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Abstract 
: n the nea:- !'.Jt.a:-c la.:-se trar.t~net1or. pr>oc~ssin;g 
s,ystt!nS will have :o a:.eet hiy.h r-equirenents 
ccr.ce~ ~m<lgi•ll'''-• m•ponse L ~rl<'"!, ava !lab: l1 t-)' 
and a:cdular growth. ;, pos!11hlP nl"ch• tectur~ for
s:.xcll h!.{Vl pcrfor11AnOO systerr.:. 1$ DQt,1.hA..t~ Shn!""lf'\; 
(J.:B-shacing) ·•here :nv.H~ple looael;• or closely 
coopl<>(l ))!"000(1$0!'(1 Ohllr'<l OCCAS" t.O A Sl~le Mt Of 
databases • • ?11!1 r.npcr n.<1drC!l!l<'!!l t.he J'H'OhlP.t'!~ Of 
concurrcnc:l c.ontl"'o1. ar.d burrel"' 1nval1<'lt!:t1on thnt 
are bot?; !.ntrodu.C~ by the 0~Sh!'ir!l"'6 l!I"'Ch i :.ccturoe. 
Ccncurrenc·.• cont.:-ol !.r, requ1N!d to control the 
proccssc,rs:: n.CH'!~~sscn to the ~hAI"fld <::tUthnt.~. 'llf"le 
buffer 1nval1dat1cn prchlerr., on :.he other• har.ds 
results !'ron t:"le existence of' a rlnt..A.bnt~ hu!"'fcr> at 
each pr·oce:s:$or. l•lo:.tU'ictttion. of' t~. page wtt:'1in one 
bu.tfer t;herl:!f'or-e jrwalidat;e:$ t~.ll copies or the 3ame 
por.e t.;t:..Ot'ed t n ot.1 1~r pc·oc~:s~or::S· but'J'tu·::.. 't.1tJ show 
he~' ef't'ecti ve soll.1 tiona to both fH''(')hlr:f'H1 ar>c 
1'e-s.:3lble by exte.nd.Lnr. tr.e eyr.chl"'I'l~zat.!.on component 
t<> con\-rol buffe r· lnvaauatton:., t<ll>. Thla ls 
C.cmonst t•atcd ·~y t •,,•(') ducom .. rr.. 11?.r.<1 npp:rtO!'lC.!'u~t. frcr'l 
which o:1e is Onr.cd (')n l<>Okir.p.: l'th11~ the othl~r' 
r·e l lf:!r$ cr: cptin:istic eynohron!.zation. 

1 . lntroduc t1 on 
Fue~t"e tranaaction proccssir.t; ~Sy.stems for !.arr;e 
apvltcatlcns as in btt.nkinr. or reservation 
prvces31.ng \dll nave to meet hJ.e'): perfor'!nance ar.d 
avnt lnbt 1t ty ~qut re;nt!r~t..a. s,.cl1 ~~ba::se<J systecr.s 
:n'J$t Oe CApAbl<l or hlet: ~~an.ae~lon t'aLeS {<>.g. 
:000 sho~ tra.,snct1on:. per !i~ond! wtt.h equtv~:er.t 
response tirees ccnparcd to prescr.t ~Y~~~s l~J· 
;..not~er key require:ner.: !e ~xeene1b1l!tlo' of the 
s:;st..ar. (c;.CC.u!9.r grotith}. 
It I= !lee.-, clearly I"'CCSJ'!?."<! t."nt th'""' <!cnands 
can."'))t. re !'\1-: r• r~Ad t;.y cataM:t~~: n:&MC:e:n~nt !l,ysr.rn-5 
(CBJ.-~S) on un1proOO!H\0C'9 0!' :1th~1y COlJplt!d !'ll:t:.!
processors. 1!'Je !.nc:-eue or proces&1!'1f; power or 
t;;:ese :nor.oll:h~o syste-M !>011 fail'-<! (or ~"ill !"a~l) 
to :natc:"l t::e req:.:.!red tra~aaet!on ra:.es . 
?t.;;:-t."'.ef7.0re, tt¥011e cen.t.ra.l~~ed ~l_S~ provide tXX>r 
avallal>ili~y and exte~1bl•lty [7]. . 
In Ol"'dero ~o sa~iarv t,_.-,e var!.oua t.ransact. tor: 
prcces~ir:p; req,u1rer:Cnts, two hns1e approaches 
cal:ed r:r:~o1strl O;;t1cn orA t:~sharlng aN: propos'-<! 
trl. 'Jheae n;ul t1p~'sae:- OOK.<; ~o~a~st or tJ: snr. of 
-6llioncmou~ t:rvce:s~or.a t,.t)Q\. are :.oosely or closely 
couple-c.. !:ttch procea:sor owns a local main nerr.o1·y 
.ar:e a ::oepa rate copy or opera t!ns sy~:S ten ( OSj a:;tt 
DBI•)S. ',o,'1t.h 100$1l C(')Up)1ng 1ntcf"-pT'oeessor
conr.mn1ca.t!on .!.n mceluD1vc1y M!icd on mess~1N> , 
wt1er~a3 i n clo~ely coupteti ~yste~a cnrcain 
t'tmctions na:1 be 1mpl<"rn:cnt-cr1 usl r'6 ll. cornrion tr.C!jOY'Y 
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parti~ :.o::: l13 J ' Tl:e di~~·erencc :>ct"'ccn 01:!
<!1 strlbu:io!"'.! and c~sr::a:-i~ :-esul ts fr<>n t.hc: 
assig"ner:t of C.::e d~si! Cr-h·~ to proeessors: 
- I n D3-d:.s~!"1 but1or. systens cnch processor O'r:'na 

some f'r-actior. o~ tr.e d~:;;.c d~vice.t and tl".e 
databases s:.Orcrl en UXfn. Acces.ses to "Mn-10CA1' 
data r-eq·.l.it-~ co·nr.mntcat.ior. with the processor 
ownlng t-he cor-responC1~ t.lat.abase par·t!t1on. 'lh1o 
P..pproact; :.s u sed anor.g othe:-s by ~r.e TAI'H~:t:Jol 
NonStop s~·st.err. l1 J and l'la.rJY dl:$t riQ·.;,ted &ltabn!>~ 
systems sucb as :\* [19 1. 

- In D~shartr¥; sy~wrr.3 eac., processor :n!; rl1 r\t<.:~ 
acces::. to tt!! entire :Jatabase. 'lllis l"\'XlUtrc:; l..t'.al.. 
n1 1 processc1 .. s arc-: ph~,'ti#C~lly <.:loae ~e.p;. in one 
room) n.n:J per:nits a hig{)-$Pf;!E!\J comnuniea.tion 
sy~:tern (e.g . 100 l'TVs~c) • . ~:xampla::o ! 'c r· nB-eha~!l'l(_t 
syt:Ste:ns -n.!"e th~ Ja~ Shal~!ng fnc:11 t t.y of' !~·t..'V'VS 
f9 L Cor:rputf: r, Con.sole";s PorJet• S,yst(HJ, l2n )( th'J 
OCS project ll 7 j art<! ehe AmF.EA pro.;oo t I!S • 

A ~onpA.riscn betr.•een Dl3-d1 st,tibut.!.on and D3-sha:•il~ 
can Ce folm:i ln (7 }. Here, ~,'f! C<)nC~rJtr·lJitf:' O\H"~e:.ves 
on :oosel,:,· <:ouplt:id r:~s:J~rin;:; s,yntf:rrt: n:) d~J)~c l..ed 
1n Pig. 1. A global load ~on t..rool lo1;ated at one Or" 
not'O front-~nd::. distri~ates D<lCh 'tllc<lmir:e; ~rt:t~
action tc one or th(: processo r·s (~ransuctior. 
rcuti.ng:) . A t..ra:l:sac t i<n car. tY.: 001rpi.et.~;:~ly t~Xe(;:Ute(l 
at c:1e oroc~ssor• tecat..l.3e each CPU :1ns <11 rue t. II.CCf;t:Jt$ 
to all ·parts o:" t-he :;C~ar·ed da~"'o'la~(s) . 'lh~~ Avo1:J~• 
the nece::.sit.Y o f a d:st.r· itu~eC 2- pt'.n.sc-con ·rrtl. 
protocol a.s required !n Jd-dl::~tr·iOu~io:"l fiystcme. 

