; €3eP6MZ6T6x91 0 J UL 2D02 -1 Determ ning How Changes to Underlying Dat a
Affect Cached Objects t Background of the Invention Field Tﬁylnventlon
The present invention is related to an inproved data procegs nd

Parti cul ar as relate to the Wrld Wde Wb) databases) and transactlon
proces A nore particular aspect -, is related to the caching
of dyn nts on the Wrld Wde Wb. Related Art The speed with

whi ch d cun&ﬁw@ can be retrieved fromthe Wrld Wde Wb is one of the nobst
important factors in how useful the Web is for transferring information and
supporting el ectronic commerce. Wb servers nust be able to serve content
to users quickly. Data delivered by Web-servers can be divided into two
categori es: .~DJ UL 2002 -2 ( 1) static data. This data is obtai ned
fromfiles stored op conput er. Statl data can be served. relatively

qui ckly. A high-per PS‘FF\‘B‘:‘IE@W&“‘?%‘%‘* qﬁﬂﬁ‘f‘%é“ﬁh‘"ﬁ“n‘%ﬁ‘bﬂ%@f I*ich as a
singl e RS/ 6000 590 node can typically deliver several hundred files per
second. (2) dynam c data. This data is obtained by executing prograns at
the tine requests are made. Dynam c data is often expensive to create. In
many cases) dynam c data is one to two orders of magnitude nore expensive
to obtain than static data. For Wb sites containing a high percentage of
dynam ¢ data, dynam c data performance can be a i . bottlen s of
sites containing a high percentage of dynam c data include gm@%

comrerce sites using IBMs net. Commrerce software such as th @p Véb
site (wwv. | | bean.con) and the I1BM 199b A ynpics Wb site. One ne% od to
reduce the overhead of dynamic data is to store dynam c pages in a cache
~after they are created by a program (see "A Distributed Wb Server and its
Performance Analysis on Multiple Platfornms” by Y. H Liu, P. Danzig C E.
Wi, J. Challenger, L. M N, Proceedings of the International Conference
for Distributed Conputing Systenms, May 1996). That way) subsequent requests
whi ch need to access these pages can access the copy in the cache. A page
only has to be calculated by a programonce. The overhead for recal cul ating
the sanme page nultiple times in response to nultiple requests is reduced or
elimnated. _ Caching cannot be applied to all dynam c Wb pages. Sone
dynam c pages cause state changes to take place which nust occur each tine

t he pages are requested. Such pages cannot be cached.
Background of the Invention

Field of the Invention

The present invention is related to an improved data processing system. Particular aspects relate
to the World Wide Web, databases, and transaction processing systems. A more particular aspect
is related to the caching of dynamic documents on the World Wide Web.

Related Art

The speed with which documents can be retrieved from the World Wide Web is one of the most
important factors in how useful the Web is for transferring information and supporting electronic
commerce. Web servers must be able to serve content to users quickly. Data delivered by Web

servers can be divided into two categories:



For pages that can be cached, a need remains for a nethod of updating a
cache when changes to underlying data which may affect the vgau§o f one or
nore Wb pages occur. For exanple, dynam c Wb pages are oft 3 QF¥E$
from dat abases. Wien t he dat abases change, it may be extrenely diffic
determ ne whi ch cache objects have becone obsolete as a result of database
changes. The present invention provides a solution to this problem The
solution is quite general and can be used for other situations where one
needs to know how changes to underlying data affect the values of objects.
1 0J UL 200Z -3 Another problemis howto keep a set of one or nore
caches updated when the source of the.aunderlying data and the caches are
geographically distinct. The present invention has a solution to this
probl em which is relevant to proxy caching of both dynam c and static data.

A third pr@bitasisdpts. Howdatzos ehiaieeddrogdilessforadonaramputeny Htiis date capdreseryic hes
consi st entﬂeun@t:ﬂtutmy M,gmﬁd@mc@n& mﬁttng&p@wa@&temcﬁequﬁgt recei ved

by the system sees vi ew of the systemwth respect to The updates

than a req’%r%g‘tooﬁg?:%‘?c\‘iéﬁ‘ 5?'“%3’34"&{“@5%’%@“"‘#?@?5#&@6‘??9 invention has a

sol ution t@) dﬁ@mﬁ@ﬂtﬁl 1stt|ews ambéa&mae&umgpto%mﬁfs aftRd RYARGERsE BreMa@XY cachi ng
of both st t|c anm c_dat a. is also of relevance to transaction
oystems wHDUHHISR SR GHGUaA et JoRoE Besiminio itk B o5 & SR #90% Pos. known
i n the artmigiudeanagixpenstie peoigin harfathditaeen fi les which are necessary to
buil d conputer prograns. For exanple) a single programnmy be constructed
fromnmultiple source and object files. Tools have been devel oped to nanage
dependenci Bs Webtsisenntsioing € bigh phypeatpe ofsiphmixdatudyalnhie dita [peform@ive cofbetahe best

