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AnSTI?ACT 

I’llis paper olll.lincs the system soflware of a parallel re- 

I:ll.iollaI dnl.nhase machine GRACE. and describes its execu- 
l.inn and conlrol of rclnl.ional operalions based. on the data 
.s/rnom o~i.enlnrl processing. The system software is organized 

in a hicrnrchy. and the execulion of a relalional operation 
and il.s opcmnd tlnl.;~ are encapsulated and controlled in lhe’ 

rOrln Or htk. The dala stream conLol ~olocol bclween 

n~odulcs in a lnsk makes lasks autonomdus objecls. The 

sysl.cm sorl.warc we propose eliminales lhe grealer p’arl ol 
possihlc conI.roI ovcrhcods firs1 by adopting Che task-level 

grnnuInri1.y lnr l.hc execuI.ion and control, lhen by execuling 

Ihe operation along 1.11~ flow of operand dala. The former 

rctluces Ihc control overhead for enabling the execution of a 

rcl;rl.ionnl operal.ion, while the laller hides the execul.ion 

hchind I.IIc I/O’s or da1.a I.rjnsler. 11s preliminary implemen- 
I.rll.ion on lhc soflwarc simulalor of GRACE is also reporled. 

In nddil.ion. the novel virtual space management algorithm is 

proposed, which enables us lo handle a iarge data stream 

qui1.c cllicienl.ly. 

I. Inl.roducl.ion 

‘I’hc past. dccatlc has seen considerable ellorls direcled 

l.owards exploring parallel architectures for relational dala- 

bnsc processing [Ozka75, DeWi70, KitsOZ. KimCM]. These 

rrsnnrch cl1orl.s have clarified two substantial performance 

lacl.ors or tlal.ahass machines: lhe conlrol and daln ban@ 

o~arl~nnd for parnllcl exccul.ion or relalional operations. and 

I.hc clnssicnl I/O Imllleneck problem [DeWiUG]. The I.ypical 

cxamplc whicll convinces us 0r lhesc poinls is the uiixrm 
prol.ol.ypc implcmcnI.aI.ion [Dora&Z]. The designers of 

I) I IilXC’I rcporlcd Ihal.. allhough rclal.ional opcralions were 
crcc~~l.ctl wil.h suIIicicnl. parallelism, I.he pcrlormance was 

1101. improvctl as cxpcctcd due lo lhc heavy conlrol and t1al.a 

Iranslcr ovcrhcnd and the ral.her low l/O pcrlormancc (in 

spi1.r or &l.a(Iow control and parallel disk l/O mechanism ol 

I> I RIX’I’) 

AS lnr l.hc I/O hol.l.lcncctc problem. we have alrcntly 

tlcvclopctl I.ha atlnpl.ivc mull.idimcnsional clusl.cring algo- 

ril.hm [ F’llshflT,]. and 1.11~ highly Iunclional disk sysl.cm 

II<il.sflRI, ho1.h or which have shown lo he able Lo achieve 

l.hc tlrasl.ic pcrlormancc improvement. For example. our 

Illncl.ionnl disk sysl.cm can cxecuI.c Wisconsin bcnchmnrk in- 

cluding join in 6.2 seconds. compared with 10.2 minul.cs ror 

lngrcs and 1 II minlII.cs for il.s commercial version. Wil.h 

slick hackground. ollr major concern is now lhc ellicicnt 
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sysl.cm sofi.wnre Lo conlroi the complexed query processing 

in I.he parallel relaliond dalabase machine. 

tlerc we examine Lhe control and execution strategy ol 

DIIII;:CT. Df,RI?CT adopled lhe page-level granularity for 
enabling processors t.0 execute relalional operal.ions 
[IloratKl]. That is. operand relalions are parlilioned inlo a 

se1 of pngcs. which are piocessed by mull.iple processors in 
pamllcl. ‘I’hc page-level granularity enables the machine 1.0 

incorporate Lhe data flow control where a processor can. be 

fired when al. lcasl one operand page is formed. It seems 
lhnl the pngc-le,vel granularity is the best choice to execute 

rclalional opcraI.ions in the multiprocessor archilecture. We 

noI.ice. howcv&. lhat every activation of processors should 
he preceded and followed by communicalions wilh the con- 

troller ancl t1nl.a transfers lo/lrom memory modules (Figure 

1): lo slarl an operation Lo a page, a processor should first 
obtain the page address lrom the conlroller, lhen read dal.a 
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itI 1.11~ page Iron1 R memory niodulo inl.0 its local mc~nory. 

Similarly. 1.0 wind up the opcmlion. a processor should ob- 

liliu nn cmply page and write llie rcsulls in il. Since dale 
hllslcr consumes rather long Lime. ontl llie controller be- 
coma loo busy 1.0 provide these page addresses Lo mull.iple 

processors. more Ihan hall of lhe loLaI processing lime was 

consumed hy stmh ovcrhcnds[ Dora&?.]. Note lhat the per- 

tormancc cannel. be improved by employing more proces- 

sors, or by making processors !aster. It can be improved lo 

our satislacl.ion only when these overheads are removed by 

the cthcienl. conlrol mechanism. or the s@em so&aara 

0hscrval.ion.s above imply lhat relational operaLions 

sl~ould be cxccul.cd by much conrscr granularity at Icast LO 
rctlucc 1.11~ conl.rol overhead. and Ihnl lhe execution ol rcla- 
I.ionnl opcral.ions should be overlapped wilh data translcr. 

‘I’hc dnln slrenm mienled processing can meet these require- 
mcnl.s (6igure 2). In lhe data slrenm oriented processing, 

Ihc unil. Or cxccul.ion and control is a whole scl. Or I.uplcs rc- 
r(;rrcd I.0 by Lhc opcral.ion. Thc~s. 1.11~ conI.roller or l.he 

machine is invoked much less frequently than in DIRECT: 
iI, is called only when an operation sl.arls or linishes. Also. 

all of operaLions are excculed keepmg up tih Ihe flou, o/data 

(hCnce l.he name dala stream oriented processing). In ol.hcr 

words, all of opcralions are hidden behind t/O’s or dala 
I.~-;I~Is~c~s. 

A parallel rclnl.ional database machine GRACE [Kil.s04] 

tully achieves Ihc dala stream oriented processing. In 

CIIACE. join is execul.cd in O((Nt M)/m) time by the nov- 

cl parallrl algorilhm based on hash and sort [KitsOS]. where 

N and M we sizes of operand rctalions. and m is I.he 
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n~~mbor ol so~ccs which gcncra1.e data slreams in pnrallcl. 

In t.llis pnper. wc prcscnl. il.s sysl.cm soll.wnre I.0 conlrol 1.11~1 

query processing, nnd dcscribc tlow I.hc daln slrcam oriclll.cd 
processing is achieved in the machine. 

In CRACE, cvcry rclnlionnl operaLion is cxecul.cd in 

l.hc torn1 or lask Task is Lhe encapsulation of the execution 

ol rclal.iollal opcralion and ils operand date stream. and gcn- 

crolly consisl.s al so~ce space. filler@. cluslering. and sink 

space, along wilh a doln sbeatn to be processed. The system 
sollwnre controls Ihe complexed query processing by the un- 

its ol Iask. while a Iask can run qui1.e autonomously by lhe 

dnln sham conlrnl. prolocol between the modules involved in 

il.. This task-level granulnri1.y and the dala stream control 
protocol dislinguish 011r syslem software from olhers. 

AIl.hough our sysl.cm soflware design includes the con- 

currency cont.rol and lransaction management, we omit.led 
I.hcir dclailcd dcscripl.ion hecausc Or the space limil.nt.ion. 
Also. lhc formal model used for the design is omill.cd here. 

The dclails on t.hcm can be found in [F’ushUG]. 