Frc"rt·encs. 
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Figure 1: .St~cture cf a loor.~1:l couplu{.l :"t:=-3-ttar-1"\1£. 
s::,•ster1 



Cce of <;ho ma!.n advat'.t~tgE:t:'J of CB- sha.r•:1 ng la 
1'le:<101! 1 cy. · .Sir.ce e·ach proce:~l$01" can nccess the 
on t.l r·e datnbet!H~> t roansnt~t1on v;Ork may h1) 
<~,>mamlcally d1ntributed among t.he pt""oc.essor>n 
accordir.g r.o cur·rent need.:; nne) !Jy:stem availnb:1 ltty. 
Ad:Jitior.a.l PI"''Cesacrs can 00 n:JdN.t r,;ithout a1t.er-1ng 
~te trn.r.tJAct.lor. Prc&ran-s OC' t.he databesc scheiT.a. 
_.:ke~~se .. a processor ra:lu:oc dor!-s no~ p:-ever.t ~ 
survtvlns proccsso(>S; Cror.! aec~as:.ng the a :.sks or 
the· tcrn1r.ale. 'T'ra.ns~·~tic:18 i!"l Pl"'fr"A.S-S or: a failed 
proces.sor cr.t :~ red:stl"'j h..J:t.e:.1 auto:natic>..al ly an:ong 
th~ avai.:.at.Hc proc~~.; ::.cr3 . 
:O.la.tlH"a.lly1 thn de:sJ..gn o:' a D~:>haring s~rst.em 
t"couires ne~o1 or e xten ded functions to be added, 
cc:Opared to <"..ent.ns.:ized DSf.lS: 
- ':he synchf'ICn1zation con:per.ant. hb.a to coordinate 

a:] f'.CC':'S5es to i:Iie Shared - dnt.Abase ir: oroe~ to 
Zl''"""'""<l serialimeH:~y of ~ cxee"l;ej t:ans
a~t~or:s . Since there La no cor:HJ;On rJe:nory, 
s:,.Tic:-:ron!?.ntton req;ires nu~33age exchange amor.s 
the procest~ortJ which is rr.uch n:or·e tine C',cnswntrrg 
t han 1cck r·eq~est handling in 11 contralized nm•IS 
(e.g. a t'C"n' hund ee~ ing truet:S ons f'or each l ock 
grant. or r tlc:a5P.; . The refore, the cor.curro~ney 
control algot'1 tb.rr. :nuet m1n:S rr.1 ~e the average 
r.u:':'lbP.t· of ~ynchrontzation rr.cssages per 
trar.s:t:ettcn. A s~:---...~y cr conceivable s~:nehron!
zation t<tclt'l!.ques ""-" he found ir. ,12 ,16 ~ 

- 'It:e !'eCOVOty car.pc."1e::1:t !s respor~lb:e fer syst.ert
,.,.tde lop;r.ir,c n n(l ~·ery. Fi'lCf' pr'Cceaso~ has to 
oa:ntai!"l a lor.11"' log used for t r•an:3,actic:-. t:ndo n.-. 
Ylel l a:~ ror crash reoo•.:er·y. Tn n.d61 t.ion, a global 
log; {P..g , t'or· rr.edi n r•ecover·y ) i.s con~trt.<.cted b~1 
r:tr:r•g1 r.g the local leg data. Crnr.h recovery !!l 
perfom<:<i Oy tt:e s;;,rvj vtn.:; proceesors in order· to 
continue ti"'An:5action Pr'OC:e33ing. t:ncctlinl. \.ted 
';ransaet ~ Ot:$ or >;he t"'a.: 1ec. PI"''C'essor am !"'lled 
!lae£ f'Y.:l re~t.ll'"J:d oo anot.,er J>roees:;o~. 

- Load cont~l hat> ~o r :r.a ar. errective distr1-
c~t1orl ortlie c:;r-~!'lt "sork:oad 11gatn~t the sec. or 
C- 1/ai::tb l tt p:-ccessor>s ( tramu:1.et1on r outing) . No 
p!"Ocessor rHH'It be cver>lO:i.(lf)<J and the r-ou tHl~~ 
t;hou:c. SUl'lf':Ort: ¢ynchronj zat. lon wi t h mi n1rnnl 
comr.:untcatior: cost. To fulfill the:;;e Ca sks, th~ 
load ('.Ont.rol r:r.;.st r-eact Q'ffi'~ieally to changes in 
tb.: ;-,•or>kload o:- t.;ithl.n e.he aystcn: ccnfl,gurat:.on 
~e...g. er;:s:· or rein~?";tt.lor. of u. processor-). 
Ir. ,15 j load COO~rol ia disOUM<id In :;]()!"e det.•11 . 

Ir. t.h ls oaoer we co:-.s:de:- a fU~h(.>r prcOle:n of n~ 
sharing ·t.Y:nerr.e:, nnmely the buf!'c:r i nvalidation 
prob l et1 \'1h ieh is int r>o<iuced ln tho na x.t s ection. 
'l't'~e n1 •.,·e g1 va ::>o lut:.on.:; t~O th.l$ p r obl em 'I.Jy 
(:xt:~rxHr~-; t;.1o d1 r rerent s .:t11cht•o."l1l.at;. lon <8Ct"J:t ter;j ~s. 
:ti'~nally, ·,·:e eum~:a~i~e cur pr-oponB1-S and discut,!l 
~oo~ ~~cla:.ed pro'bler:ts. 

2 • .But"rer lnvalldation l'l'<>blec 
Sine(; data can on.!y be: r:at:i9Ula~ !n -nair. :r!ertory. 
£Cart of the datal>asc h~s ~o oe loaded Into a :nain 
:;;toragP. ar~:~a te forC! l:!"tlce~ .alnr~ and ha~s to be 
;.•rii;,i...~n back to disk a .:'te r l'lO<l1 rtca.tion . Por• thl.a 
pu r pOf.i€ , l.he 08ft:$ 1!1Fl'il') t air:3 ·':\ SO-Called datnhtl$1} 
!>vtt'er co!'1sir.t1ng of pap,e frron<UJ or uni:'or:n ,;;j~e~ 
t:-.e :n:.:nber of l'f'tioes can b~ 3eleeted ns a DB~·!S 
paran:e:..er. S1r.:¢e physiea: acees:; to a pege on dl:J,k 
is :n-..:ch cr.ore ex~ive ti:.ar: aoet-as to a page tn t.he 
buffer. a najor- goal o~· OUffer r:nM.f5ement :s the 
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nlnim:.z~t1 on of' phys ical I/0 t or a p;! ven but:·er
aize 121 . 
ln a ·nli- shcr!ng e nv ~ron m<1 n t m1n1111z1ng rll8,( 
acc~.s.ses .is avc-m more imp::>rtant ln order t'.o a void 
i'rait.!ng aituationn tn f'ront. or 1,1 di:::.k. Un
l'ortu:-;atol y, the ex!stence cr a buff~ I" 1 n each 
proces-sor iead<3 to a Ou:"fer ir:val!.(C.ntton 1;roblen:~ 
~»cause a:ult!p1o cop1es o: a cP..tabase ~ oey ro
aiCe tn k~Ult!::>le OU"'fera at eny g~.ven t.l&e . :.{oC1-
f1caticn of a.rzy copy ..-!.11 th:.:s tnvalldate all other 
cooies. A solution to thi:~ tuf'!'~r invalidat-ion 
pr0blerr: must ma1 nly cepe •,•!th t"'·o points: 
L) Inval idnted ObJects in tht:: but'!' ere l flU::>t be d~ 

t e:;:ted ln order t.o avoid n.n0$3[$ to obsolete 
data . 

2 . ) 'Phe r.ew contents of :ncdified object-s rr:.;,st be 
propagate-d to o"her pro~~:J,Sol':s when tb:~se 
objecLS are requcstt:!C, t_~:oe. 

The soiut\ons to thcr~ prob:em s~~ly dej:e:xl on 
the :nethOO U3ed ror upda:.e 9t'Op&ga.t1o..'"l tc t:.te 
databa$e on disk (l'ORGE O!' NO~ORCE [8] ) . )i!th a 
FORCE-st.r ateR.Y nll mod : f i cat!Qrl.S cr a tr<:L"'lsa~ticn 
must be wtitten co the physLcal <lntabarse before t~a 
transac cton comm!.ts . ln a D~sho.ring nystem t h i s 
ha:s t l;e advantage Chat the valid copy of a page :an 
nl ways Ce r•<Htd fr·om disk. 'i'~e~erorf', EnRCR .:ust 
requims a solution to the above point 1 (avoidar;ee 
or access to 1r.val1Ca~ cop:.es}. Howover, fo!'C~ 
mod:.:-:ee pages :o d!s)( a~ EO:' is ovcr:,y ex.penaive 
ar.d r-esulc.s ln serious pe:-rorn:.a.nc~ 1mpacta . 
Response c.! :nea of updn-:e tran3Q.et1ons a.r-e con
siderably !nel"ea~f;td and pag:~ nOdl!'icat :.or.s cf 
different t-ransactions cannc t be aoeuu:ula.ted 18 j. 
To make FORCF: ncceptable i n n De-shar:.nr; 
t!nvic-ome·nt> one could exte-nd the atoragc h1er•ar ctcy 
Oy introduc.iflg a non- vclattle g.:o'ba.l data~ase 
buffer to which U>e oodit'iee pogao are forced ou~. 
&!ch a.-, optir.l!zat!Qil l..a<i& to a cl~ly ~cv.pled 00-
,;a~~ S.)'Ste!O !13). 
V."i t h tiOl"'O:t:CE, on tht~< other hand, n tr>ansa~ticn 
usuali'y up<i&tes o nl.'l t~le obje~ts tn the :local) 
database buf't"er·; the ptJ&"eS 011 dis~ a!"c obsolete> in 
gt!ne ral. In a OB-sha~1ng environr'lont; _ t i':i s 
cor~plicates the l,re~tment of bu('!'er· ln.valk .:.'lcjQ.") 
sine~ it must be dotertr,ine.d w!'Y:m ~\)e cu.rren~ copy 
o f n page c!ln bo round. ~·ii:er>cas PO?.CE ioplies an 
exct~ of noditiod poses across tl~ snarec dls~s, 
w1:r. ~OFC~C~ ~od!f1ed ob~eets can a4so Oe 
tra.nso!~t.ed. v:.a tho 1ntttr-pro~e$$Or eonnectloc~. 
tHth )j_ ?-.ig:h-~'l{:.eed conr.r'..:r.i<".at1cn sys:m this s~culd 
he considerably raster prov tded that over.:oad 
3ituations C<l-"1 ~ avoided . 
(n a 03-s h~u~tng f.\ystem Nhcr~ n NO~'OR:CE-schem~ 
ohould be applied (together with updnte-l n-;>l"c'' 
/8]) , :. ~ <1USt be enmm;d that a bloc~ :page) B_or. 
dt:>k rr~ or.ly ba over;.Ti tten by a processor- o~YJJ.J)g 
tl1e nost reecr.r, copy o!' 3 {e.g. the processor tr.a<: 
has DP.~('o~:ned tl:e laso n:od1 ~lcation o:' B) . 
Othe;~~se, 1~ could happer. that. the va:.:..d copy on 
d1~t< l3 ovcrnr!tten by an cbSolete version; tr tf"!.e 
valid cop::• !'a!\ orU,y been on dlS'<, a."\ 1ncons1sc~.mcy 
of the da tabase wool<! ~ve been p~<luced. 
A l}l~nc:ral solution to Our:·-ero i nvalidntlc ns i s th~ 
so-called bl'cadc.!•t f<pproach that USll<>ll.y '<0!"1<$ in 
combir.a.ttO:l vd€.'1 a FOP.Cl:!-st:-a t ee.,y. '{'o nvoid acce~s 
to imral.!i.dated objecta :.-'1 the: databa3tt t>uf!'er.s, t~e 
1dent.if:ers of nocur:.cO ohjecta are broadcast 
be!'ore co:nn~tt1n.g the ~OC.ifyir.g tranncticr.. So. 
obsolete copies can be detected and are discarded 



