is fixed, the raquirsment for
r2al-tine nashing is well within the capapilizias of the sorz of simplas and
-“-x;e"51v= nardwara that would e required in 3 practical "oer-head" logic

aniz.  One _Nplannnfat’on,“or axample, would combine the anzirs

~irz cocmpound
zeeribyse into 3 ;-wgle, Zixed 7=nq*ﬂ "sigrazura word" (oI, say, 16 2izs) by
computing the axclusive or of 2ach two-oyt2 segment with zhe current

accumulacad signature word as it zasses under the head. Tuclas whese selectad

values hash o wichin speciZiad sqbramns of he {3, 1] intarval may e
dyramically identified and zransfsrred 2o zhe 205 ¢

SaTo ---4

s -
nic,.

AS notad =arlier, =ransfars bDertween the 385 and 298 uni
control of tha NON-VCN machine, {5 zhe r2spons

<3 alonc with global
int £
and Conrtrol Unit. 2Although 2 number of interesti

arai’

135,

of 2 spect ll”Ed 3uiisr
sSsues irise in the 3e51gn
scussion wizhin <he

52 Tn1ls 3udsvstem, ssace Zces not sermit a d

surrant zaper.




L2 xtermal Ivaluation of zhe Relational Algebraic Operators

Lat usS now consider the case where £he arguments <o zhe ‘oin axceed =Re

capacity of the PPS Zevice, which will e zrue in most aépliba:-ons of

cractical interesz. Tur stratagy will De o partition the argument ralacions

ino nuttally i:sge::: sets o2 :uck=ts the vast majority of which zarz2 amall

oSN T antirsly within z , One such tucket will zhen
ok

»
r Lr‘g :acn suc

R
. bt
% s
n
rh

i W

.0 -Ii Wy e

ol
b

P

—he PPS dur 2ssive revolution 2f the disk-
cased =PS, and an incarnal oin serformed on tfhe subralaticns in Tuesctian.
?ar:%;i:ni is accomplished Ty sxamining in sarallsl che values of zhe join
atiributas of Soth raiations as cheir constituent zuples 2ass nder =he nany
3isk heads incorporatad wizhin the 3PS,

The 302l of the hash qa---:;:n;ng algorizm is o divide the argument tuplas
in such 2 way hat 2ach Suc<et ordinarily need 2e orocsssed internally only
cnce, l2ading o 2 -tize algoritm for the join sgeratisn, sven in =he
zase oI rzlations =x ing he capacicy of the PPS. (Tnce again, it should
aggamfhasizai hat - i3ing zhe 2gui-ioin operator only as a vehicla for
Lo-USTrating The 2 szeration oL The NON-VCON engine. 2rajaction,
mion, intsrsectis iiZZzrance, and 2 number of other "Jifficult”
2Derazors having s T all hnp1ﬂnen--_ using the zachnigque of

w
(& (1
S
jos
, -
(D

ar time.)

Cnfortunataly, not 3l zarzizionings supbert the achievement oI this geal, I
31 zivean "‘cket contains 3 scurce tuple with a3 sar=icular join value, Zor
axample, all zargst otlss having he same Zolin value must e incluided wizhin
he same sucket if tne Iull axtanded cartasian oroduct Zdue o zhis foin value
s %o 2e Iormed Jurin in:er“ax aval.acion of the current aucket. IZ any Soin
value IS rapresentad in mor2 than one tuckat, our stratsgy for linearity can
1ot 22 amploved. We rafar o partitionings in which all tugles having 2
commen Join value are mnapped 0 the same sucket as kev=disjoint zartizionings.

Tn The NON-VON S2S, common Zein values ars assigred o the same buckat Dy
mashing 21l Zoin values inwo the Ln__-f 173, 1., ard zhen assizning
succsssive <on :;;uous subrarges of this intarval o diZfsrent sucksts, 1I e
~orbined size of =he =arget and source r2lations wers agproximataly Iour times
the capacity of the =93, “or axampls, we aight use the hash sarzizioning
sachnique o divide the argument relatisns inoo Iiva (z2llowing 2 snall satety
factor) <ey=disjoint Tuckezs corrasponding o he subranges (3, .2), [.2, .4),

—»

“.4[ ¢6)/ [06, 08)I anc [‘3/ “I'

Wizhin tma 39S, all relatisns ares storad "across' che (Typically larze) sec of
:~dividual inzelllgent #is3k iriva unizs; mors precisely, 2lthough single
-unles ars not soliz semween 3rives, zhe zuples comorising a single rslation
will in j2neral se diswrisucad fairly svenly among all drives in e o
sussystem., uring 2 single :evolution o7 zhe mank of 3PS drives, 2acnh t2ad 3
capabls of "looking at” all zuples passing deneath iz. Hnlass zhe zargument
ralatisns consume an unusually Large snare 5f tme zotal amount of storaga
availablae wizhin zhe sysiam it is thus ossible <o =ssoc7ac’ve1y axami 1e, and

~erisrm simple grocessing sn, =



[
(9]}

ralations within a singls disk ravolution,

o =he first revolution, 21l tuples whose join values nash into the sudrange
43, 2) are dynamically iden ifisd, in :aralle , Oy the "per-nead" logic
ssociatad with 311 neads in the SPS unit, ard are transferrad "on-zhe=fly”
ints the 3PS for inrarnal evaluation. During the next disk rsvolution, all
-uples whose join wvalues hash into the second subrange ars <ransisrrsd into
“h2 205, and 30 on. whilzs {z is oossible for zhe size of a singla bucket o
axceed =72 capacizy of zZhe 3PS, the statistics of nashing give us a Iim
znalytical zasis Zor credicting the incidence crf such "overilows". It has
seen shown (Shaw, 1979] =zhat, indevendent of zhe Zistri out*on of jo1n values,
3PS overilows nay be axpected o occur 0 infrsquently that, sven if
relatively inefficiant, zuadrazic-time recovery grocseduras iare adoptad, thnese
srocedurss should make on’y a very small, linear contrizuticn to tocal running
zime.,

ey
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