‘I’hc rcmninder ol ltie paper is organized as follows. In 

sccl.ion 2. I.hc nrchitcctural description ol GRACE and il.s 
query processing algorithms are given. In this section, Ihe 

novel vi~Yvn1 SfMce monngetnrmt nlgottihm is also proposed. 
‘The overall 0rganiznLion Or ils system software is presented 

in sccl.ion 3. The sysl.em sollware is organized in a hierar- 
chy Or rOlrr layers: prim&we alt~orilhms layer, inka-lask conlrol 
h/cl; itrlm-lnrk cortlrol kqer, and lransaclion mmo~emenl 
In?/o: Sccl.ion 4 and 5 outtine the design and orgsnizal.ion of 

Ihc inlra- and inler-task layers. Section 6 describes lhc prel- 

iminiiry implcmcnt.nl.ion 0r t.he system software on t.hc 

solt.ware simuIal.or ol GRACE. The conclusion is given in 
scclion 7. along wil.h lhe briet description ol the concurrency 

colll.rol and I.mnsncl.ion management. and the current. sl.al.us 
Or 1.110 CRACI’: projecl. 

2. A I’arnllcl llclnlional J)alabase Machine GRACE 

2. I _ Ilardwnrc Archil.ccl.lrrc oC GRACE 

GIIACIC is a parallel relational database mnchine 

currcnl.ly hcing dcvolopcd at The University of Tokyo 

] Kil.s02. Kil.sttl]. GRACE aims al achieving high perlor- 

manco cvcn lor I.hc join-inlcnsive npplical.ions hy incorporal.- 

ing the dnla slrcam oricnl.cd processing. The linear time 

parallel join nlgorilhm based on t.he cluslcring properly ot 
IrnsAing and I.hc tincar Lime sorling supports the data slream 

oricnl.ccl processing in GRACE. 

The glohnl nrchil.ccl.ure ol GRACE is shown in Figure 

3. CI2ACI;: consists Or tollr kinds 0r Iundamental modules: 

poces.tinr~ mod~~le. nmno~y, modwle, did module. and conbol 
morhlr?. Processing modules arc rcsponsiblc Ior the cxecu- 
I.ion Or rclnl.ionnl operaLions. Memory modules oftcr I.he 

I.anlpnrary. or sloginS .s1oroSe for dn1.a sIrcams. The dalahnse 

il.scll is sl.orctl iI1 disk modules. Conlrol modules are in 

chnrgc ol Ihc conl.rol ol Ihc machine. These modules arc 

connccl.cd cacti ol.her Ihrough two ring buses, processmg ring 

and singing ring. Thcsc rings arc so cnllcd Lime-division. 
mull.iplc channel ring bus in which mull.iple channels are nc- 

I.ival.cd and nvnilnhlc for lhe communication hcl.wcen 

modules. 12ings arc implemented hy shift registers in ?i.ng 

furs n~larfnco trnil.sconnecl.cd in a circle. 
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F&UYX 3. Hardwarw GrgankaUon of GRACE 

GliACI!Z implcmcnts the novel query processing algo- 

riLhm hnscd on hnsh nnd sort [l<ilsO3]. Consider the query 
consisl.ing al Lwo sclccLions lo relations R and S rollowed by 
a join of sclccl.cd rcsulLs. ‘I-0 C!XCClJtt? IhiS C,,Jt?r,‘, ,irSl tW0 

salocl.ions 1.0 R ilntl S are acl.ivaled simulloneously. Dnts 
sI.rcams ore generaLed from disk modules sloring R nnd S 

and dircr:l.ntl Lo t.hc “sink”, a scl of memory modules (Figure 

1 ). ‘1’11~ rl”cry processing is now snid Lo he in Lhe S~O@IJI 

p/rn.w I.cl’s lake a close look al Lhis phnsc. In Lhe sLnging 

pl~nsc. 111plcs cmcrging from disks nrc iirsl dirccLed Lo Lhe 

Jillor processor in Lho disk module, nnd applied Lhe selecLion 

opcrnl.ion. This processor also eliminnt.es unnecessary nt.l.ri- 

IllJh Irom Luptcs. Only Luplcs which passed Lhis test. are 

Ll~cn sent. Lo the llnsltirtg ~nil hy which Lhe hnsh value ol the 

joill aLLrih~~l.c is nLLacl~crl Lo each tuple. Tuples having Lhe 

:Snmc hnsll V;IIIIC lorm one cbrsler ‘. NoLe Lhat t.uplcs in one 

clusl.cr callnot. hc joined wit.11 those in olhcr cl~~slcrs. The 

ncl. clTcct. is Lli~~l. join is dccomposctl inLo smell joins which 

WII IIC processed indcpcndcnl.ty (F’igurc 5). These Luplcs arc 

linnlly sent. lo sink memory modules allocated Lo Ltiis dat.a 

st.rcnm. AR shown in Figure 4. each clust.er is uniformly dis- 

ILrihllt.cltl over sink memory modules so l.hnl variable sizes ol 

cIIIsl.crs gcncrnt.ntl hy hnshing do no1 alTec1 Lhe memory ul.it- 

i7.nl.ion [ Kil.sll3l. 

IL sllnltld hc mrnl.ionetl LhaL Lhe so-called joinahili1.y 

fill.cr can hc incorpornLctt in disk modules by using litt.er end 

Ilaslting processors AlLllollgh holh of joinnhilil.y fill.er and 

ollr clltslcring Lcchniquc ut.ilizc hashing, Lhcy are in principle 

diflcrcnl. Lrchniqllcs. and can coexist in GRACli: [t<iLsO3]. 

Whrll Lhc processing compleLcs the staging phnsc, il. 

LIICI1 goes I.0 I”“c”Ftin~ p/rnc. in which Lhc suhscqucnt. join 

opcrill.ion is pcrlormcd (Figure G). In Lhis phase. memory 
~__.__ - 

Orlglml Oat-2 Strm 

FIgwe 4. An Gvervlew of Staging Phase 

(a) Non-clustomd l’mesing 
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~nodttlr~s wl~icl, i~I,sorI~cd Lllplcs rcstrll.ctl in prccctlitbg sclcc- 

IiOns arc swiI.cI,cd I.0 I.he “SoIIrcc” of n dnln sl.rcalll ‘I’IIC 

same tbumhcr 0r processing modules ns source memory 

modules are nclivaled 1.0 perform join opcrallon on the clus- 

lcr by cIusI.cr basis. l’hcy work in parallel. or more prccisc- 

ly. in il pipelined fasl,ion (l?igurc 7). When aclivnlcd. lhc 

i-1.11 processing mOtlulc fir.4 visi1.s I.he i-111 memory motl~~le 

I.0 ol>l.ain 1.11~ Iragmcnt 0r the i-h clusl.cr sl.oretl Lllercin. II 

l.hc Imgmcnl. is consumed. lhc i-11, processing m0d11Ic 

cliangcs il.s pnrl.ncr Lo the (i-l module n)-1.1, memory 
mOtl~,lc I.0 gel I.ho remaining lrngme0l.s 0r Ihe i-l.11 cIusI.cr, 

whcrc ~1 is l.hc n~,mhcr 0r source memory modules. Tl1e 
whole clusl.cr is collccl.ctl when the processing mOd~,lc visil.- 
ed all 0r memory mOdl,les. While collecl.ing lhe clusl.cr Irag- 

menIs,. processing mOd,,IOs condltcl. lhc join OperaLiOn I.0 l.he 

incoming sI.rci~lns 0r IragmenLs. In n processing module. I.lle 

Iiurar Lime atgOril.l,m t,sing pi~,“I~ncd 1ncrge sorlm IS npplicd 
alntlg I.hr Ilow 0r incoming tlnl.n., ‘l’hc pipclincd merge sOrl.cr 
C:!II !:Orl. n dr7la sI.rcam or I.,~plcs or vnrinhlc Icngl.l,s nl. 

:IMllisr~: 1 l<il.s115] The sorlcd stream is dircclcd I.0 the hqdc 
?un~~ipt~lnlio,, ltnll in Ihc processing module. in which l.hc 

III~.~;I-cl~rsl.cr join is cxccul.ed. The Olgorilhm in il, can he 
ql,il.c simple hccaljsc dn1.a arc aIrcOdy sorl.cd. Since lhc sorl- 

ing 2nd il.s s~,l,scque~~l operaLions are pcrlormetl along I.he 

flow Or itlcomirig sIream. 0 processing module becomes 

ready lo procbss 1.11~ nexl clusler jusl when il. finhhed galh- 

wing I.hc cllrrcrll. cluslfr. 