from t'~H?. bu!'!'crs . '"'it.h FORCF, the val 1.<l copy of a 
d?.tat<U>l'~ pa,p,e cau then OC: r~d rrcm (ij nk. 
:'he br·oadc~~t so:ution B n si:nple ar.c g~ncral 
app~..ch b'.:.t it s~fers :"l"'OI'' two severA .,.~ala1essea: 
Pirst, th~ FORCE-strat~r.Y is 1n general not 
nccep~able tor h~gh !)er-forrr:Ance 03Y.S {a@e A.bove). 
Seco:1d, the broado:ast !iOlut1cn c-equirtt3 n. :arge 
number or n()t!!'y :nesa~!'i thnt inct"ear;e a:-; A square 
fu."lct ion oi' I.-he n\~nhl'~~ of prvcfj3$0r:.. 
In the next v .... o n~ctions we ohOtJ t !)at much mo~e 
e ffectivf:' nolu t ions ~n~e rea3" 1>1~ in cooper·attcn 
nlth concurrency con1..-ro1. 'Ih.ia is <ie:nonstrn.ted ty 
t.wo pron!..s1ng .::;.ychront? .... ,t1on s~rat,es1P.S that OOth 
re: y on ceeentral \zed cor.trol. First, the pricary 
ccpy appr·oach batiC!d on :ocking is investlg.at.t.!d in 
sec tion 3, an nlgoroithr.t t..h~t.;. permits a close 
cooperation v..-1 th load cont l~ol . In sectl011 ll an 
optj;!listio e traregy is dnnor1bed that ts n.ttt•aetive 
ror requirir.g <.mly onP. t.ynehroniz.at.lon -ncr.sa.r;e (!'or· 
va:.iC:atior:) ~r t!"ansaet1or.. ThY"ou.ghout these 
secticns ... e assu'21e, :.f not othe!'"a.:.ae atatAd, a 
I!O.."D~Strlltgr;:' for upclat<! PI'O!l'lcat:.o,-,; or CC<Jt'SC, 
':he solution~ can .al:so be adapted to a FORQ-:-pol:cy 
wlt~!:tr>e the ~xch!! .. 'lge of r:t<::cltr1ed pt-~ges 1:> !;if':lpl1fied. 
:t 1 s also l:l$au:ned tha.r.. ~yno:.,ronizat:lcn t.nkes place 
O'l pngc (block) l •ve 1. A coordi,at-e<l n<>lut1on t o 
concur~eney ecnt.rol ar.C buffer tr.va~idation \-tas 
alsc 9rcpoaed · ~ j3 J, ho,1ever, f o r> .a e~ntra l ( r.erl 
loek:.r.g 8Ch'll'<>. 

3 · PrJ.ma.ry Copy Lo~ (PCL) 
:n th\t. ap)>l'Oaeh the S>1JChr>on1zatio:1 r·•3ponn1b1l1ty 
1t: d15tributet1 amOl"lb all proce:>3<)('0. 'Ih~t"'!L'Ore, l.he 
databa:ie l a lcg1ca11~· part itioned into N dl3jo1nt 
par':s and ~ach of the r·; prucessors perf'orns the 
p;loba.l synchronizat ion ror or;e ?art.1t1on. A 
prccesso~ !s sa.:.d to hnve ~Ce frl~\~Y copy 
aut~!'ity (?~ll fo!' its par~ltto~. t15l o !'!g. 2 
sho· ... ·s, each .:.o:::~ rr:.afl41er :aa!:r1t.a1ns a r.lobal loek 
tnble ~GLT) to cont.rol the obj~cts of its partltton 
and a local lock t."lble (T,T.T) t o i<~0p inf'orm;:~.tton 
aOout g:"ant.od o~ requested lockn for local trans
acticr:.:>. 
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~ 

71_.~r-e 2 : Pr1J0.:1.PY Gopy lock1ng (N = ~) 

PCL has the obv;._o:.:s at.vent.ate t.h?-t l ocit r~ucsts 
~ proees~r P >t:.t?-1!1 t~ ~r>t1t.ion oont.rol:ed by 
P ~..., be man.'lgcd locally 1 Ng~rti:.ess of extcrna: 
contention. Lock r-equ~ste ror a p.."l.rt!. :10:1 o !' 
another proce:;J:ior ar0 s~nt to tl":.(! author~?.c6 
proceS$Or>, 1'o minir.tize th~ number or m1~h "lone;' 
lo:::~ requo!lts, lead concrol r.an u:;e th0 eurl"ent p...'";A 
dist:"ibut. lon to ~cute a transaction to tha~ 
processor whEtrc :nos: of !,;,}}Co reqt.:.:.:oed data can he 
synchronized lccacly. r.u~tt.~rno~ . t~e ro~ti"Z 
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~tr'tl.tcgy and the 'PCA d i str·t0vt1<m eon te a.C.aptec 
a.fte r the cr-a::>h uc· r<G1 ntegrn.:.lon of a p:"oct>:;$Or, o~ 
lt the load profile ha. chaflb--<.>'1 • 1gnt:!ce.'1t.:,Y. 
'Ji'J')A stt"Ucture .of block entr-!.e~=t 1n the LI.T .f..r.d ln 
t.hEt CL'r as ~ell aa a det.alled <1~ner1;t!.:on o!" tt:e 
$yneh~!zat~on protoco~ ~:sel~ ~, 0€ rou~d 1~ 
l14 ~ - Here, .,..~ g!vc t;!c al:e~:Jatlve:'1 for 
conl.roll1ng bu:'f~r 1nvalida:.:.ons w lt..h~ _., a NOFU:'>C'E'
ltnv t.ronnent. 60Ch ~c lut.iO"''!\ Utlf: aC.C.itiona1 
in!'Ol'mation in the OL'l"-.J and 11vot~ extra me~;3ager. Mi 
far &.:5 fX>S~>lhle. 

Tl.'nes~ solm:.ton 
!!1 tht:> t~lutton. e. t1r:.est!'!l:.p la Aa!$\ened co each 
hloek perta:..n:r.g to ~he ocs~ recent modificat-lo~ or 
nn,y object in the blcck. TO contt•ol O;;..:'!'er in
val1d~ticn3, thtJ pr lr'l$.t':t copy t>>Chcme is exter.de<.t 1 n 
the toll<m1t1g POtntn, 
l . l"'or Etach rr.od1 f'1 oG bloc:<( -:.r.~ t .. eaponl:>H::le 1 ocA' 
nat~~ keeps il block e:1try ir. it.$ 3LT i·lhel"'C thr. 
t1ne-st.~ of' the lates:;. !I:od!flea!.ton ~s s:.ored 
'n nn arldit!or.al !'ielC.. 

2 . r~Odtftcd bl oeks are t:"ar.;j:ntr.tec1 1:.0 the ?C;..
prooeesso:- togeth_,r wlt.h the mlcnse r~eas~.ge rcr 
the X- lock . This has t:)e t"!ffcat thai; the vn11 <'J 
ver3ion or a bl ock cnn ah:o.ys be found at. t-he 
PCA-processot <'H' on C.isk 11' t..he t~lock lota~ 
wr itten oul- by U>n f'CI\-J;r'Oces<e~. 

3. Before a lock reques: os o•su~ loIs cr.~ek~ 
whether or not t.'>e co~r<>...S!X"Idlr1; b leek resides 
1n the loca: Ouffe:-. : r so, t.~Mtn tht"! t.in:ea tanp 
ts a:so sent .,..,.1l.h t:he lock rnQucat to t!1e PCA
lock Mrtager. U!Jlr'IS this thr~esta:mp inl'or-:nntton. 
the PCA- proce:·wor can determine 1·•het:h~r the 
loc-31 cop~' ~!> \~p..te>-da~. IC not.~ the valid copy 
!s transoitted toeett .. r ..-ah thn look reopens• 
:t.etsl!fl'e or :.~ ls tole that it can te reaC f!"OI1 
disk . 