F K til d
Knoun U111y SRR TR gl b
requi re useamgnere siigsasing IBMeps Sdumeicespftfyare wech as the LieBeanWeb sgpeci al file known

as a nakef{m]ul,:cgﬁM%W&@mﬁh@gé&%ﬁww%sﬁéj e dependency specification:
f oo: foo h"foo.c cc -o foo.c would be placed in a nmakefile to i ndi cate

that foo depends on "foo.h" and "foo.c". Any change to either "foo.h" or

"f00.c" WORhEmMERNES redh@Qhe dverhBRl df&ﬁﬁﬂ%'dhﬁi%t&&ér@ﬂyﬁaﬂﬁ Fe@BIRREachE€sher 0 f 00
foo.c" the next tine the c Uilities such as

makeftl e hig¥are 8’\‘7§?da‘ry31H'?ﬁ"t“étsF%'HsD‘s‘F‘E‘ET‘{JW°h§°“’°‘ and “Sé’°‘§l°r{9“E’° SHefpsis op (1)
Makefi | e ORfultipi!Fidpfornsdep¥rHeDR]  Dahtoigh® ESwell Cmaadtgbzeu,vwem Piok&dingddf i s not

ble t f d f t whi ch t
STRIN T SR R L R S
speci fi ed bbtayeemregiyse ethigh weddadaccess thee psges)caadcqcss thacipe & thackclgr dgagobj ect s

(whi ch 'nctmgﬁasttﬁstesa|o¥fa F%{»@gﬁ{]& 60 RO DB £BFNRHng ddaprphdlo L NE

makeft| e approac ate enever they are to be

obsol et e bgﬂuthn’eﬂmmaefesrnemmm@nplegamtsésgiu@ﬂOhdwumol ete the file may be.
A need al so exists for a method which doesn't require that obsol ete objects
al ways be updated;, for exanpl e%mso t hat an obsol ete object which is only
~slightly ofRehiie cannotbenylisa 1¢ Wk dynaraie Weh pagse Some HEnamicppecHausyiRiELIagsappr oach

“also only & thiRWac®WRick RS b&lr &ikch Bmé ihk Eag'&spar@i@qﬁésteﬂ nsttchsagteg ¢afindt yS¢RRBdat a
tinme. A need exists for a nethod which allows multiple versions of the same

object to exist in the sane cache concurrently.
For pages that can be cached, a need remains for a method of updating a cache when changes to

underlying data which may affect the value of one or more Web pages occur. For example,
dynamic Web pages are often constructed from databases. When the databases change, it may be
extremely difficult to determine which cache objects have become obsolete as a result of database
changes. The present invention provides a solution to this problem. The solution is quite general
and can be used for other situations where one needs to know how changes to underlying data

affect the values of objects.
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(4) A need also exists for a nmethod which provides a quantitjiuej nethod
for determ ning how obsol ete an object is) sonething not provi U

such as makefile. (5) A need exists for a quantitative method for

determ ning how simlar two versions of the sane object are, sonething also
not provided by tools such as nmakefile. (6) A need also exists for a nethod
for retaining a consistent set of possibly obsol ete objects, sonething not
provi ded by tools such as makefile. (7) A need exists for a nethod for

conci sely specifying dependenci es between objects known as rel ational

obj ects) which may be part of rel ational databases, sonething not provided
by tools such as makefile. The present-#nvention addresses these needs.
Sunmary 1 0J UL 200Z -s In many cases, the value of objects depend on

nder ! yin ent, in en td on di r.ect o, de ernln ho
ghange)s/I tg unétﬁer mh’?enp a"fsﬁ{}’ krel?p 3 ?f:%e ?/rlélis °e°|38}1‘°s EP@“@%W& SoARe :gt[x}g?ml \év
consi der a _W;dsrlsmz éaw\ﬁmdrt@ cpehgeare grographiesdly eickunmn'ampmetnlt ipvéntiomhasl atchbias €5. | N
this situat hﬁ{a}%rcél%&ﬁwﬂ%ﬁ'%%&a#tgg g@ﬁhﬁé %b%mo?ﬁ&xﬁc ?rﬂq Ed&underlying data