As procrssing modules cxecI,I.e I.he join Operation, Lhe 

~CSIIII. I.~plrs nrc grotlltnlly lormcd. 7-h c: hdti71f~ 1r7til locnl.ed 
in I.ha processing module is used I.0 pnrlilion the resull lu- 

plcs sl,il.i~hic ror I.hc next operaLion. The final O~,l.p~,l. Irom 
I.hc procrssing mod,,lcs ,arc lorwartlcd LO anolher scl ol 

motl~~lcs, or I.hc “sink”. Rcsllll luplcs are sl.orctl in 

B B B B B i B B B B3s Bts BII , 00 , 30 , 20 , 10 , 04 , 34 , 2,, I, , 06 , , , , .-. 

- PO - P, - 

6, I , ,BOl ,831 ,BZl ,BlS ,Bo,,% ,825 Bl9 ,BO9 ,BJ9 ,B29 , 
.-. 

- P, - PJ ----+ 

Bz2 B,, Bo2 B12 Bz6 B B B B B B B 
, : : : : , 16. 06, 36, 214 110, 010. 310, _. 

- P2 
- P6 ---+ 

BBBBBBBBBBBB 
, 33, 23 I 13, 03 I37, 27, 17, 07, 311. 211, 111, 011, -. 

- P3 
- P, - 

B BBBBBBBBBBB 
00 , 01 , 02 , 03 , 04 , OS , 06 , 07 , 06 , 09, O,o, 011, .- 

B,, B,* B B B B B B B,, B B B 
, I a 13, JO, IJ, 16. 17, 14, , IlO, 111. 16, - 

BBBBBBBBBBBB 
22, 23, 20, 21 , 26, 27, Z., 2J, 214 211, 26, 29, 

B 
33 ,B30 ,B3J ,B32 ,B37 ,'34 ,B35 .'36 ,B3,1,B3S ,B39 ,B310, ._ 

Il~csc memory mod~tlcs in ql,iLc I.hc same wny as in I.hc slag- 

ing pIIIIsc. 

NoLe 1.1~11 Ihis algorilhm works well only il cluslcrs are 

ol lhc snma size. Olhcrwise, a processing module must w;lil. 

when LIIC memory module which il wants lo access ncxl. is 

sl.ill hcing vistl.ctl by Olhcr processing module. As a rcsull., 

1.11~ pipclining is disl.urhcd. The idea lo lncktc this problem 

is I.hc chrslm- size tuning which merges the set 0r small CIIJS- 
I.crs produced by c1usI.cring inlo sOme pumber or p~oces.ting 

cl~rslexs whose sizes ire nearly equal fa I.he capacity or pro- 
cessing module. ’ ‘. 

N0l.c ills0 Lhal. l.hc preprocessing or cla1.n (hashing) is 
cOmt,tcl.cly hitltlcn hchind Lhe exccul.iOn of lhe prcccding 

oprr;~l.iou. ‘I’licrclorc. no Ovcrhcad appears even whcu n 

query I.0 hi ‘pcocesscd include many retnlionr~l operaLions. 

2.3. ‘I’:lsk 

‘I’hc procrssing 0r a query in ger;etGl requires il. I.0 he 
tIccOmposed inI. n numhcr of primitive tlnlnhase opcral.ion,s. 

In CRACI?. Ihrsc OpcmLions include all of relal.ionnl nlgchm 

opcrnl.ions (joins. sclccl.ions. projections. divislon~. clc.), 

sorl.i,,g. arid aggrcgalion. The exec\il.io’n Ot primil.ive dala- 

base opcral.iOns are cncnpsntal.ed in lhe form ol lasl: I tigh- 

Icvel query such as SKL.II:C’I’ IPROM WIIERG CIBIJSC in SQL 

ICham76] is configured ns lhc tree of tasks cnltetl Minsk he. 

In1 uil.ivcty. Lask c0nsisl.s 0r “river” and “wal.er”. “WaLcr” 

is R tla1.a sI.rcam, i.c.. flowing luplcs ol operand relnl.ions, 

white the “river” 0 llers Ihe ezeculion environmen for I.he 

operal.iOli. The cxccuI.ion environmenl will he composed or 

ncccssary nllmhnr ol machine rcsr,urces enough 1.0 exec1,l.e 
I.ho rlcsign:llcd ,opcml.iOn. A tlnl.nhnrre opnml.ion is exccul.cd 

in I.t,c lorm Ol bask hy Icl.l.ing Opcrnnd dala flow l.hroi,gh i1.s 
cxccuI.iOn cnvironmcnl being npplicd lhc dcsignnl.etl opern- 
l.iOn. 

O,,r design policy is lhnl n lnsk should he so nul.o- 

IiomOus Illal. il. rl,ns willlout any tlirccl.ion from Ihe controtl- 

cr. II :a Iask can he such a sell-conlnincd ohjecl, Ihe conlrol 

mOtl~,lc hccomcs rcsponsihlc only for preparing and elim- 
ir,al.ing I.hc cxccI;I.ion cnvironmcnl. for task. llinl. is, mnnog- 

ing rosO!,rccs. Spccilicntty. according Lo Lhc bask lree, lhe 

cOnl.rollrr ,,pprOprinl.cly produces “jl,ncl.ion”s when il 

prrpnrcs “rivcr”s for dnla sl.rcams. ‘T’t,e I.nsk bee can he con- 

sitlrrctl IO rcprcscnt. how Lrihrllary rivers are merged inl.0 I.he 

ma i II sl.rca m 

‘l’t~c cxccl,l.iOt, 0r primil ive tlnlnl~nse Opeml.ions which 

i~rrtl 1.0 accc~s l.I~e tlalnl~aso dirccl.ly (selections. elc.). l.hus 

rxccul.ctl iu llle sl.:lging pl~nsc. is called a wnd Insl:. while 

I.lml 0r oI.hcr Oprral.iOns tikc joins which arc cxcc~~lctl in Ihe 

pr0cezirlg pllasr nrc mllcd nri inlctnnl losk 

III (;I.!A(:I~:. 111c r~xwlll.ioll cuviroll~nc~~t. 0r iti rci~il I.ilsk 

c0IIsisI.s 0r 111~ scl. 0r disk m0d11Ics which sl.Orc l.l,c I.uplcs I.0 

hr acc~sssd by Ill? corresponding scIccI.ion. a scl. Ol memory 

n~Otl~,lcs I.0 sI.Orc l.hc rcsuI1.s. nntl a set. 0r chnnncls On l.he 

slaging riug I.0 convey I.l,plrs (see Pigllrc I). Exccl,l.iOn cn- 

virOhn~c,,I. 0r 01, ir,I.cr,IaI I.;~sk is in l.,,rn compOsctl or Ihc scl. 

0r mrmory ni0d1,Ics which slore I.he operand dal.a. a scl. ol 
processing motl~~lcs. n scl. Ol memory motl~,lcs I.0 absorb I.110 

rcsI,ll.s. and R ~c1 0r channels on I.lie processing ring (Figure 

5). 
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WC noI.icc Ll~al. cil.llcr ol rend or internal Lnsks esscnl.iaI- 

ly has 1.11~ itlenl.ical sl.ruclure; eiLher Lask logically consisls ol 

.so~rce s~acc, which products lhe parallel daLa streams (disks 

iI) disk motlulcs in read Lasks. or memory modules in inlcr- 
tlnl Insks). /illerin~, which applies several moditical.ions or 

sieving Lo dnln sI.r~ams (tillering units in disk modules in 

t-cad Lasks. or hardware sorler and luple manipulation uni1.s 

ill procrssing modules in internal Iasks), clustering. which 

pnrl.iLions a dnl.n sl.renm into mlllliple, independent dnLa sub- 

sl.rcnms (hashing uni1.s in disk or processing modules in read 
aud inl.crnnl I.asks rcspccLivcly) and, sink space. which nh- 

sorhs Lhc rcsull rlala sl.rcams ( memory modules in bol.h or 

Lasks). This obscrvol.ion can he formalized as Lhc dafa 
.sbenm motfel which can he a general framework for lhc sys- 

1.~111 soll.warc design ol tlnla stream orienled relalionnl dal.n- 

base machines [F’llshfl(i]. 