:r. t.he exa llple tn Fig . 3) the rcA rcr ~:o3k o lt<. 
a:Jt;1gnc(l to procctsor P?. I~ ls ;):1!'Uur.cd t?lat block 
B wus most ~~ecently chan.:;e<l nz: time t2 by A. 
tNtnaactlon •r thttt. · ... ·n~ executed ttt a ta··oces~-.ol" l-'3 
not 31lown 1rl Ptg. 3. Together wlt.h the rell"!a5r! of' 
the X-loe:.t on qJ T has elso l.tanani ttcd tte 
oodH'tod hlock oont.d.1nir.g t.~ t'.:<'!-14 tt•'M'!s:.en:;> t2 tc 
pi"'())Cs.sor ?2. '"::he rtoc!iflca.~lon t 1~ t2 is stored 1r~ 
the block entry ot .8 lu GL:'2, nnd tr.e block • :1 
written into P2.3 huf!'er. A.saune no· ... ·, ::.:'!a.-: 11 
tr-an!"\act1on nr. P1 wanta to acce-:~3 htock n a:nd th~t; 
n l'lOpy of 3 r1.:.th time:->l.amp 1..1 ( tl <: t2) resides IJl 
th~ bu!"'fer of' Pl. Slnce t:)~ leek request :r.~t.!"i:l('\C 
a.tso eontair.s thts: t1Iaes-:a:np t l , P> can detect the 
butter 4 r.\'al1dation using t~e bloc;.:: cr.t:ry of 3 ln 
1t~ GI,T. rr..e valid copy of B can be trans:n:.tted to 
~1 w1:h!...'1 the loc-k ~sr.onse t.tess~ rthen t.ne lor.k 
reque•t ls "at1sr'1~b1e. 

P1 P2 

GLT2 

lral t2 1 ... 11 
buffer [§IiJll u E]buffer 

~r,ure 3: T.:.r..estarrp solution (ex:rr.ple) 



l\1 r.:'!ough the r. ~ mN> t amp no 1 ut ton doet; not r equ 1 r>c 
(!X':t"a con:municaticn. the ~l~:lcasr: m~~nt::1,;e;; for X
l oel<.s m)C t he l eek r~spons~ m<~M>agf;S (in c~~>e of' 
but Cet" lnval l:J.ati O:l) are conslder·abl j.' longer· tt~an 
in l,l':e i>a:.:. lc PCL-::.cheme. There ('or·e, the comr:nmi
ca::.ion <"N<=:rheaC ma.,y onl.'{ bo col!:ra.blt~ if the PCA 
C.ist:~ibution tcgetheP 1.<0i ':h tt•ansaction t'l(;ut:)~ can 
ass~re that rr.~)st o: ook acc~t.t:cn nl"\-~ (lj r~<:te<i r.o the 
l ocal per·titir>n. 
:n ot"C.er· to get a feelinp; foro t:'!l) required 
0CH')<iN idth::;, Ne rr.ake ~ coar-.se estination f'or a 
' r.yp 'i c a 1 ' e nv i r·on:nent; { 1 000 ta·ansac t;ions pe r· 
fl(:cond, 50% u}x3ate t.ran$a<.:t jor1, 10 locks per· t;rans
action; . I t 1$ t.tt.m:.mcd thnt <::n¢h up:'lnte tmnnM.tion 
m<.HJ H 'ie::,; 4 blccks in ~'i.verage and that the block 
size is 4 KB; leek request and lock reeponse 
m~t;t;age:s ::>houl d ccr.1pr· i::.e 100 by tea each. Table 1 
gjv«$- l;b~ ~f.;Ult.ing band>.;1Uth ~·equir>t>nents f'or· ~he 
t:hree 'kmi nating rr:~:;:)age (;j.•pe::> an<: for t h r ee 

-:.Hf eerent {)har-e:s of: l <.lcal acceS$ (20 , so and 8o;;). 
>Ic·te, that t;he lock resp:>nt;~ me$::>ages ~~..n be 1 nrge~ 
~~:;an 100 b!-·te!> l f' chey are used t o trnn::>Jnit 
rucdtfte<i blo~~kt>. '1*'ne ~r-equency of th~s~ ca.5c:t. d~ 
pendt; on. t~e t~llct:.~~ <.)f . t:u::fc~ inva.lidatic~~ Ylhich 
is also ae~..e!'mJ..nea b,y tne ~..t"ansaction rou .. 1np,. I n 
the fir;ures of' :able 1 it is assume:.t t hat such 
' ) :lrge' lo~k r•e:::;pcm.;e me::>t.HlE;(?f? a~e nece~-..-.m•,y fot' 
o.s~ of the l.ocks tn ~t:e cnt.P- ·.-.•her~ 80% of the 
accesses are local and 1~ (2 .5%) i:' this shr~.r·e is 
50% (?0?:) . 
:abl~ 1 3:loN:;; that t~le large~st fr·actlon of the 
requtr·ed tend·,,. idths ~s <.hlt> to the rel eM•e rne:-;::;ago::> 
US(:C for tra.m:misn1on of moC.if.tl'Xi blocl(s to the 
PCA- processor . /!.:though the total bandwidth 
r-equireme:1ts are s t ill Nit;t: in the technically 
f'en$'U>1e eange, cver·l o;.ui ~>i tu.sC~lO~::> in the ncsnn.ge 
s,:,:5tl'::l:l <":t!"t':: ~~ther> liiwl3'. onpc:cinlly wi t:'1 a lo>·< 
share cf local accesses or if some database 
£,:<t.r·titi cn::. are rr.uch :nor·e i'":equent l y no:.1if\ed than 
c ther3 . 

Release ~ess~es 
LOck request me:>38gt!~-> 

J:,c~ rct.:pon::;e rf£$:'.'~"'!g(!f; 
ta. 

sh;'lr>e of 
80% 
l.6 
0 .2 
0 .2~ 
2 .0ll 

~ 
o.s 
0 .7 
5·2 

6 .4 
o.s 
1.6 
8 .8 

Tat.: l e _. &rtdrlidth re~uirements ( in ~tB/S) i f a ll 
mcd if'ied. t.: l ock::. ar·e transrr.it; ted t o ehe ?CJ\
pr.?ce:>:;or>:) 

I n ONhn• t<; nvcid su~h poss10le bottleneck 
si <;uations, one can use a revised sche:ne wher·e tht> 
:nf.xUfi~ tlo:.:k.s need not <.:t: propagat..ad to the PCA
prol~t::t.nor. ln t>tJCl't .n. nchcmc, t:1e name o:: t he 
proce:sso~· that :"!as performeC. th-e last block 
n:odH'ica';.ion is al:::o :~tor-eC. in the GLT {besides of 
ti:e einestar.~p) . 'T'htts > the va:iC page ca n ·:H~ 
r·~cue:;tf:ld frorr; thls oro~e:;;sor -..;ht:n a buf fer 1 n
va i idat ton 1 ::> d e te.<:te<? . 'l':'t t r; 1'lay rc!sul t in 
a.ddi ttonttl net;:;a.ge::> and increa~-.~d Na 1. ting timns 
U!1~il the r.o• .. JC:f!t cop:/ can Dr! n.c~(:SSt'!d; however> the 
total band~..-idth t"eq:uir·e:nents ar-e ::.iznif:cantly 
r't:<.:uced. ':'ne reaso."1 !'or t his is that. mo:J if ied l)S.b"e:> 
are: onlg exchange<: ~Qt'.-.'l~en ~wocessor-s on d~mand, 
'Le . ,.,.~en the :atest cop~· is actually needed in 
anothet• pr-ol~essm~. Since these cases are suppo~ed 
to be r·ar-e {a:l .assmnption ~hat. could he conftr>cned 
·oy fi:•st e:npiri<,1.l i.Tlve:stlgations), the nridit1on.1.l 
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dc:la.ys should !>e acce·pt:::.'hlo. 
I n the next solution to t.-ur·r~r ir:· . .:-al:dat:cn 1n t.be 
~en text of PCL, t~is n:etr.o.1 f'o(· Uf<ia te propagatio.'1 
t ::> also applied t'll"ld dr!;;crt:>ed i n mo::-e detail. 

Invalidation Vl'::'..'1to~ !'-!OlUtlon 
·r€f3 schem~ has t he auvarlt~e that.. ~t :$ ~:) l onger· 
tlece-ssary to stcr.r: a ttrr.e-st.ar.tp lr. ever;y· '!:>look. 'lhe 
CT,T <ioc::> not keep a ti1:1entanp r()r n<..'<.iified Clocks , 
but instead a sc-called i nvalidation vectCr' i .S 
:nainta.incxl. Eence> t he PC/1.-l:ock <nanag~r mainl~> use 
t'.-.'C fields 1n t,..he bloc}.: ~nt!~t~~~ of the aL: t= 
control buffer· invalidatinnn: 

: : acray ll · .N l o~ bl.t ; ( • i""-alidation V<>CU>t' • ) 
foY~D:f"!ING-'PRC:CHS!.-r.)H : pr<:~~t:"ssot• that h!"!$ pec>fortrtt>:J 

t:-::e lat(:t.t r!lC<.Uf :catlon. 
( * i.:' no proces::.o:· l:s .specif:.ed, the vall.:! page 

c«n ve ('r..-.:.tnd on d:sk "') 