i ncl ude the ases. In sone ave a dependency on.a
sinpl er Wb page which in turn has a dependency on a dat abase. It is

possi bl e t 0 AhR¥EpBbIYA R HBwlb ﬁmeracsmbmsdafée@%nd@rmr@&c%@%ﬁwemy Sehpadepend on
ot her obj ects m%lch in turn depend on_ ot her ! ects is_also possible

to have co- YRS AwmRaded opesand Bprequesideceiypd Bb}hééxs raéatcawcwataf Y@ any obj

ect in the sghrapdcbolitfe vpliesViBhriitre ifest decbdivelldd£latePlithe. €k Brebeht ihviftidhaihs a
According t ent nventlon t here | S, provided in a

0 .one aspect .of the reﬁ
conput er sy SPRYANHY °@“W§°H’°‘H§?g ighyis REElewangs 1o Rrox Y pashing o pg ?het"él 5 ex
obj ects, a @pidtoeldat0 It islQicofidldviaig td winsaclivangsidnst whith dbaot nebadgirniaivalvean af f ect
val ues of one.or nore conpl ex objects, conprising the steps of: identifying
at |east paft®®F the underlying data, wherein the underlying data nay or
may not be cachabl e; mapping said at |east part of the underlying data to

one or nore ﬁ@re%x%'uqh e? Nufitin the n@’fo‘?ﬁ%ﬁag@@ﬁé{é&’daﬂ&& &9&&@@% WA FE0S %ﬂenc' €s

on said at |east the u _ a; an aining an o ect
dependence dopd cetm)utqumxmfomge agipgle program may de pdvistoisted frem m@wlea

plurality ofgEaRR ofibd: &fks. Srcmdm@eclgaﬁdebasge& & thddGp QR fenncilPEBv M Frce,
dependenci es_between graph o 6
object, and executable files. One of thc best known utilities for managing such dependencies is the

Unix make command (See e.g., [BM AIX Version 4 on-line manual pages).
Utilities such as make require users to specify dependencies between files in a special file known

as a makefile. For example, the following file dependency specification:

foo: foo.h foo.c

cc -o foo foo.c
would be placed in a makefile to indicate that “foo" depends on "foo.h" and "foo.c". Any change

to either "foo.h" or "foo.c" would cause "foo" to be recompiled using the command "cc -o foo

foo.c" the next time the command "make foo" was issued.

Utilities such as makefile have several limitations, including;



Accordi ng to another aspect of the present invention there is %ﬂgﬂgﬁezﬂ ?
conputer system i ncluding one or nore caches storing one or not 0
obj ects, and one or nore renote data sources storing underlying data which
may affect a current value of one or nore of said objects, a nethod
conprising the steps of: maintaining an obj ect dependence graph which may
change over tine and which includes a plurality of graph objects and edges
i ndi cati ng one or nore data dependenci es .1 0J UL 200Z -6 between said
graph obj ects, recognizing when at | east part of said underlying data has
changed; conmunicating to a cache, one or nore of: information about at
| east part of said underlying data whictthas changed; and information which
includes the identity of at |east one object whose val ue has changed as the
result of saj nder | yi dat a which has ¢h ed; .and i nfor ion i ch
al l ows the iggﬁfg%@é'%gwﬁ%ﬁ’%‘]ﬂﬁﬁcﬁéﬁ? bSFpeﬁ&“?%g‘g"tCh gﬁ%qﬁ)‘ﬁf‘%‘@f’“ JR &G ue has
changed as t tiependesti¢stbenicersafilel andsdmethiyg whicldia het ai. Ainebdsxists famgadodavttch
[ nthe cache i SEienth Bl b BEwelhbenlin Rl B oR it bt O !
appl i cat i onsolgécts (which ingideninderiyirgrdaiapwhichazhnede dattedf ol | owi ng si tuations: 1.
Cachi ng dynam ¢ Wb pages. 2. Cient-server applications: In many
client-server g{)pl ications, the server will send objects to nultiple

S

clients. The(0bisesths mafefiladnpreshrad flep arerundatadiwhenevenitfey aredonnd yechesibentate bf  t he
same obj ect HRYmR&" S&HtharidPegdidleldt B obsbib HeTiledRNBEN Md MROKisWISh théifodOD] ect

was requested. The server needs some nethod for keepi ngl track of which
versions ar e 8ishosspt wghite thatqbslsie ebiestalvrpvbepddtdeorcpmplessa that Bypbsolste 3,