2.4. Virtual Space Mnnogcmcnl Ilascd on Cluslcrs 

Prom Lhe view point d the structure 0r execuLion en- 

vironmcnl.. Lhr most. crucial problem is Ltie overflow in Lhe 
sillk spncc. To sl.nrt. a lnsk. enough cnpncily should hc 

prrpnrrtl as t.he sink space; olhcrwise. it lhe unexpccl.edly 

large sl.rcam is rcsllll.cd, lhc overflow occurs in Lhs sink 

space. ttisahli~~g t.hc processing lo proceed turlhcr. Since 

precise cst.imaLion 0r I.hc size 0r ltie rc.31111 data slream can- 
1101. hc cxpcct.ctt. some means musl be lnken. 

Our solul.ion lo Lhis problem is lhe tir!uoltialion a/ .+~k 

nnrl so~,rce spruces. l’tle virh~~l space is constructed by a set. ol 
memory motlulcs logclher wilh worktng disks One working 
disk is nssocinl.cd wit.h each memory module, and behaves 
il.scll in l.ttic very similar way lo lhe swapping disks used in 
1.11~ virl.llat memory menagemen in Lhe convenlional opcral- 
ing sysl.cm. 

ncrorc WC proceed. Lhe Itierorch~ ojch~slers is tirsl int.ro- 

duccd (k’igtlrc II). In Lhe hierarchy, we relcr Lo a cluslcr hy 

Flgura 8. cl- Hlemrchy 

ill, trlo1rnc: r:llr.slnr. Ily cIIisI.cr size Lugging. some numhcr of 

;~l.om it: cIIIsl.crs arc groltpcd Lo a ~~roces.~~71(7 cktslor. w tlicli li1.s 

ill 011~ processing n1odulc. ‘I’lle processing clusler is Lhc uriil. 

or t1at.a which can hc processed in one processing module. 

LJsunlly. (sink or source) memory modules are Lo slore 

Lhe enLire scl. of alomic (hence processing) clusters. I-lowev- 

er. in case Lhe very large data slream resulted, or enough 

numhcr of memory modules is not available because ol lhe 
lack ol rcsourccs, WC consider I.he larger unit of daln whose 

size is cquat Lo Lhc size ol Lhe tot.al cnpncity,ol (sink or 

source) memory modutcs nltocaled Lo Lhe Lask. The set ol 

ol.omic clusLcrs which fils in the scl ol (sink or source) 

memory modules in a Lnsk is called sloping chlsler. When 
lhe resttill tta1.n sl.renm exceeds the LoLaI capacity 0r Lhe allo- 

cnt.cd memory motlulcs. more Lhnn one singing clilsl.ers 

form 1.11~ cnI.irc data sLrcam. 

Now, WC rc?Lurrl 1.0 t.he overflow prohlem. II Lhc t1at.a 
sl.rnnnl ovtrrtlows irl Lhc sillk memory motl~llcs. tirsl. WC con- 

sider Lhe sl.rcam as lhe set. 0r sl.aging clust.ers. In Lhe virl.tml 

space. Lli~sc sl.aging clusLers are arranged so ltial one ol 
t.hcm arc! sLorcd in I.tlc memory modules, white ol.hcrs are 

rfasln~nrl Lo I.hc working disks associaled wilh each memory 

motlulc (Figure 9). Consider the dala Lransfer from pro- 

ccssing modules lo memory modules in an inlernal Lask. 

While rcrcivirlg Lhc resull data slreams, memory modules 

occasion;llly dcst.agc some nlomic clust.ers Lo lheir working 

disk modt~les it I.he overflow is expecLed Lo occur. When 

Lhc Lranslcr ol data complel.es. Lhc memory modules are 
tillctt wit.h dat.n which lorm Lhe singing clusl.er lo be exccul- 
cd firs1 in Ltrc next operalion. whereas the working disks 
sl.orc Lhc rcmnining dnLa wiltlout losing Lhe clust.cring pro- 

pcr1.y. To cxccut.e Lhc subsequent lask. Lhe sink space is 

ctl:lllg!ott I.0 I.IlC SOIJJ-cc spncc. then begins lo OUL~IJL Lhe 

paratlcl dai.a slihslrcnms from memory modules in il.. As 

111~ d;il.a in Inomory modlilcs arc OIJt.plJh. Ltle new singing 

CIIISI.C~S arc sttcccssivcly stngcd up Lo lhe memory modules 

Ftgure 9. Virtual Spaca Management 
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rrOI71 1.11~ working disks. ‘I’hus. wl~cn some sl.nging cII~sl.cr is 

C~IISIIIIIC~. 1.11~: 81~x1 OIIC is lormcd al lllc same lime in 

Inclnory niod~~les. ‘I’his means that the data are conlinuous- 

ly supplied from 1.11~ working disks lo the memory modules 
in Lhe pipelincd Iashion Consequcnlly, Ihe memory 

Inotllllcs. I.ogcLhcr wi1.h Lhe working disks, generate a 

cl~~sl.crctl very Inrge da1.a sl.renm wiLhou1 serious ovc?rhead 
(l.h;~l. is. wilhoul Lhrashing bctwccn disks and memories). 

N0t.c .Lhnl. Lhc pcrlccl eslimolion 01 the ncccss pnLLern ol daLo 

is nal.urally achieved by Lhis cluster-based scheme. 

Which nl.omic clusl.er should be deslaged? Memory 

modlllcs in l.t~c sink space select. Lhe Inqcsl olomic cllrsler al. 
I/~crl IGne. hccnusc such n cluster Lends Lo hccomc much 

Iargcr. hcncc mighl exceed Lhc capacily of Lhc processing 

n~0dulc. Such a ml.hcr large cluster will be lurlher cluslcred 

using liner hustling lunclion in working disk modules. 

NoLc Lhat. WC slill keep Lhc lincnr Lime execuLion of 

Lnsks cvr11 ir Lhe spnccs are virl.unliacd. This is qI8il.c 
tlillcrrnl. from the virLunliznLion scheme in l2AP [07.kn77] 

wi~ich rcvcnls Lhe srtllnrctl order ol execution lime. 

3. SysLrrn s0rl.warc Orgnnizalion 

‘l’l~c orgnnizal.ion 0r sysl.em soll.ware we propose con- 

sis1.s Or rOllr mnpr componenls, which are organized in il 

Inycrcd tlicrnrclly. P’igure 10 shows nn overview 0r Ltae com- 

p0no11I.s WC will ttiscllss. At lhe heart ol Lhe sysLem s0lLwnre 

I ic 1.1,~ f)rmtiliuo (1 rn, .fi ware) dgorillnm employed in disk or 

processing mntllitcs They imptcmenl filLering and clllsl.cring 

runcl.ions in lnstts. For example. t!ardwore sorler. logelhcr 
wiLh Luplc maniputnt.ion unil. implements Ilie filtering Iunc- 

l.ion in an inl.crnnl task. Soltwnres in the next layer 

Figure IO. OrgaUzaUon of System Soflwan, 

c0~~sl.il.lll.c l.t~c ir~lrn-lnsl: co,nlrr,l LtlnL implcnicnl.s l.J~c cl[iciclll 

flow COIIO.OI ol dil1.n sl.rcams ~lil/fi.n cnch Lnsk In olhcr 

words, il. c~~nhlcs sl.rcaIns Lo XI. aul.onomously. Jusl. hcyontt 
1.11~ itll.r;l-Iask conI.rol coma lhe inlw-losk corrlrol Irqer I.l~al 

conI.rols l.hc iniLinl.ion nnd deleLion of cooperfiLing Iasks, 
such ns ILhc resource manngcment, scheduling 0r he CX~CII- 
lion ol tasks. Lask firing. and deadlock rcsotulion. The Lop 

tevcl layer is Ihc lrnnsnclion mnnogament. which produces Lhe 

cxcc~tL:~hlc I.ask lrccs and milkcs lransnclions 0Lomic and rc- 

covcrahtc aclivilies. 