'Ihe invaliciatj on vect.or· : indicates for each of th~ 
N ,pro~e::.~sors -v1hotr.c:r> an obsolete copy of :J'l(! blo<:i< 
!:lay ~es l<.!e ir. t :'1e procot;t;or·'s bu['!'er. rc::s in
fo~mntiO!I can C-e m.ai!"1ta.1ne-:j t:ecause a('~er· the 
mcdification o!' a blo.:.:k a at a pr-occst.or- ?, on l y ? 
hat. t:. val t d cop::i of B in 1 ts buff<H'; ('o(' all 
re:nainir..g p~ocessor~) a buffer invnl!dnc1on ls 
possible. 'I~'l!?.r~C'ot·-e) •·•~en the X- lock <"m 3 .!.s re
l eased the inval idaclon vector· fo1~ such a hlo~k B 
1. s -set t o '"1' for all ~r·oce:>:>vr·s except fot" the 
rr.<:<liC'ying one. 
n~:"'m•e n l ock r'eqt<est is issu:.-::d to t :·)(:? ?C.~-locl>: 
manager> it is f'i rst. l y c hecked w:-:ethc~ the 
corTesponding blo:::k nlr~ady re::.ides i n the loca2. 
buffer·. If So) then th-e inv~.l i.dat.i C\"'l vector· a 2.lo;..•,s 
the PCA-proce:s::scr to decide •.-.•het:'1c~ or not t h!.$ 
copy in invalidated. If ~he t"equest:ng pt•oc(:t.t>Or 
has no copy of t he block o r onl,}' an o'osolete one ) 
th::n f•lO::JIFi:Nt1-PKOCE.~~OR spoc1fie ::> the proces~or 
'.-:here the valid ccpy :na~· On -obta tned .. ~f'~er· the 
propaoation or t he ne .,., cop~· of a block to a 
r·e:.;.ue:stlr.g prccet;$01" P, the PCJ!.-lo~k maru.~e:• rr:sctn 
I(P) to ' 0' . 
'For H lust.c·atlcn ass~r.1e t :·k'lt P!"'<:e~sor P2 has t.~e 
PC . .:.. for blocK B, r:tilch ~...-as most r'l~(:@.ntly cr:ar.g~<l by 
pr-oc-essor P3, and that processor Pl has an 1n
va1tdated cop,y of r~ in i ts bof'f'er (3'1s. !:). In the 
bl ocK e nt.f'y tor 3 in the GLT of P2, P3 :i :> kept a-s 
t;,e proce:>3or having perfot•mcd t~n l<!t;t r··,odif' l 
cation m .. n. 'J~)e i nvalidation vector I = 110 
indicates that ? 1 n.nd ;:.2 (I>'Jt nee !'3} nay C::ave an 
obsolete COP:; of 3 in theit~ Ot:.ffer-s. 
l·ihe~ no1·; Pl l.S3ue:s a lock lY.quG5t lil t!Si:>tigt~ for blod-: 
B to ?2, tc 1::. told that there is a copj· of B i.n 
? l's buffer . Uslng the invaliCation vector, P2 
rec~;;nizen that. che copy in ?1 is obsole:te an(i ::hat 
tbe cor·rect ve.·rs1on of B has to Oe pro~"'~,.ated to Pl 
i f the l ock is grar:table (n ;')!"Opagation al.so wculd 
be necessary if Pl ~):1$ no copy of 8 in its buffer) . 
Since P2 does no~ knoH ~'lhe t.-her t.he valid '::>lock in 
on disk o r only in the bul~f~r cf' P3 ~ a mesnnge l s 
~:.ent to P3 (prcpar,a~ion denar.d) ~ln ot·der· t-o ar~·P-!~ 
a correct pl"'opagation. P3 ::;end:; th~ lc<:l~< t"esponse 
t o 1"1 a~<.~r:g Nit~ ';he valid h1ock or \·Ji.th the denvL'ld 
to react the block f1•cm disk . At P2, thP. 
invalidati<;n vect..or f'or B is cr.ar:ged tc I = 010. 
I t shoul d he clear t hat only ;Jith t;,re-e diffe~-ent 
processors ?1, ?2 and P3 thi.s p::-oceduroe r.an. to go 
through. A gocd purtitjcning ar.<1 loo.d balanc i ng 



Pl P2 
GLT 

lock request message ~ 

P3 

~buifer 

Pf.auN! 4: InvaH<latlM veeto,. soluttoo (<>x..'ll,.,">lcl 

mect.an1.str., ho"~cver) shou:d ec...f"Jieve ~"lat a:.Olt ( read 
or 4)date-) accesse-S o.:' bloc!\s are done at. U:e ;'CA
prooeuors, reeul~i:13 in si:r.p:er treatment a~ le5S 
co:nmu..nlea.tion delay f'or rr.ost.. loc~ r"equcst:J. ~r 
exa1·1ple, t!~<t n~rrple~t c.:1se wc·uld he Pl•P2•P3 .or 
avotdlr.g a ll :ne:lsage:l; 1f P2=P3, the propngct1on 
dC:I!'lllr.d \-tOUld not be !'lCCl~sna~·y and 1f P l•P?. , the 
lock requf!'at mes:aage cculd. ·oe :3aved. 

4. Opttro l stlc aynehront&atlon 
\'~th opt1:n1at1c concuccency contr·cl (OCC), nny 
~r~.&ttetion con.'3l.stt:5 o::· a r-~ad P:lase, a valld.t~tton 
ph()..''U:t, al"kJ n r:ot.!i ihl~ rsttit~ ?;ms.-: llO J. DJr1ng thto 
read phase n ~r:msac cion pel'for~r.s all updates 
w1th1n n pl"ivntfl buffer not accessible by other 
eransaet1ona. :~-:- val idat.:.o:1 has to guarantee 
:serlallzab!ltty of the tran~nc:.1.ons; confltct 
,.,..,t-.uoo relles c:: tra-,saceloo abo~t. '!he o;r1te 
nh.""l!Wt ts on1y ~equ!~ : ... or u?date tran~ctlor.s 
Which !".av~ sueeess:"t:.lly val.:dated. In that..: phnse, 
~u~T1clent log data has to !>e ~orced to n sn.rr.
P~ace and the ~od1f1ca~1ons are ~ade v~stb~c to 
ot:·)er t.rar.snct1on~ ~·;~a.:.~ p!"'pagat~an). 
rn lS J t'o';!O k1nc!~ of CCC scheli'les a~e distlneUis~ed: 
F1rot, t~~ back>~a"d-criented approach (llOC~), 
ctl;;in$lly introctuce<~ l n [10 J, and second, tnr: 
r orvtard oriented :nel;~lo<i ~POCC) . Hr: Pe, wo only 
con31dor t.hc J{>CC nlt~m'ltive providing cane elear· 
n.<lvonUl(lM over th" ;x:o:; sc;,eme 15 ). 
H1th FOCC, only update tra.nsactiont. have l.O 
vnlldato. Serial:zabil~ty is gw;.ranteed by chac1<J11g 
whe tr.er there is &1 ove:-lap t~tween the '~'~'rtto net 
of a. validating t1•ansact :.on a:1d the current read 
f;let.. of any tr:~nsact:on no; ye t :' inished. fior con
rue~ reso\ut:c"., FUCC c ffet>s scvc"a: alt.,I'N!eive3 
[51 ror lnatance a 1<111 cr an abort p0l1cy. With 
t~' lntt<>r, tl'w val1<1-<>.~1ng ~rar=~t!.cr. ia aborted 
1r. c.a&e of conflict, a!'le:-eaa tdth the t"onner all 
ca"'J":1ctL"fj tra'"lSact!.ona a.-e aborted. 
~n ~shari~ syate::~s a 30CC-lik.e synch~n1 zn.t1on 
i$ «PPl~Cllbl~ us!..-v; a (losica:) token rtrg to:/T.l<>~:Y 
of the pr<Oceasor-s. Each prccesso~ can va ~aS:E; 
trauaact:ons :..n 1t:> :na.ster> pha!l.~ only (i.e . when 
th" prooosaor holds t:oe token) E;Uaranwel~ thnt at 
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any POtnt tn tio:e no rr.ore- than O!').e validation !. ~1 
pe-rfomed 1.~ the systt:!n. Valldaticn ~t 1oc.a: 
trar=ctioos ca."l he don<l A' ~h t.'>e ..a::te techniql.:es 
as in cent-rallz.ed 8ysteme; !'or va!1dat1on at'il1r.st 
no..~:ocal trar.saetlona, tt.e wr1 -:.e sets. of 1oca:1::,• 
validated :.ransactlono (re~emb~r, on~y :J.p<t'1.te 
tr-ar.sactions !'r.Ust validate) nre !J.Gnt.. alo".o ·,..,.!th t ?'le 
token ( ln a so-cal:ed buck) to ;he othe r 
,.,roocessors . A procc.•ssor munt ti)(Jn check all l ocal 
tral"Jsacci ons nga1nst the:>e write a~ts in ti".c bt:.ck 
ar ter ~-x:·~pt of ttie token. 
Tn such a r.cheme the ::$1mple"t treu.tnent of huf'fer 
invalidation md 'concurl"'oncy coutr•<.>l \$ ;>Ot:$Sible if 
che ktll policy is us~d ror~ g l ol>a l conl' llct 
rc-solut.lon. Therefore, we firnt rltscuS::$ t.hi3 ea~e 
before t::~ 1mpaccs or mor·e comple x ~csolat1on 
!'itr·ategles are invest.igntf!Q. 

Kill f2ll£y 
!f the 1-:1:::.1 poltc,y t:.; u~ roc- oonf:ic:. rc:soluc1or. 
agair.3t exter~al ~r>antvlctlona, an updete trans
action ca., be oa.n:n~ttea a.~ soon ;'}~ t~ ·ns svc::es~ 
tully validated at the locnl proees~or, because 
eonf1!.ct.s at exterr.al nod.es a:--~ rcso:vcd by 
abor::Jn>: t:'"" CMf'Uc~\ng tranaactlor:s. 'l'herefore, 
the tra~sact :or. docs not need t.o wal~ untl~ ita 
wr-1t.e set has co:npleted the ring c1reu:a.t1or. Usl:~ 
'th~ kill pol1cy the oaet-!r pl':.tue of a pr-ocessor? 
r.:ainly .consists or the t'ollowi..nr; steps that shou:(: 
run wi:.11~n a criticnl sect;lon: 
1 . Global val:c.a:.ion. 