-ANy  si tuat i 0Bbjedd @hRh istonlySligHG 6&DRANe thaybéRtatedinfheadher al ver si ons of

abj ects, uniquely identify them update themif they beconme too obsol ete,
quantitatively assess how different two versions of the sanme objects are,
and]/c or m;i nt ed)ghemaﬁeﬁ&tagmm aumgyf a’ﬂoﬁ@énc@émiﬁbbf&dﬂﬁo exilstlin tge ﬁiﬁaysteg?.@ﬁﬁmés
preferred enfodi pent es, use. a directed. gr cal l.ed the object
dependence g ﬁy‘%’@sgaw r“g‘bcgég%ﬁtn?ﬁtlp eveﬁé??sa‘%%gﬁﬁea"é’heﬁtggx’ﬁé’f %%"r‘f’c

obj ects. An esthecdncwrentn obj ect of to anot her object 02 signifies that 02
has a dependency on ol. Any update to of also changes the current val ue of
02. In an alternative enbodi nent) each edge can have a non negative nunber
associ at ed w4k need Weromistsfer amirthodavhigh providés@tauantiptivesnatiiod farideteimiping kance of
the data depepui@ceonflis, SkiHRlstol flbifa BUERE L&A GaEABY eSeNt | MpOrt ant
dependenci es, while I'ow nunbers represent insignificant dependenci es.

bj ects can al so have a val ue known as the threshol d_wei ght associated with

them Wieneves) A hed SUM PBf 2 §RRIMRE BBth&d BOdlBRRRRAOWEMIR thdWeionBef dat a
dependenci es which are current falls dgggow t he thr(gc?{%ol d_wei ght, the object

i s consi der e (RGOS 35 GHTSMIRAAG NGt REO Ve Byytogls sk " RB%1 d be updat ed for
applications requiring recent versions of objects. Each object preferably
has an object, id field and a versi.on nunber f.ield. _The. object id field
Corroapontis. {8 Stk iRt o SRR font e SRR LB | dent i 1y
" the object (eomething te pidiidpd bynbols mch semakdilesi on nunber field allows nmultiple
objects with the sane object id to be maintained and uniquely identified.
More specifically) a process known as the object manager nmintains the data
dependence i if)a¥ med exists fovimethadsfor qonvisclylspesifiing dapendencica besweaprobjebte kupasmzns
dependenci es (RARAGH LG HERES be rsmaaoaaﬁda&%g»see&ye&k@)nfo roHBA Y kA% shlle
appropriate informtion. enever an object 1I's updated) the objéect manager
uses the inf@ makdin in the object dependence graph to propagate other
updates to the system which are necessitated by data dependenci es. Each

obj ect of may_al so have a consistency |ast which contains a |ist of objects
whi ch nust r dhaPsaabifengenaddregics esppéedstwo obj ect s of and 02 are consi st ent

ifeither: ' (SufmarPoth objects are current; or (2) At some time t in the
past) both objects were current. An update to of nay al so necessitate
updates to other objects on the consistency list for ol. It is possible to

associ ate an object with one or nore records belonging to relations which
are anal ogous to relations in a relational database. Such an object is
known as a rel ational object. The



present invention also has features which automatically add deﬁendencies

bet ween rel ati onal objects. .10 J UL 2002 g_ Brief Descrip |@ngf‘_ ?pg]%
Drawi ngs These and ot her features and advantages will becone apparent

the follow ng detail ed description and acconpanyi ng draw ngs, wherein:
Figure 1 a depicts an exanple of a system having features of the present

I nvention; Figure 1 b depicts an exanple of an object dependence graph
havi ng features of the present invention; Figure 1 c depicts an exanpl e of
a system having features of the present invention; Figure 2 depicts an

exanpl e of a cache used in accordancenﬂnth the present invention; Figure 3
depi cts an exanple of an object information block (OLB) used in accordance
with the present invention; Figure 4 depicts an exanple of APl functions in
accor ddngeany eases, Hhe pabiseeit ohjecie depand; orFupdarying detpi cTke arasewciaventiogriam of

a met hod for inpl nting the APl functio Figure 4..Fl.gure 6 depicts a
bl ock c# rgﬁtfgrtﬁ g%%e%ﬁgwglho% u%hgpgeosr%o\%#%ﬁﬁ%@%a gﬁ‘ec%l%e\éaﬁue[%fogj%gsc he; Figure 7