‘I’hr four layers 0r Lhc sysl.cm software arc imptcmcnL- 

cd in CI2ACE in Lhc lallly dislribuled manner (Figure 11). 
‘I’tic priniil.ive algoril.tlms layer is iniplemenLed by its 
llnrdwnro n~odutcs. The inLra-Lask conLrol layer is plnccrt in 

1.110 ring hlls inl.orlncc Ilni1.s ol modules, Lhus implcn~cnlcd 

in lhc form ol ~~~~/.ocol I~cI.wccn ILhcm. The inLer-Lask con- 

Lrol tnycr is on 1.~0 conLroI modules in coopcral.ion wil.1, ring 

I)IIR illl.rrlncc 1tinil.s ol modules. The t.mnsncl.ion mnnage- 

mc111. Iaycr is implcmcnl.cd mainly on lhc conlrol module on 

I.110 sl.nging ring 

‘t’hc primil.ivc i~lgoril.hms lnycr was dcscribcd in Ltie prc- 

vious sccl.ion as Ihe rlucry proccssing ntgoril.hms. WC 

prcscnl. 1.11~ inl.m- nnd inLcr-lnsk conLroI layers in lhc lollow- 

ing sccI.ion.5. ‘I’hc I.mns0clion mnnngcmcnl layer. along wilh 

Lhc concurrcilcy conl.rol. is briefly dcscribcd in secLion 7. 

1. InLra-Lask ConLrol I.aycr 

InLm-Lnsk control layer is responsible for lhe data 

sl.rcam conl.rot in a Iltisk. tLs ohjeclive is lo achieve Lhe con- 

I.inuOlls flow ol tln1.n in a Insk. In other words, il provides 

: PrlmIUve Algorithms layer 

: Inlra-task Gmrol Layer 

@$3 : Inter-task Cmlrol Layer 

@ : Transacuon l.iamgmenL Layer 

Flgura I 1. layer F?acement 
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cIcsl.innlion motllllcs Lo cnch Luplc in n sI.rcnm wil.llouL ~17~1.9 
ing ally ovc:rllc*acl. l3ccnusc 01 our dcsign policy LlmL n Lnsk 
sl~ol~lcl s11ppor1. ilsclf. Lllis lnyer is implemcnled in Lhc form 

of proLoco1. as opposed Lo the centralized control. Most of 

efl0rl.s were concenLraLed on the design ol lhis layer because 

or it.s 0uLsl~ncting Importance in the data stream orienled 

processing 

I.lclorc WC: proceed. it should he menLioned how parallel 

I.nsk cxccut.ions nre isolnLcd each olher. Task executions are 

l111ly isolnLcd in GRACE in Lhe following way. All modules 

lcccp Lhc id ol Ihe Lask they are hclonging to in Lheir ring 

hus inlcrfncc unil. Modules respond Lo channels only il 

ctmnncls hnvc tho same task id as modules. Wilhin a Lask, 

mocli~lcs arc! idcnl.ified by their relative positions’. and Lhese 

posilions arc used to est.ablish Ihe connection between 
scnclers and reccivcrs ol da1.a. 

1.1. SuhLask: Inl.ra-lask SLruclurc 

Ilcrc WC examine the rhw palt.erns 0r streams wil.hin a 

Iask. and iIII.roclItcc Lhc lower sl.ruclurc of a Lask called sub- 

lnsk. 

A clnln st.rrnm in a lnsk is dicholomixed accorcling lo ils 

flow pnLLcrns. In nny kind ol tasks, luplcs are Lranslerrcd in 

cil.licr Or 1.~0 ways: Luples in each atomic cluster are dislribvl- 

cc/ uniformly over dest.ination modules, or, tuptcs in each 

CIIISLC~ Lllus disLrihul.ed are collecledagain inlo some desLina- 
l.ion module. Thcsc arc laler referred lo as clusler &slrifnrlion 

and cbrsh colleclion respeclivcly. 

According Lo I.his criterion, a lask ilsell is decomposed 
inl.0 .sublncks: a di&lncHon subtask. and a colleclion subfask. 

‘I’hcn. cnch Lnsk c0nsist.s ol al mosl two suhlnsks: a read tnsk 

c0nsist.s ol one dist.ribuLion sublask (data Lransler from disk 

mocll~lcs Lo sink memory modules), while an inLernot Lnsk is 
composccl ol one collcclion sublask (da1.a transfer lrom 

source memory modules to processing modules) 01ld one 

ttisl.rihut.ion suht.nsk (dnt.n Lransler lrom processing modules 
to sink memory moctulcs). 

1.2. I’rnlocols 

In 1.11~ coltccl.ion suhlask. lhc module which is Lo sent1 a 

I.IJ~Ic can cnsily dcl.crmine lhe dcsl.innLion module hy ilsclf 

OS clcscrihcrl in sccLion 2.2 (see Figure 7). hence Lhc dal.n 

sl.rcnms of Ltlis Lypc arc ral.hcr easy to control; il is sulricient 
For scndcr modules jusl. Lo atlach the dest.inaLion address 

(I.tic rcliil.ivc posil.ion) Lo the Luple, and then put il on Lhc 

ritlg hIIs Dcsl.innLion modules in Lurn always keep an eye 

“11 SIlCII ctlnrlllcls. ir mnt.ching is follnd hcLwccn id’s ol Lhc 

modillc atlcl ol sonic chnnncl. Llic t1al.a on Lhc ctinnrirl nrc 

lakcn ill. ‘t’tlc proI.ocol is sl.raigl~Llorwnrd. Cl~nnncls used by 

Lhis proI.ocoI arc cnllrd colloclinn chnnncls. 

On LtIc: ot.hcr Imnd. a disl.rihuLion subtask is ml.hcr 

tliflic~tll lo conlrol. In this suhlask. Lllplcs in cnch cIust.cr 

shoulcl hc disLrihul.cd over rcccivcr modules unilormly. To 
-- 

“t3.h klncl o! n~c~cl~~lcs in one lnsk is successively numhcrecl 
I)rgIrlninfi w11.h enc. lrorn tlownslrcnm lo rlt)slrenm. on Lhe ring. 
‘1’111s n~nlhc~. is rclcrred Lo as Lhe relu.hve posihon or the motllJle in 
1.11~ I.ask. ;!IICI IISC~I Lo iclcnlily I.hc module in a lnsk (mocl!lte icl) I1 
sl~oul~l hc rclnl.ivc hccnuse the physlcnlly (or absolulcly) acljncent 
rnocl111c may hc nllocnlccl Lo ol.her Lank. 

kc:c:p LtIc c:l~~sl.r:r tlisl.rih~~Lio~~ nnilorm. Lhc: ctosl.it~~~t.ion sllolllct 
hn clc!lorIninocl so Ltinl. nclcling ltlc I.uptc Lo il. cloes 1101. cn~tsc 
any skew in I.hc llal dist.rihution achieved so lar. Nole Lhal 

lhe mapping heLween senders and receivers should be one- 
lo-one hecnuse receivers can receive al most one tuple at 

OIIC Lime. 

I-lcrc we prescnl the overview 0r the protocol ror Lhe 

disLrit~ution suhlask. As the readers will see, Lhis prot.ocol 

mnkcs it. possible lor Luples to be transferred GIhoul anl~ 

ouerl~cndcoriccrning the protocol execution. 

The prolocol consisLs of three phases. Consider t.he 

dala lrnnslcr in a dist.ribution subtask in an internal task as a 

representative of this sublnsk. For simplicily. suppose n 
processing moclulcs arc 1.0 send n tuplcs Lo n memory 

mottulcs hy n chonncls. Channels used for Lhis Lype ol dnla 
,Lransfer nre called dislti.fnrlion channels Their format con- 

sisL9 ol henrler pnrl nnd daln segmenl pnrl The header parl. 
Iiotds scvcral kinds of conl.rol informalion. The daLa seg- 
ment part cnrrics the lixcd size ol daln. or segmentof Luptes. 