'l'he · .... •r it;e :sets in the buck or~g 1na.tt r.g :"ro:n 
e xt(:rnal tranaac tlons a re oheck~d agn1nst the 
read ani .,1ritc sntn or t.ranaacUone cur rently i n 
progress at J>. I f n conr11c:t. <.>ccuta t he l ocal 
traMaction is aborted (kill r>ol1cy}, 

2 . Local vaU.dat:ton . 
Local t:.pdate tra::u;nc~tonr. hA.vlrtg !'lrltShtK!: t··:eit' 
read phases (and hRvin~ ~ur·vived g loOal 
vall<!at lon in step 1) nrc vnt \dnteu a.ga:nst. 
local ~rarnactions. roor thin thll k'll pottey cr 
a'\)1 other rel!Olut~cr. acl':Cille can he nppl ~<"<! . 

3 . Update P!'Oila@vloo . 
:t.e lltldates of ex.t.ttrr.a ... transaet10f"'.s for wh.:ch a 
globa: \oal~6:1tton h.u bean perfor="'ed in ste;. 1 
must noA' t e :r.ade vis 1blc: :1 t pr'Oce3!lOr" P. '.11-:e 
,.,echanlsn for tha~ wh1et a1so l"'l?.rT.ov~s 
1r.val1c.ated yages fro:n ?"a b-.:.ffer is expla.tnen 
belo1-1. ?·~ore details about the synch ron1zat1cn 
pro::.Ocol 1 tsclf ;1nri wll,l' W1lB :,et:err.e guara:1tees 
se"ializab~l~ t y can be rowld i n [6 ]. 

:n order to keep t:'1e master phnn~ !'iht.·u~t, t.he \·~rJte 
t;Ots or locally va lidated C't\O.nnnc tjon$ are 
f'orwa.rd~d ;.Ji thin t he bucl{ to the nex t }WO!!es~3or 
be:for-e thC$E: tr·anaectlona have oo:npl~ted thn1r 
write phase!'> (short. o.a:nar ph&.:Jea ~re extremely 
!r.toorotant in th1S $Cheme, 388 t6 n. 'T'his :s 
neCessary since the w:oit~ ph.nso3 rocu!!"'e at lea$1.. 
on~ physical I /0 to the lo~ . ~evcrthcless, fo~ 
proper- s,ynchron:zatlon u¢at~ propagation :n:zst 
aaaurc t!k~t no ffiodiflca~1on ia visible to oLner 
t.re..rtaac:.io!'lS =>ef'o~ the OOJr:J.:I':-recorxi !.s ;:rit:er. -:o. 
the : 0(;. 
Pbr loca: ~ra.llSactions, th1s can ce act:leveC. as in 
<.-ent.raltzed s·,rsten:.s. 'The n:.od1r1ed pe{\ef> bei.~ ke;:-t 
ln the n~ivat"'e buffer of tht! upda~ing transacti o:: 
a~ made visible as soon as surr1c!~nt 1og ~~ta is 
'n'rit.ten t-o a snfe place. For this purpose_, the 
moo1:'1cd h:ocks ar<> copied ~ror1 the pr1vnr.e buffor 



into the .!oc.al database !)uffe~ · ... •1th1n a cr~tleal 
neeUon. ::xw:-nal tra :Js actions car.not access 
unco:r:n: ~Yed ;no:J:.t'icatiocs, too, s1ncc only :he 
w~lte ~t<o l>.;t not c.'le data 1t.<;elr' are transr.~ttte<l 
.,, t :..'lln ::-.e buCks. :_:- a.-, external :OM!.."'ttacticn .onnts 
:o ncccss s;..ch a moct.:.r:.ect pa,g.e, a.'l expl!.c!t ~s!. 
!• ""'!U1ree ('P""l"''':"tc-cr.- dertard' ) , Slnee t~o page 
to no1.. propap-_.at ec to ti:e """loo" ttng proccMor un~n 
l.he rr.od i f icat i on ~5 C<.)ll'ltr.1tted, exr.ernal t,c·an::s
n.c t icmtl cannot :>~e "d i rey dat a'. Tn order to nllow 
a rut e xCh<lJ"lb""C of ·no:Ji f l ed pages , direct comnlu."''i
cation ~et· . ..-ecn nn:t t\-10 proceas ors should be 
pon~1 hle ,e.g. by point-t~point oonnt'!-Ot h">!')$). 
Tho •,..•r i ti) :1et.:-; i n the buck a re used to iMplement 
DU~h n propagat e-on-der.la:'1d sc:len:e fo r u~.t.t.t(.o propn
gai..Lon e.o "ell as to c<>tec l.. t>urrer lnvalidat1ona . 
Tn tho nbove :s t.ep 3 of a pror:e snor-' s rlnntar phase, 
l,he C'ollowi re acticns are per!"'otned ror each bl ock 
B that. bttlongs to af'lY -,.;:-itc s.c::. !n tha !>uck: 
1 . I!' a copy or B res1des i :-1 the loea: bur!'e~ it 1s 

d1aearoe<l for be1r<; oosolete. 
2 . ;.r. entry fer n ~s i nserted or adapted ln a data 

s~r~cture called Y.ODIFlF.I>-ALOCKs-1A!IVC (V.B'!') . 
10:·.~ :-ur. whic.-, :ney be ors:ani?.cd a!\ ll hnsh table 
contt>.!m u. e."ltr, for each ttoolfle<! block w~re 
the proces&~r is S?CCt:'icd th...""tt had perloroed 
the l.~st :.<pea :c o f t r.e h1oc;,. 

A.cl..Lon 1 e:'lsures t hat no 1nva.1 1<i:tte<l ob_!ect.o can 
b~ A.C<.:ftS:'3e<.! in t:H:~ loca:. Cuf': .. e ro. 'Th~ )ffrr, updattt::l 
by ac l.. l<m 2, i~d icates fro:n wh tch processor a 
'110:i1f1cd P.1;I,e mu:>t.,.. 1>e der.t.?..:Kted. 
Tn orde r to accesn ~lock 3, a trans action 'r mu s t 
now e.ppl y the fol l<n·Jirt; P::"OCt'dur~: 

11' ( '!''r. Pt'tvat e l:ctf f e r cc:Jt a i r.s a copy of B) 11il:l'l 
a~cer~s this copy; 

EJ..qE 1)() · 

l~ (tt:e local aa-:,aoase bt;f:'er tclds a copy or l:l) 
'niE'~ access this copy; 

JoLSr; l.-' (ke local !:::."'!' keeps .s.n entry ror B) 
'mf .. h requ.es t a copy o:· B ~·n:xn th~ ~es~r 

~ttt::re B was ~o::Jif'ied :rnst recent~; 
FL.~:.: !'<laG s f:'<:o d:sk; 

nn; 

If neither 'Fs pr! va:.e eucre~ nor the .o.OCdl 
(,M.t&.!;)G~e buffe ~ ho lds ~ copy o!' .a, thtt r.:a:r h: 
check~d ·..,·heth~~r P. \'tas ~od1 "ted by au extttrnal 
t m rlMCtton. IL' ~o, the bl~::t is dCr'liU"'.C'!cd rretn the 
proee:Jsor wC.ct•c 3 .,,·:;_s mod t f'ted; otherwia~, 8 can be 
read t"l'Om <iisk. 
t n o r6.er to kc~p. t h(1 nunber o f' en tries wJ.thin the 
t(d':' acceptably sma l : , t r.e processors Keep traek of 
th~ p~p;es, ·,..•h .!..~£) have been l o cally modlf'l ed :n0$1.. 
l'\~~')Ontl y, tMt are ~...-ritten to th~ database on d i sk 
due to huffe~ ~plac.err.ent. deei s i a1e. Th! !dent1f1er 
ot thane ~~es are se nt t o al l processors within 
t.l)e next :>uc:.t and .r~l l ow to r e:nove the corN!apo."X21ne; 
mtr:e.s !'!"om t t e t•tB: s . 
'!11ta •1:1lp: e a:1d e :':'ect ~ve solution ~o buff~r 
1r.val~d~t~on and upda ~e ? r opegation is only 
appl1ca~:c 1~ ~ p~~e kill strategy !a used for 
coru·:tct r'Cso:u.\on. tk".fo~t--'t'ate:.,Y, tl:e kill pol~ey 
13 not approprta:e : n r:-.any eases becaus~ lt !ead;s 
to a hi£h abort ~etc espec ~al~~ for long. t~ans
actt.on:J l!l ] . T!'lerefo:oe , ~•e a_seuss now which 
~xtenn~o~s or th~ sche~e are required when more 
t'J.ttxtt;1~ r't!Wl:ttic:-: stratcgtes are l.l:Sed . 
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Q~~ strat.e,:;ies ~or eot•rl!.ct resolut.l~ 
lf r.ot a ~1~ PO'l!cy ~3 appl~ed ~ a lc~ally 
vcl1dated t ra"1S."lC:.1on can tt1,. l be abo7-..c0 by ot::er 
orocessor s . The ref ore, the f ate of ar: update 
t.ra~ctio~ 13 not de:er'l.1!r.«J W"'ti l 1t.s nr .:t.e set 
has ear.?:e:.ed ore r1.!"'18 o1rculatlon. Since response 
t .:o:.e is i nc reased by t.~<e t!rr.~ required tor t.hie 
clrcul a :.i <mJ l t i~ cvou :nore ! rr.PQ rant to keep ~he 
rr.as ter ;>h.:'lSes shor t . fo\.lr·t~1ermoro, !.t is d~.ff1cult 
to r>each nodu l a r e;ro -...• th l$1nce cnch addit i cnn.l 
procosso r is 11k~ly to inc~$e responn~ ttmes . 
The aCove descri borl n:ethod ror Update Pl"OJ::agat ion 
must. a lso be adapted bccnu~tJ the r1r 1 t.e .set s i r. the 
buck indicn.te onl y ~nntbte rnod1f 1cat:lorw sinct:! t }:e 
t(•ansactio n may clt .1 t 'l be abort ed Oy a nether 
pro~essor>, l!.ccord1ngly, 1t .!.~ :> til:. undetermined 
>-rhethe~· or uot a l ocal eopy o~ a block t r.ac bel c:-:gs 
to a wri te sac w!thtn the buc~ 1a getti ng obsol ete. 
ln oroer to deal ··~ th ~hese posol ole nod1:' 1ca, l o.os 
the block entr>1cs 1n the l•l:l:~ a~e extended t o ~he 
f ol:owir.g struCt'Jre: 