depicts a bl ock diagramof an APl function which | ooks for an object in a
cache; Figure 8 depicts a block diagramof an APl function which del etes an
obj ect 4% 8hepmpde wensigerp Webgitg avlices Bagss Breourated dypasmically Bamydatabasese tinon
whi ch Se: epde f: or, . j act o FlL QL |Gl S .a
bllock o ovaafh B Aimic NTHS shEEN Atk biicP, G B, e 8 HERE Bl
to an alajabedes. In Sorfle dades,20WZb pdge Magtiaee 4 deptddedySorta bilhpddsr Webgagawhichan
APl function which is invoked when a record changes; .
in tum has a dependency on a database. It is possible To have a whole hierarchy of
dependencies where objects depend on other objects which in turn depend on other objects. It
is also possible to have co-dependencies between a set of objects where an update to any

object in the set affects the value of all other objects in the set.

According to one aspect of the present invention there is provided in a computer system
having one or more caches storing one or more complex objects, a method for determining
how changes to underlying data can affect values of one or more complex objects, comprising
the steps of:

identifying at least part of the underlying data, wherein the underlying data may or
may not be cachable;

mapping said at least part of the underlying data to one or more of said complex
objects having one or more data dependencies on said at least part of the underlying data; and

maintaining an object dependence graph (G) which may change over time and which
includes a plurality of graph objects and edges indicating one or more data dependencies

between graph objects.

According to another aspect of the present invention there is provided in a computer system
including one or more caches storing one or more complex objects, and one or more remote
data sources storing underlying data which may affect a current value of one or more of said
objects, a method comprising the steps of:

maintaining an object dependence graph which may change over time and which

includes a plurality of graph objects and edges indicating one or more data dependencies



Figure 12a depicts another exanple of a system having feature f the
present invention; Figure |2b depicts another exanple of an aq jéqﬂUL_ZOUZ
dependence graph having features of the present invention; Figure 12c
depicts an exanple of the object manager of Figure 12a; Figure 12d is

anot her depiction of an object dependence graph having features of the
present invention; Figure 13 depicts an exanple of a cache used in
accordance with an enbodi nent of the present invention; Figure 14 depicts
an exanpl e of an object infom ation block (O B) used in accordance with the
presentinvention; Figure 15 depicts arn. exanple of a dependency |ist used in
accordance the present invention; Figure 1 b depicts an exanple of a
dependency i nformation block (DI B) used in accordance with the present

i nvent i%swveem Sraph QRIgFies SecariEigr Wakh ApllesbPAPp! 3iA indsH¥Ingndals d¥s dance
with th mﬁ%ﬁse”t invention; Figure 18 depicts a block diagram of a nethod
for inplermenting the API functions in figure 17; Figure 19 depicts a bl ock
di agram of aomaninécafiRy té uncdchenowhoc moaeldé infrenatibe sbowtestsieast wit af saibj ect
to a cache; .Figure 20 depicts a block diagr of .a I . function which

at t enpﬂlgg%vl% g2 avw&lsawhmwd'awdds et bR AR ek e IR fbjeastone 10 3
UL 20Q; ' it js : ' hgh may
be. i nvoRsst Seis s RRRLD (R Pegnl of SiRanam he Fa Mlich LA e
of par tinfofmationewhiobl aflows freodemity tobe détamgiesd ofHatdeaph ond ebjeblj ebesedaperivence

graph ip response tq changes to. underlying data, Figure 23 depicts a bl ock
di agr aﬁﬁi‘ﬂgea&? ﬂlecffs"gt ?fggta #ﬂwnggﬁﬁéﬂﬁ?}? ﬁﬁ C?‘ﬁ%F&eggctjhr ough the object
dependence Qérﬁ%n%&naotfjé‘ditﬁbrﬁ'théfca&ﬁ[‘ BE upllinges RERSPerbiBn WTANIESetOn the
underlying data; Figuré 24 depicts a block diragram of part of a nethod for

pr opag&a¢heginciespoges tor seicacagprounitatinggtepph obj ect in response to changes to
underlying data; Figure 25 depicts a block diagramof part of a nethod for
updating or invalidating a cached version of an object in response to

changefxampWs e applidalostrd fRhe preSdR ird@ne&iPinclule thdtoR6Wind skgh@dhsof part of a
met hod for maintai ning consi stency when one or nore objects are added to