In the inilinl phnse. cnch ol processing modules reserves 

any one 01 chnnncls by writing iLs id on the channel. and at 

t.hc snmc Lime. puts on it Ihe hash value (clusler id) of the 

Luplc Lo he Lmnslcrred. Channels thus inil.ialiaed arc lhen 

dirccl.cd Lo memory moctutcs. In the initial phase, memory 

motllllcs in turn se1 lhe maximum and minimum V~IIJCS 
among sizes ol lrngmenls ol the clusler the hnsh id l.he 

chnnncl specifics. That is, if Ihe channel specifies Lhe i-lh 

cluslcr. maxi and mini among B, (j = l....n) are set on 

Lhc channel hy memory modules, where l3,- is Lhe fragmenl 

size ol Lhc i-th cluster slored in the j-lh memory module. 

‘I’hcse two vnlues are used to establish the mapping in Lhe 

following phnse. 

‘I’hcn, in Lhe Iink @se, we establish the one-Lo-one 

connection hclween processing modules and memory 
modiitcs irsing such st.nl.isLics. In Ihe link phase, each pro- 

ccssing module puI.s Lhe lirst segmenl 0r tupte on Lhe chnn- 

IICI it rescrvcd in Ihe inilial phase. Then, Lhese channels are 

scnl Lo memory modules. Memory modules in turn exam- 

inc channels one hy one, and select Lhe “hcsl” Luple to Lake 

in il.. ‘l’hc “hcsl” Luple is determined hy Lhe following 

cvnlual.ion Iuncl.ion I7 ol B,,. maxi. and mini as above: 

R(tl,,,max,,min,) = 

, 

I.0 il UB=min, and D,,=maxi 

m t maxi - D,, iI Li,]=mini and Dlj+mnxi 

mini - max, il BiI$mini and n,,=max, 

““” 1 - ‘Ii, if nijrmini and Bilfmaxi 

nil-- m in 1 

‘l’he value ol R(Di,.max,.min,) becomes more t.han 

enc. iI Lhc j-t.11 memory module has less Luples Or the i-h 
clusl.cr Ihnn he avcmgc. and less than one. otherwise. The 

vnli~c of Ii inclicnl.cs Lhe rclalivc suitability on nccept.ance Or 
n I.i~plc: t.hc grcnt.cr I2 value the hlplc has, the belier Lhe 

m?ttulc Lo tnkc il in. 

Memory modules use this Iunclion in Lhe link phase to 

dccidc I.llo I.~tplc lo reccivc in Lhe lollowing way. Memory 
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n~od~~lc is cq8lippcd wil.ll a bufIer store of One cllilnllci size. 

‘I’hc huflcr is Inil.inli7.c d cmp1.y at Lhe end Or iniLiaI phase In 

the liflk phase. cvcry Lime memory module enc01JnLers a 

channel allocnl.cd to the disLrihrJLion suhlask. Lhe I~JncLion 12 

is evnl~JaLed. nnd Lhe rcs1Jl1 valise is compared with thnl. or 

the Luplc I.cmporarily stored in Ihe huller: St~pposc 1.11~ i-Lh 

memory modlJlc CncolJnLcrs lhc chnnncl cnrrying the I.lJptc 

hctonging Lo I.lle i-lh ctlJsLer. Then. the memory modlJte 

IcLchos II,J from its own cllJsler frogmen1 size table. maxi 

Rlld m i II, Irom Ihe channel, and Lhen e’,allJatcS 

li(l~,,,mnxi.minJ). Ir the vnliJe is grealer than that. ol I.he 

t.lJplc in I.tle htJlTcr. lhe contents are exchanged. When Ihe 

module cxnmincs 41 of channcts, the LlJpte whose nLomic 

cllJsl.er gave the greatest re.slJlt. value is tdt in Lhe hlJlTer. 

Memory modlJlc est.ahlishes the connccl.ion wilh the pro- 

ccssing mod~~lc which sent lhis tuplc by remembering its id. 

Nolc! l.lml. not nit chnnncts nrc cxnmincd hy a memory 

module: LIIC lirsl. mclnory moctlJlc can cxaminc att of clmn- 

tIcIs in 1.11~ suhlnsk, while the second module examines nil 

or Chi~~~ncls cxccpl. one which is nlready I.nkcn in hy the Iirsl.. 

III ~CIICIYI~. 1.h~ i-th memory m0dlJle SCICCI.S l.he tuple 0111. 0r 

Ihc cnndidnl.cs exccpl Lhose which are bkcn in hy iLs preced- 

ing i-l modlJtcs. In parl.iclJlnr. the last memory moctlJle has 

no choices. In Lhis scheme. therefore. the more upstream 

I.hc modiJlc is IocnLcd. Lhc more prelcrcntial I.renI.menl. is 

given. ‘I’hc cval~Jal.ion Iunclion Ii was Careflltly designed not 

lo mnkc lhc modules downstream disactvantageous. 

‘t’tle cxnmptc ol ttlc link phase is shown in FiglJre 12. 

N0l.c 1.~0 id’s ~~sctl to designate I.he processing modlJte in 

t.hC fip,UtT, OIlC iS IJSCtl I.0 Specify lhe “OWllef’ Of he Ghan- 

11 c t , wtlilc I he ol.hcr indicnlcs lhc “sender” ol data in the 

chnnncl. ‘t’hcsn Iwo id’s sholJtd be used hccause of the cx- 

CInIngc opcrnl.ion in the link phase. 

‘l’hc link phase is lollowed by t.hc frnns?ni.%tion pl~nse in 

whict~ rcnlniuing scgmcll1.s arc transferred LhrolJgh lhe con- 

IlccLion t.tIIJs cslnhlishcd. Processing moduic puts ltle 

remaining rrflpd 011 Lhe channel it reserved. white 

memory mod~Jlc ILnkcs in Lhe data which are sent hy the pro- 

ccssillg mndulc il. is connccl.ed Lo. This phase is repeal.ed 

~bcccssary l.imcs 1.0 l.ransfcr a whote t.lJple. 

III Ihc acl.iml imt~lemc~~t.nt.iori, I.he inil.ial phase is over- 

Iappcd wil.tl Lhe t.mnsmission pllase in wllicti I.he lasl. daln’ 

Sic:glll~rll Or fhc p!TViOlJS t.lJplC iS hllSrem!ti. ‘rile net efrcCt 

IS 111al. lhc inil.inl phase is comptcl.cly hidden hchind Ltic 

Iransmission pimsc. hcncc no explicll ovcrhcad exis1.s. 

‘1’11~ prot.ocol has hccn gcncrnlizcd 1.0 handle lhc gcn- 

crat cnsc in which t.llc dynamically variable nIJmhcr 0r I.iJplcs 

arc scnl. I.0 I.hc rcccivcr memory modlJlcs which may occa- 

sionnlly rclllsc I.0 rcccivc Ll~plcs when lhcy bccomc Loo hIJay 

wil.ll ol.hrr johs like working disk manngemcnl. The details 

011 il.ciin bc r0lltlti ill [l+JshftO]. 