&OC:\-ID: b: ocl< l:lett!r:er; 
~l:DIF!L\V-P:o::FSS:r!: r.ane of ~ prooosso~ >lhere 

the !ast w:;ceasf'Ul n.od:fi 
cation or tte b l ock was 
ll'lrfometi ; 

D~J.X>'JST: boolean; ( :t 1 r,(.llcates ~ts~e t.her o t• no:. 
th~ block i s ~u~j e~~ to a 
~poa~ l'ole mod1 rt.caticr.' *j ; 

PO&~I~UPDA'T'f'-.R : naJ:-JC or the t mm:•actlo:1 not 
ye t OOtll fl'~ 1t.ted that ·,.,.ant a :0 
modH,y the oloc~; 

\vArr:I\G- LIS'l': list of l ocal t ransac n om 
tha t wait tmt. i l H{- DO:JBT u 
' faho ' . 

As wioh t f:e k!ll pol ley, the J(J!l' ts updat .">Q '-'uring 
the oas -:er phas~ n.ttet~ the g:oba~ ane local 
vali dati on. Po" each block B bclor;;tl"l;> to Ohc t<r'lte 
se: of a {loca: or- exU.rr.al) tra.n.s.act!.or. T t.~t ~..s 
successf'Ul: y vnltdated at a processo~ P, a.r. ent~;:.· 
1s c :-e.ated or adapte<! ln thn Y.3r of P. ~i~hin the 
entry of B, I H- DOCaT is not ~o '" true' arx:. I' i s 
storeO a s a PO..~SIRLE-~PD"TF.R. :Since t.ransa.c~ions 
that ne rc abor-t ed t~.t t.te local P!'"Oceasor {o~ at a 
proecedir.g pr>oce ssor-) nrtt not consid!:!red al'\,jo"'t'lOc"e, 
tioet>e ls only or.e POSSLBLE-UPllAT!lR Cor a bloef: .at 
oos t. Local tNH!aact!ons t~la t -...•a :1 t to ac~ess a 
bl ock for> ~1hlch TN-DOUB!' hold3, are dcln:;ed (;·Fit.i11n 
the ~·fAI?lJ{(;-Lisr) unc1 t th~ ra~ or t he t r? .... •.'lsacticn 
kept as POSSIRLE-UPO!t't ER is kn o"rm . 1..Jith thls 
s t t·at;ee;,y, 1.t. i s ent.Ul"i:Jd th11t aJ.\.,.&y.s tho no3t recent 
blOCk can t e prov1dec. ho·,..• r.:v&r·

1 
for th~ pr-ice thnt 

trnnaactions a r c $Orne t1 mcn l) lockcd • . :... more 
opt irr.i stic St r"ategy would be co aa.su:ne that t he 
mod.l f.;•it'l.g transaction~ ""111 survi ve ar.d t o access 
t hei :- unec-m:ni t ted modtrtca tions. 'tlit;"1 s uch a 
strategy. bo~·evc-r-, a t~r..r.3aet1or. 'r tha t !:as 
a ccens eC ' uncerta i n" data eanno~ corr.:nit unti l the 
fate of a ll POSS!Bf~-UPDATERs f~oc wh~c~ ~ has 
l:'eceived unco:nrtttted dnta is kno"'n. ? :nust be 
abo~ted :r any of ~!'lese PCSSTEL&-U?o;;: rns has 
ranee. :n the !'eSt. o! e.~~:l seet!on

7 
we assur.:e ~~e 

first (' pe$$.!!n! s;;1c') atrat<:!SY >;!:ere on:.y = itt(:(! 
aodif1catlc::s a re oade aceeasib:c. 
11.1 t., thi s s er.ene, all proee.ssoc'3 are inf'ome::l about 
the fat e of• a n upda.co ~;rans~et1on : a s soon as :--s 
>~t>1tc set has conpleted 011c r>~ng cireulntlor .. If T 



r.•a:s ~;uccessful, all proc-t~ssot•s must be inf'crmed 
that 'r'$ ruo<i:lf1-cat1ons ar~ committed. For all 
D::.oc:.(s belor:glng t.o T"~; ~~;r lce sot, the en t-rim-; in 
the XBTs a~e ad:1pted {IN- DOUUT := "false'" ; 
l::ODIPY!f\C-PTICCESSOK :=- proce31$0r l·the:re T ..... a::. 
e:xecuted) . If' T .,,a::; aborted only the -~-H·ocessors 
must be notified that at"e .still uninformed about 
'I"'s fate (in tte pl:'oce:-ssor i'ter-e T wa:s aborted and 
in che success<.w processor·s accordjng r.o the ~1ng 
topolo-gy, T":;$ ~'rit..a :3et •,,·a$ not jnspecc~d any 
;nore). rn1e r:-o:;il'icaelon::. atout T's race need not be 
:;)ent .,,·1th1n t.he buck; ic seems adv1$ahlc to il""~crm 
the oche~ pt>vccssor!l. O~t·N~tly (e.g . by tt<:Sing a 
t:~.t:ca.st facil~t~· or a ;<')i!1t-t~pcint network) to 
:.n~ep the time ~:: '"·.:.r.cer tainty" as .shore as 
OOS$lb1e. 
Ir. <.H'der t<.> a-e-cess a block 'B a. tra.nsac~ion '1' has 
r'..C·'IJ to gc thrO':Jg.'-) the ro::.lo·.,·tng procOOu~e : 

I2<"' ('f"~; prjvnte huff(~~ contains a cop~r of 8} THEN 
accnss this COP3'; 

FJ,SE :F (the looal ~·G'r k"";>s an en•ry l'o~ B) 
'i'H=:f·J D~; 

IF n~o:::uar (B) :t-EN delay T :..:.ntil 
Dl-OCUSr (B) = J'al,;e; 

RLSE send p:-opa.gati<::n d.i:>.m.?..c~d l..O rroorFY ING
Ph~CES.SOR (B); 

END; 
EL'SL t'(!tld R fJ'..-:rn :he :ocal database 'oui'f'er- -or· 

:"'r('..tn C.1sk; 

In co!'ltrast tc the procedure with a kill policy, 
the local dataoa~e t;.u!'fer is he-re not al Hays 
eonsu.l,ted in case 'l)~s private buf:'et~ does not 
c-cnta1 n a cop:; of B. '!"he ~eatoon for this is that 
the local buffe~ may hold o:ocks that ar-e $\<.bjec 1.. 
to a p,-;ssible modification. 
The des~ribed n:ethod for updat-e propag~t10ri 1.$ t't¢'ti 

illust~at<Xl 'o~: the exanple in Ji~. 5. Fig. 5a. shOI'i$ 
t?1e si tuaticn whe:-e the rr.o::.t rec~nt (.:opy of block E 
l~e:-sides in the bu.:'fer:s of proc~::>:lors Pl and P3. l n 
the 1\tB'l' a c processor ?2 , P3 is kept as the 
proc.oessc.r 't.'here the la:$t s ucces:sful modification 
Has f.t~r>for:neC. and t:'lat r:o tran3action has not.tf!OO 
a :oossible modification (IN- DOUBT = "fal se"}, 
A:;~~,;.rr.e now, that a transnction T at ?1 i'lants to 
va..lidate and t;...".)at B :>el ongs to(!":> r1rite st~t •. 1\:'ter 
the ar~i· . .:al of the token .at. PL T i:-s validated 
against the • ... •rite ~et8 in the buck and agatnst 
loc~l tran::.a~l:ions. 
Sup~<~:se that T has survtved these vnlidations. 
Since B helongs to T"t. Jo.•rite set, an entry for 8 is 
c-reated in Pl~s J.U>T 't1i ~h !N- OOUi'fl' = "erue" and 
POSS1BLE-UPDAT~f< = 'T. Fig. 5o •ho>~s the situ<tt1on 
\•Jhen r· ha:s also been $\lCOe$Sfullj• val. t d.:lted at P2 
and ?3 anct vhe buck .ia on its r.•ay f.rom P3 t,.o ?L I n 
::~ac s ttuntion !"10 tra.nsactinn in r:m~' processor 
wruld Oe allo· ... •e-j to access block B since it is ke!)t. 
as :N- DCUO'f 1n al l r~nns. In ls'i£ . se, the situation 
:s depicted t1hen all processor-s have ter:n inform~ 
that 'l' \·ms succesnf'ul. At ?1 th~ ne,.,. copy or B 1s 
•·1~ittcn f'rorn \1'-le pr.1vnt~ bu:"'f'e~ of T into the local 
database Ouffer thereby over\-;ritir.g the old copy of 
B· the entry f'or- 3 tn the W3T is not needed any 
mOre. At F2 and P3 the ~..~'11tt•1P.s of B in tr...e r·1Brs are 
adapted ~ U!-'COUBT' :w f'alse, lZOJIYfiNC--PROCESSOR := 
? 1); the copy cf n at P3 is discarded for· bei ng 
obsolete. It T had fail~<] to validate at any of tbe 
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t.hr>ee pr•>ce:>soc•s, then the ,.,_~tuar.ton of Ftg. 
t,·ould have been ~ee·sts.Clisi" . .::C.. 