one or lpor e Gashingslynsmice®¥gbpagest o changes to underlying data; Figure 27
depi cts a bl diagr of..a _cagh | y:f1.Z i.Qn: reat | aph._podes
Gept ot s 2 il o0 Lo E R o Al B! 6B AP
objects to multiple clients. The objects are changing all the time. Different versions of the
same object may be sent to different clients depending upon when the object was requested.
The server needs some method for keeping track of which versions are sent to which clients
and how obsolete the versions are.
3. Any situation where it is necessary to maintain several versions of objects, uniquely

identify them, update them if they become too obsolete, quantitatively assess how different

two versions of the same objects are, and/or maintain consistency among a set of objects.



Figure 28 depicts a block diagramof an APl function for creating _graph
nodes corresponding to nmultiple record objects (MRO s); Figure ﬁga ddﬁLcQ@OZ
a bl ock diagram of an APl function which may be invoked when record

change; Figure 29b depicts another exanple of an object dependence graph

and how it can be used for propagati ng changes to graph objects; Figure 30a
depicts a bl ock di agram exanpl e of a system having features of the present
invention for scal eably mai ntai ning an@d-consistently updating caches; ~0
JUL 202 -11 Figure 30b depicts a nore detailed exanple of the Trigger

Moni t or of Fi re 30a.instantiated as ster. Tri er Monitor; ' Figure
30c depi ct & BH° 'é%?afﬁgrﬂmsrt naKes g qf g et Ne‘rfff‘cq Ak deadencs grant Pave

Tri gger I\/bmhtcbrrqprd&rguheda’ﬁdllipdﬂaic&t Betwiddn ebgam)m ebde ﬁoh&n&sajad olf td ghgder APl of
FI gure 30b Ctg?Sl lgeos aqephaslg. X(ﬁm |%%eOLn %Zrllg%cotfl };[axgefsﬁlel g COF dance

with the pr dsen nven an ex J ect
Di sposi t i onalBt ofoi. (x(@B]teminvEctghudchOtﬁ;ch Elgg cmda@2 ndepr:gam&- nambenassopibted of t he

cache n7 ofy;kl 9%15&% 2 he E}L,xgtrklr 1c%%?§8hs‘i§épﬁ5ha§&‘c%%k &t?ﬁqp@nj@%.ﬂ Jgeve'

or gani zati on communi Cc or Driver
and t he Di Swmrmrtugbmumhﬂagﬁempr@mgmpeﬂemd@eqﬁemes, Vdrrle oxenwpbers tepresdne Recei vi ng

Thread | ogi XRP ncom ng
Work Di spat“% er %Qﬂ:rgdeﬁées 'abﬂ %é°ﬁ395%%‘§8“¥'§ 36 é‘gebg{?dg%é& ﬁ} exanpl e of

IcC O gure 3
t he Cache Nesaeigted widoher: nwgencmr&@ sn pEtheiweighy eorgpomding ip éncaming fatyur e 37
depicts an d@ﬁ%ﬂﬁ@llci@s Whicit Q@c@hﬁﬁfs bgf@@ @{eatﬁrgfhofgh»‘/%q theQBjebt ion il HH 18 b3 3!

Figure 38 depicts an exanpi e of Di stri bufion Manager Thread | ogic of
Fi gure 33; ‘gh-y S e9“3©°‘a"éﬁ|sﬁ‘t"id b&r\‘}’%rﬁflaépl'ﬁ?m{‘“’rféq"@]‘tglﬁ‘i?ﬁ‘ﬁde‘?’f’&sr@act i on
Thread | ogiogjedts. rﬁclﬁrursjectséfcraaygnum oéféctdﬂﬂblﬁ?r&l aﬁbé;aﬁﬁhﬁ&b@fﬁcﬂx‘rﬁél&dj@fﬁd and
v variations anal ysi s an | ations of Tri ure 41
Hopi ot 5 an TESLEABREoN 3 sograing SR ehaAPRIP e B G R e G R A Bt 1y (o a
system (e.g., the URL), while the version_number field allows multiple objects with the same object_id to
be maintained and uniquely identified.

More specifically, a process known as the object manager mazintains the data dependence
information. Whenever new objects are created or the data dependencies change, the object
manager is responsible for updating the appropriate information. Whenever an object is updated,
the object manager uses the information in the object dependence graph to propagate other

updates to the system which are necessitated by data dependencies.