5. Inl.cr-l.ask Conlrol I.aycr 

, III our tIcsign. il. sho~Jltl he kepl in mind l.tlal. Ihc con- 

trol n1oO(llc is cons~~ll.cd hy olhcr kintt of modlJlcs milch 

ICSS Irc!ctt~f!nl.ty Ihan IISIJAI. This is hccnIlsc Lhc operand 

grnlllJlnri1.y lor cnnhling modules is much conrs~r and lnrgcr 

I.hnn oI.tIcr ttcsigns. and also hccailse cooperal.ing mod~~lcs 

wnrk q”ilc nllt.onomously in I.he rorm ol Iask: once Lasks nre 

;~rt.ivnl.cd. Ihcy cnn rlJn wiLho1Jl. any ccnLraiized conl.rol ‘l‘hc 

i~~dic:ll.ion is ILlml. one cor;t.roI module on cnch ring would bc 
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‘1’111. I~lilill l~1r1. of Ll~c illl.rr-l.ilsk c:nl~l.t~ol I;lyc,r is ilnf>lc- 
111011L~‘~l “11 i.IIr!sc! Lwo conl.roI modules. ‘I’IIC CollLrol n1odI1lc 
on lhc processing ring is responsible for the conlrol of inlcr- 

nnl Lasks. while that on the staging ring is in charge of 
managing read tasks. These Iwo control modlJles perform 
same management’ routines except lhe conflict/dendlock 

r(*solllLion on l.hC control modlJle on lhe staging ring 

~l~‘lJ.ShlKi ] 

Ro,ughly speaking, the inter-task control manages exe- 

clltions of I.nsks by repenting lhe following procedIJres. It 

first idcnl.ifies jira,ble I,rrsks. By firable task, we mean Lhe,, 

I.& whose chi!d Lasks in l.be task tree finished. hence il.s 
solJrcc spncc is ready lo output data streams. Next, il. &lccLs 
one? of firnhlo I.nsks. and alloc;lles lhe suflicienl resources Lo 

il. Lo ollnhlc ib excclJl.ion. Then’. iL cxaclly fires 111~ task. 
‘I’hc conl,rol carl’.& nho1~1 Lh(? ncxl lirablq task witholJt’ wnit- 
ing for Lhe completion of this task. EyentlJaliy. Llle inLe;- ,. 
lask conl.roI is nolice! 1.11~ complclion of, the’lnsk ex&lJlion. 
LJpqn complcl.ion. il. deallocates Lhe resources. and relyoves 
LIIC lnsk frOln I& sySLem 

,i’ 
‘I’hcrc arc 1l111.s four main.componenLs in Ll!e inLer-Lask 

co1IlroI Inyrr; , re.501,rce n~a7lapmenl. cqnnnf?1 nllocnlion 
mrrnngm~mf, Ink n~wnilor, and chnnnel denllocnlioli ;nnnnge- 

VI@. ‘I’hcy are invoked when some spec’ific channel is en- 

colJnl.crcd. ‘I’lirolJghoul this seclion, WC consider lhe cxecu- 
ILion of an internal task fqr the ill~~sl.rativc purposes. 

: ,, 

5.1. fhxx~urcc Managcmcnl 

In Lhe design. tqo,Jrces are managed in a rather noye’ 
tnanncr: Lhcy, arc managed @ho$ u$ing any ,kind , of 

rcsoiIrcc mar~ngemcnt Lnble. jl’hc scheme i’s based on the 
followi~~g idea which IJlilizes the channel regulation properly 

of ring h!ls. rcsolfrcc manager putti (slJh)LaSk id on the 
(.wh)fn~k vi jicfd and ihe n!~m hers of’ ‘necessary pro&ssirig 

and memory modules on the tnoUe coltnl /lelds of the spe- 

cial ,chnnncl. rcq~~csI:ing participnl.ion of modules in ‘a task. 

‘1’11~ idle motl~~lc in LlJrn responds to slJch a c.hannel hy de- : 

rrcmcnling ‘the corresponding colJnt field of the chnnncl to 

notify iI: inI.cnds to join I.he task. ., . . The channel is evkntiJnlly 

rcl.llrnctl lo Iho rcsolJr&c manager, and its fields are exStil’- 

incd. If all of iLs module count fields ‘are decrekcn’lttl’to 
‘Apro. dcsirotl n,Jmhcr of mocllJles are reserved. OLherwise. 

1.11~ sysl.om currently lacks modules. This protocof w’ill ‘h‘e’ 

InLcr rcfcrrrd I.? hy Lhe covnl-dourn p~~focnl. and the channel 

IJSC~ for rr:sourcc mntlagemdnt p!J*rp’o& in that wa’y is &lied 

nllocnhrm clrnnnrf. Only one allocation charihel is avoilrihle in. 

LllC sysl.cm ‘1’6~ rcsolJr+e ninnagcmen\ ‘&IJ’l.ii,e wh/cfi is’ 

rrsponsihlc for nllocating modllles to q Lask is rdfcired Lo‘ by 

‘1’0 allncal.c resources to n I.ask, rcso,Jrce. manager rc- 

q1~cs1.s nvnil;!hlc m,odulcs to join, the tas,k. Marc prcciscly. ii 

uses I.+rro mod~~ic coi~nl. ficlda, on the a!locaLion channel lo 
specify 1.11~ nllmher 01, memory modlJles in soklrce space. 

prorcssing modIIIcs. nnd ‘memory modrJlcs in sink space. 

‘I’ilc i~lloci~lion chnnnnl also cnrries the collccl.ion and disl.ri- 

hllliot1 sllhlask id’s NoLc l:hat, the common di$rihlJLion. 

sllhlask id is ~tscd am,ong Lhc. sibling tasks. All what is re!- 

q~J~rr(l fcr ihc cxcc~~tion of tree-formed Lnsks is I.0 ICI. sink 
memory mod~~lcs know Lhis common id The prol.ocol. for 
disIrlhlll.ion slJht.qsk nutqmnl.icnlly mcrgcs rcs(Jl!. data sI.rcams 

Iron, mitll.iplc tasks. 

Ilnsically,, a I.ask is allowed lo bc fired only when these 

I.hrcc mod~~le counl fields are decremented to zer,o afler lhe 

cogent-down proI.ocol is cxec\JLed. We can proceed the task 

activation. howcvcr. e;en if eypecked size of sink space is 
no1 rcservcd (the modlJle count field for sir;k memory 

modiJles is not dccremenled Lo zero), because of lhe virt\JaI- 

iantion mechanism described in section 2.4. 

When lhe allocation channel is returned. resO,Jrce 

mnnngcr informs qodules lemporarily assigned to lhe lask 

of succcss/foilure of rcsqurce allocation again by tile counl- 
down protocol., MO~!J~CS lhcn inilinliaes themselves for the 

task cxccution. or retlJrn to the previous sLate. 

.’ 

5.2. Firing Tasks ” 

‘I’hc c?rnnnel nllocnlion~mannge~~enl is responsible for al- 

localing ncccssnry numhcr of channels. to the bsks which 
hnv~ hccn already pllocaled modules hy lhe reso\Jrce 
manager. A task is acl.~Jn’lly fire2 just when the channel allo- . 
caLion completes. 

Whencv,cr- an ,cmpty char)nel is slliftcd in the control 

mod~~lc. the- cllanncl allocation management is called.. If 

Lhcrc is a Iask wailing for the channel a.llo,cation. the empty 

channel is-formatcd either a,s thq collection channel. or dis- 

l.rihIJtion channel for il. When alI of channels are allocaLed 

for lhc Issk, nqw the bsk is actua!ly fired. .No directions to 

cnahlc modlJlc%ar%? required. The mod,ules are gulomalical- 

ly activalcd IJndcr 4.he intro-task control protocol just when 

Lhcy find ,I.hcsc c!!nnnels in the task in which they are in- 
volvcd. 

5.3. Kx6culi’on Moniloring 

Once, task is fired. its eqecution status is monitored by 
Lhc- la.sk c0711rol r:hn~nel 

l’lla task control channel carries enolJgh information on 

Lhc excc~Jl.ion’ stntus of ,arlive tasks, including the ccJrrenL 

numbep of s.oIJrce memory modules, processing modules, 

arid Ar\k lncrnory modlJiCS. The count.-down -protocol is 

again IIsed in the task conlrol channel: modules which. 

finished sentling/rcrciving the data stream decrement Lhe 

corrcspoilding module colJnt field. These values are exam- 
incd hy lhc f.nsk monzlorin the inter-task control every time 

1.11~: I.ask conl.rol chan~\cI is. directed in the conLro1, modlJ!e. 