P3 
MBT~ 

3 
false 

?3 

~ bufie r ~ I>Vtl$1 

• Token 1 
a) Si tuatlon before 1he token atriV(IS at P1 wMr$ transaction T 

'1/.lh 8 <" WS {T) iS waiting lor validation 

P 1 P2 P3 
Ma1; M3T2 MBf3 

B 8 

~ t rue true 
?3 

T P1 T P1 \ 

8 buffer a] bu1fer 

• Token I 
b) Si1us1icn afuH s.uCC$SSful Citcui<Uion of T's wci:e set just 

b¢fOr(l 1M tOi<.M auiv&s aga:n at P 1 

p 1 P2 P3 
rv1BT2 t.'BT3 

EJ 1 EJ 1 

~ buff~:r 

• I 
C) SHuaLion when all prccessors are informed that T has been 

eUCC<I$$1VIIy Vt\l iC'<l.Led 

:?igure 5: Use o:: the f•lB'fs dLtrlne the vali:Jat.ton of 
a tra.."1sacticn 

s. Concludtng Rema.-l(s 
In this p..~pr:~ .,,.~ r .. 1.ve ilwest:.gated the probl;:<m::. <Af' 
-co!-:!currency central a.r:d buf::e:- i!'lvalidati~.~n in JB
shar-ing syste:ns. P. sclut1.on to the 1a.t.ter problnm, 
r.•hlch is strongly r-elated to the strategy for> 
propagat~ ng rnod1 f1 ~::l p:;-;;.,;e:> to dts:;c (~RCF. or 
NOf"..)HCE), rnu:;t decect. obsol ete cop't~$ 1n t:~ lo~al 
da tt'l.base huff~~s and p~ovit~l~ a (.'let hod !'or 
e:xeha.r'lp;ing modi:"'i(;d data bet• ... •een processor·3. 
Stnce th~ gcncml brcad('.ast solutic:-1 (pre.:$enl;ed i~: 
section 2) seems not tc be toler-abl~ tn htg:) 
pec,f"ormance efl'..'~u~onrr.ents , ~~e have <iev~loped a 
nwo::>er or techniques that ',.;ork in cco:;eratton •t.•! th 
cne of thf: tJo.•o sync::ronizati,)'l"l algorit:mlfl-discussed 
and with a NOFOP.CF.-s trate_g,y. I :' the primary ccpy 
sche.:ne is used for s~"l1chroniza~ion, ots.olete copies 
in the buffers can be detected b:l tNo 'oasic 
mec?!a."li~-sm~$: the use o:' tirr.-=st&npsJ or, even t-etter', 
by maintaining invalidation vectcr.s.. F\')CC- lil~e 

synchronization nllo•(,•t: a!"~ el.egnn;,. solution ~o 
update propaga.clon and huf:'er invalidation if a 
pur<=: kill polic,y c.n.n :)e- unod fo~ conflict 
~e5olu.tion. Other.-;ise> access to i nvalidated 
objects can a.l~.o !:>e avo1<:ed, })ONE?VEfr, t{•.c:ut:-;n:.::tio!"'ln 



 

ttl\)' 1><> d~1aycd I;' ~Y ''""'~ to acee•a a block being 
su'!>jcct. lA> a poss1hle oodifleG.~Jor. 
:>o~ Ullrifl~ ;Jropag<:.&:on bet;sccn prccesso~s ••itt 
f\'O~'Oi!CE) "c ?1.we a:,.eys advised a 'pr<lpaga~-<>n
c!"'"""'·-~c.'l..-c:e !.nstee:i ol' t:'a.'lSOllttl~ all 1'10d1rt
cattor.3 to the PCA- processor (in ea3e the prinnr-y 
COP'J approach 1.:> used) o!"' ar>OUnd the token c-:.~ ( 1n 
the FOCC-alp;o!'t thn:) . This i s because th<> 1 a~eer 
strat..egy t\"Culd tcr._l.:.:y n uoh r-to~ mes~ ovorhttad. (as 
···•l:ls nhown fe r PC:. 1.n :3e~ticn 3), although only a 
:"'.all fraction of the r.t<)dtCications Is llkol,y to bC> 
~~ed in oth<tr orocest.;(H'$ them t he rnod Lfy1nrs o no . 
~''i l:h t.he Pl'opagat~-on-dem.;:md nchemel on che other 
h~:u1d, on!y \·,hen a. mo:J i :'ied p.1ge 13 actually Y'lt'lOOe:J, 
a t\"H'I~•e3t is scm t. l;c the pr>o<.:~3~or kc~~p1ng tlJt~ 
u~.sired pnge. Tt e tirae rt-quil~ed ror- 3uch a parse 
cxc!lange via tf:e c o:nt1· .. m1 cat. ion sy$tt~r:'l 3hOt.\ld 
generoally be r:n.-~h Sr.lallcr than a phy!l1¢al read from 
<Hs~ • .rurther~tor-e, t:-;e nu.,ber oe th~se rcque3t 
1i"'OS:~age::s can be ~ept sna: l 1 r an ~free~ t Vf1 
tr.ans3ot1on ~t~ is PCSS~ble. 
TO quar.tj:y the Use~iness or ou~ p~posals to 
concul"'f'er.cy ccr.trol a"ld to tr.e t-reat:nent oC buf!'er 
lnval1dat1(X"'.:l, t:te !'lave :.r.rplert.er.ted the P!'"1aary copy 
algorltta.D (with tnvali C.ation v~etoMJ) as well as 
the "'OCC-::schen:e within a s ~r.tulntlon 8,Y$tO:n . 
Althoush our sinul;}.tlor.s, driv~n b¥ real-!1fo 
ob:cct rnre~nce s~r~ngs, ~re not ye: e~ple~ed, it 
l.:s alree.d,y sa.r'1 to say ~hat t;he col':lnun1cAt1on 
overhead 1:-; ke:)t t o a min1m:Jm and thn.t th~ exchange 
Ol" f)age.:S !t.Ct'OS'S the CO:J":r.l.LLY1:_cat10f\ Sy$tem ~!IUl tS 1n 
no purrormancc problems at n l l . A detailed 
,1cnt}~tpcton ol' out' s t;nulat. io:ls M.d IU"' AnAly:'de or 
the reaul t r. nre g iven in a t: r-=quel to thl$ pa.pcr. 
'l'he tie:)(: ription of t ht> lnt;egra t ed !iOliJ C \on a has 
ohc>wn ehae ecmurrency ecntro1 and hurter mllna6c
::ner.:. .. ,~.:.at -~;ooper<.tte much mo1~ than 1n oentrnl tted 
eystc:ns. :'Or instence, tl':e bul'!'er maM<~Cr mu~t be 
abln to proce:ss p~o:oagatton C"equests in order t.o 
sxchar.ge moO!. rted pages bet ·"·a en pt"oeeeaors . 
rort.heroore, the synctronizat!or: component. can 
cau~e that p,'lges l;!:at r.ave bc<>n •ecognlze<! as 
obsolete are d!scarJed r~ the bur~~r. !n the 
:OCC-01eile<te, dat..'l ts accessed via an Hllr ~hat tell 
wr.ere ~ va:id COl"./ ot a block !s nvnt lab\e. 
ftr'-<>Usttr lmportan:. po1r:t not discussed thtJ3 Car are 
:1"1.., ln:.t>l tcatio:ls o f a processor crat:lh . For 
ir .. "'tArs<:~, during recovet"y it r.tay bn nnconsAr¥ to 
reconstruct t.i·err.e essent:a~ data 3tr·uctures (e .g . 
:oc.< eables) i n o r:.tet" to properly cont..lnue 
:lynchron1znt1on an;.1 bul'fer concrol. F'Urt.lHJr:nore > 
w! t h NOFORCE t he !'<¥lo o!' t ransactions nucc&ssfully 
<":Xl~Cut~~.l at the f;U led pr·ocessot• in mor~ 
~~cmplicated t h :'ln ~'1 centra l ized n,yt.r.err.ti, since one 
CMnOt ~'toply Nr'itO a ll a f t.e r-- ima(';l:!tl Of thOft(} 
trw'lnncthms f'r-o:n t he ~og to the databas~. TM.s in 
b~cn.une one coul d then overwrite the val1c1 copy Of 
a peee by on obsole te a:'ter-i"'ag"· Alt-hough a more 
del;..lJ..:.ed c11acuss!.ot~ ce ::be ':'ecovery 1mpaet.l:S or our 
~lsorith:no :s bcyonc the scope or tills pe.;>er, or.c 
ca."'l n.ay that ~r.e :.n~:-at.ed solu:.io'!"'ls tone t.o 
coapl1cnte I'OCQ'."'I'Y proU>CQl s . '11:13 aoe01s to be :.he 
pri<:e !"or c:"!'tctexy dl:-.:.'!':f; non.al p~aSL"\). 
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