Each object o/ may also have a consistency list which contains a list of objects which must remain
consistent with o/. Two objects 0] and 02 are consistent if either:

(1) Both objects are current; or

(2) At some time t in the past, both objects were current.

An update to o/ may also necessitate updates to other objects on the consistency list foro/.

It is possible to associate an object with one or more records belonging to relations which are
analogous to relations in a relational database. Such an object is known as a relational object. The
present invention also has features which automatically add dependencies between relational

objects.



consi sting of one or nore caches; and ~0JJL 2002 -12 Figure 42
depicts an exanple of logic for determining a |as~lock tinme _jf the set of
cache managers receiving a request has multiple nmenbers. 4 JUMJQ@@QQ
-13 Detail ed Description of a Method for Determ ning How Changes to
Underlyling Data Affect Cached Objects G ossary of terns Wile dictionary
nmeanings are also inplied by terns useg herein, the follow ng gl ossary of
sonme terns may be useful: A cache is a“Storage area. It nay be in nmenory)
on disk, or partly in nmenory and partly on disk. The physical or virtual
addr esses | ache may be fixed. Altematively,,they may
vary over ??&%Pagﬁgﬂgggﬂkﬁ?%gﬁggf caches includes but is not limted to the
foll owi ng: - Caches for Wb docunents such as the pnxy cache in the | BM

I nternet CamBRGhd &her RV andddvini@ il b&cBe aEparRa fioth thB1IONGHS&sued Navi gat or,
- Dat abase caches such as in | BMs DB2 .dat abase; - Processor caches such as

those in t HECHRIONPRICERINY NG Irawpes ¥R er s: and - Storage repositories for

data written in a high-level programm ng | anguage, wherein for at |east

sonme data, Lhe stor.age repagsifor ogram does, not have explicit control of
Che vi rt ualr B BreRas SERRF ectiteR bR I et QF e od. A cache
uni on i s t IRigusolbhiepiats aroexample afldh obretldeendancagraphdiveng fedureodfjtteqresers dat a whi ch
can be stogqgnLn,one or nore caches. A multiple version cache is a cache
which is al'T6WE® to incl ude mul ti ple versions of the sanme object. A single
ver si on cadiigiré & dapictaahexample ofn sygem dvingdtahuwesofithe presenohvedtonpne ver si on of
the sanme object. A current version cache is a single version cache in which

t he version of any cached object nmust be current.
Figure 2 depicts an example of a cache used in accordance with the present invention;

Figure 3 depicts an example of an object information block (OIB) used in accordance with the

present invention;

Figure 4 depicts an example of API functions in accordance with the present invention;

Figure 5 depicts a block diagram of a method for implementing the API functions of Figure 4;

Figure 6 depicts a block diagram of an API function which adds an object to a cache;

Figure 7 depicts a block diagram of an API function which looks for an object in a cache;

Figure 8 depicts a block diagram of an API function which deletes an object from a cache;

Figure 9 depicts a block diagram of an API function which adds a dependency from a record to an

object;

Figure 10 depicts a block diagram of an API function which deletes a dependency from a record to

an object;



1 0J UL 2002 -14 Underlying data include all data in the system which may
af fect the value of one or nore objects. Underlying data areqag?lu erset of
all objects in the system A conplex object is an object wt %@@2
dependenci es on underlying data. The object manager is a program whic
determ nes how changes to underlying data affect the val ues of objects..A
graph G=(Y,E) consists of a finite, nonenpty set of vertices V also known
as nodes and a set of edges E consisting of pairs of vertices. If the edges
are ordered pairs of vertices (v) w)) then the graph is said to be directed
with v bei r w t t of.the e - A nultigraph is
ol ar ot ot P aifooR Bntin S APERAGon Srch Pk o gkl RaB
bet ween pairs of vertices. Milrigraphs are supersets of graphs. A weighted

graph or “ﬁb&@ﬁ%cﬁﬂ!s%&&%ﬁ%mbl@ ofH} g%ﬂh%%?%&g@é%%@ﬂgﬁnﬁﬁ%n%“ onal |y have

a nunber known as a wei ght associated wt . The abj ect defpéndence gr aph
i s a di recFigere i2h depigis apiher gxample ofan objectidppendsmpegraph hayivg-farwerof geapienir e known
as graph opj&sbs. G aph objects are supersets of objects and may include

t he foll ow ng: 5 1 ) objects; (2) underlying data which are not objects;
and (3) vi Figural2cispists e example of @’é“ét‘@"f“éﬁmﬂlgﬂ%}(%? do not correspond to
actual dat piguré NgYis idther @epRtichsof an SHPIVRPEnBEHCE gl haPin® RAYRE bMNFe phadert