When all of. Ihcse, fic.lds arc decre,menled to ,qero. the task 

monil.or ;tlirccts s,oIJrce m.emory modules ,and processing 

mod\JIcs 1.0. Icave, bhc task. As for Lhe sink memory 
modlilcs. .,il. cx;lmincs whel.her 6the I.ask is the, lasl. child 

among sihlilbgs, If ol.her sibling lssks are still active, or n,ot 

ycl. ,nctivaLcd. orvly Lhe source memory mndules and process- 
ing mod~~lcs are Irccd. while sink memory m?drJles are kcpl. 

allocnl.cd Lo nhsorh Ihe $a$ streams from its siblings which 
arc nol. ycl. colnplctc. Otherwise, Lhc task monitor rcq1~esl.s 

sjllk memory modlJlcs to icave‘ the task. 

5.4. Task ‘I’crminnlion 

To wind up ILhe Iask,, channel deallocation is finally per- 
formed,. ‘1’11~ following rbIJl.ine, .I cltnnnef deollocnlion wnnoge- 
mr?nl. is rcnponsihlc fo,r it. 

1.11~ col;I.roI 

i’his routine is cdlled bvery time, 

module finds lhe collection cllanncl or 
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tlisl.rih~~~I.ion clIaI~ncl. According io lhe lype of lhc chnnnei. 

il. cl~ecks iI 1.11~ corresponding (suh)lnsk lcrlninnlcs. II so, il 

cnipl.ics i.hc clmnncl. When all ol channels in a task nre 

dcallocnled. n l.ask is exnclly finished. 

6. Soflnaro SimlJlal.or 

The syslem soll.ware described in lhe previous secl.ions 

has hccn implemenled on lhe sollware simulator ol GRACE 

[ I~ushllB]. nnd several performance evaluations are being 

conducl.ctl. WC arc primarily concerned wilh lhe perfor- 
mance of inlra- and inlcr-Lask control layers: how well lhe 

control module manages Lhe execulion ol tasks. and how 

conlinuously da1.a slreams flow lhrough the machine. Nole 

lhnl I.hc former is is concerned wilh overhead before a lask 

is fired or nrl.cr it. lerminales. while Ihe laller is on Ihe per- 
lormnnce dnring Ihe execJJlion ol Ihe lask. 

I’rclinlinnry pcrlormance evaluation showed I.lml oJJr 

design ennhlecl lhe machine to work wilh lillte conlrol over- 

head. The implemenlnlion ol l.he roJJlines in the inler-l.ask 

lnycr wcrc very cflicienl.. In Ihe implemenlnlion. Lnsks wail.- 

ing for scvcral scrviccs such as resource allocalion form n 

ctucue. Thus. nil whnl is required lor Lhe layer is lo examine 

a Icw numhcr ol ftelds on lhe channel, to lelch inlormalion 

of lasks from lhe qJJclJe. or Lo,modify some fields in Ihe 

conlrol I.ahlc. These aclions are aclivaled just when lhe 

specific channel is shilled in Ihe control module, and can he 

finished hclore l.he channel leaves Lhe conlrol module. 

II was also shown Lhal daln slream flowed Through lhe 

machino q”ile continuously, and Ihnl almosl perlecl data 

sl.rcnm oricnl.cd processing was achieved. The conlinuous 

tInIn sl.rcnming is nchieved by Lhe complele pipelining in lhe 
collccl.ion suhlasks. which is in lurn accomplished by Lhe un- 

iform disl.rihiIl.ion of luples in Ihe preceding dislrihulion 
suhlAsk. along wilh Ihc clusler size tuning. The prolocol lor 

Iha disl.rihulion suhlnsk described in scclion 4 can achieve 

Ihc almosl. pcrfccl unilorm cluslcr dislribulion lor ony se1 or 

I.uplcs nnd hnsh functions. The dillerence between Lhe Irag- 
mcnls ol cluslcrs observed so far wns negligibly small (only 

n rew numhcr or I.~Jples). 

7. CnncllJsion 

tn lhis paper, I.he system soflware design of a parallel 

rclal.ionnl daliihnse machine GRACE was described. 11s prel- 

iminnry imt~lcmenl.nlion on lhe sollware simulolor 0r 
CRACK was also reporlcd. The preliminary implemenl.nlion 

showed Ihnl our design enabled lhe machine Lo work wilh 

lil.t.lc conl.rol ovcrhcad. nnd lhat Ihe almosl perlecl dnln 

sl.rcnm oricnl.cd processing wns nchicvcd. The novel virlunl 

space mnIIagcmen1 nlgorilhm was also proposed. 

Ilcrc. wc prcscnl lhc brick descripl.ion ol lhc con- 

currency conl.rol and I.rnnsaclion manngcmcnl. in GRACE. 
‘1’11~ concurrency conlrol is also dnla slrcam orienled; il IJSCS 

1.11~ precision lock [JordUl] in which I.he read access is per- 

lormnd by Lhc pretlicnl.e, while lhe wri1.e access is carried out 

hy I.hc unils ol Luple. Disk module in GRACE has anolher 

rill.er processor, nntl uses il lo sieve oul lhe conflicting up- 

tlnl.ctl luplcs. ‘l’hc predicates issued by Ihe LransacLions 

which do nol. ycl. commil nrc scl in Ihis lillcr processor. 

‘1’1111s. 1.11~ conllicl cl~cck can he cnrricd on1 in I.he snrnc way 

ns sclccl.ions: a I.uplc in nn updal.ccl dala slrcam causes 

cnnllicl. iI il. s:Il.islics some predicale in lhis conflicl cheek 

lill.cr. Wtlcn conllicl is delecled, il is reporled lo Lhc conlrol 

lnodulc 011 I.lIe sl.nging ring, and resolved there. 

For recovery pilrposcs. lhis filler processor also collccls 

l.he hclore and idler values of updated luples. These logs are 

stored in I.he local log disk in lhe disk module. The conlrol 

module on I.hc singing ring, on the other hand, stores lhe 

hcgin and commil I.ransaclion log records in ils own commit 

log disk. To commit Lhe transaclion. Ihe control modrlte re- 

quesL$ disk modules lo flush lhe log dalo on the Iransnclion. 

When all ol togs are SlJCCeSStIJlly flushed, the commit log is 
rccordcd in I.he commit log disk. To recover the syslem 

all.cr a crash. lhc rocovety mnnngeron lhe control module on 

Ihe singing ring can pcrlorm winner/loser analysis only hy 
examining Lhc commil log disk. Suhsequenl undo’s and 

redo’s can be execuled in parallel by disk modules. In addi- 

lion, oiJr system sollware allows the parallel execulion 0r 
I.mnsnclion sl.cps JuiIhin a Iransaclion. This requires lhe ex- 
lcndcd Lhcory ol l.he scrializahilily. The details on lhe con- 

currency conI.rot and lrnnsaclion managcmenl. along wilh 

this cxlendcct scrializabilily. cnn be found in [FushUG]. 

Besides conducling lhe d&ailed perlormance evalJJnlion 

0r ltw sysl.em sollware. we are currenlty developing lhe 

“core’* of GRACE. lhe lunclional disk syslem [KitsUG]. and 

hash-hnsad sollwarc relalional database syslem. The lunc- 

I.ional disk syslcm is a movable head disk wilh “funclionali- 

1.~“. Ils currcul configuralion consisls ol one SMD disk 

drive. the disk conlroller wilh enhanced lunclionelily. and 

Iwo 66000 micro processors. The disk conlroller imple- 

mcnls the on-lhc-fly selcclion and dynamic cluslering based 

on hashing. As menlioncd before. lhe performance im- 

provcmcnl ohservcd so ror is draslic. 

The hnsh-hascd dnla slrenm orienled so/lwnre relnlional 

dI~lnhnsc syslcIn is also being implemenled on Ihe conven- 
I.ionnl mini-compulcr. The idea is to implement lhe “minia- 

LIJrC” ol GRACE hy means ol cooperaling concurrent 

processes. ‘I’ll 0 virlunl space manngemenl atgorilhm 

dcscrihcd in scclion 2.4 mnkes iL possible for lhis sysl.em lo 
hnndln tnrge dnlnhases wilh limilcd memory capacily. The 
dcl.nils will be rcporled elsewhere, along wilh lhe overall 

pcrlormnncc 0r GRACE. 
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