dependenci es. Virtual objects are not as frequently used as (1) and (2). An
edge from BVg¥SHh object of to 02 indicates a data dependence (al so call ed
dependence or dependency) fromo! to 02. This nmeans that a change to 01

m ght al so_cha 02. Dependencies are transitive. Thys. jf..a has a data
dependenceF'gweggg?‘PdC%oa"ﬁé%‘pge ogﬁfaefg?j‘g REEREEGR fm?rﬁbeolf.li“%enhoafgl ezfrea%‘rgendence
. on c. 1 Gwentibh,L 2002 ,5 A graph object may al so be a rel ational object
(RO. RGCs have relational specifcers affiliated wwth them 2 exanples of
RO s are: 1. Single record objects (SROs); the relational specifier

r epr esent s Figursilfdépicty ansaanaple of an dlject informatiorbloskd OBbjusadtin aceqrrmes yith thae

rel ational ,qpach{dngén,r epresents nultiple records. An ROrl contains
(includes} an ROr2 if all records represented by r2 are al so represented
by rl. The outgoing adjacency list for a node v is a list containing all

nodes w f OFigdai16 QedidiCan@Gfb1d oF a d¥fendeficyl list usedif RécaldRRE the Brebont invention;

Figure 16 depicts an example of a dependency information block (DIB) used in accordance with

the present invention;
Figure 17 depicts another example of API functions in accordance with the present invention;
Figure 18 depicts a block diagram of a method for implementing the API functions in figure 17,

Figure 19 depicts a block diagram of a cache API function which adds the latest version of an

object to a cache;

Figure 20 depicts a block diagram of an API function which attempts to copy a version of an

object from one cache to another;



The incom ng adjacency list for a node v is a list containing all nodes w
for which the edge (w, v) is contained in E. A |leaf node is od nﬁ' ﬁ i's
not the target of any edges. A proper leaf node is a |eaf no%k?hhﬁd éé 2he
source of at |east one edge. A maexinmal node is a node which is not the

source of any edges. A proper maxi mal node is a maxi mal node which is the
target of at |east one edge. A sinple ependence graph is a directed graph

in which each node is a | eaf node or a‘maxi mal node. Two objects of and 02
are consistent if either: (1) Both objects are current; or (2) At sone

time t in ke BRIpictdAILKQ to?aﬂ"ﬁf HEd A ma@J b\éﬁ(véieﬂ ey EREA ik fda%at a

whi ch alloms d|f|| erent versions of e sane ect to e un

i dent i fi ed*hapgfe i npl enent ati on woul d be to use integers for ver3|on
ntunbers and to assign a newy created current version) the verS|on nunber
of the preyiou ersi g |.us ver her UL 2fl102

Il ement ol te0 22 dieiss Uek g5Sarior st a mo e b rommgbe Plingts HotEh AL | 1 y
have to bedépuﬁﬂmﬁcresgmpﬁonre@pmmbel)angeelttunaérrymggsmcoul d al so be used to

i npl ement version nunbers. The nost recent version of an object is |rnown
as the current version. 1 0J UL 2002 - 17 Referring now to the

dr awi ngs) Figoe22 ddpias dﬂqudiagraarbf pactofp imethod foapropageting -chagesatiroeghaln dbgect ur e

havi ng fea i . ient 90

Communi cat Sebeiinf et EAGHERE e Bk Bhse OIAERSH R G °C, Ve, 100

mai nt ai ns one or nore caches 2. As is conventional, the server | 00 uses

t he caches i V) sfyin
Fignfe34 aﬁ%[ﬂ‘ 5 G0 Rkl ke 8@ sfying

the client éﬁ&g d éf% m& oug Bﬁgggggm%& @Bg%s the gaéﬂgéjg c@%mated

with a si ngbleﬂg\sfﬁﬁpemsefﬁt%éﬂg@a@h‘é@ﬂﬂﬂééﬁiﬁ d be maintained across multiple

{ servers as well. One skilled in the art could easily adapt the

Figure 25 depicts a block diagram of part of a method for updating or invalidating a cached

version of an object in response to changes to underlying data;

Figure 26 depicts a block diagram of part of a method for maintaining consistency when one or

more objects are added to one or more caches in response to changes to underlying data;

Figure 27 depicts a block diagram of a cache API function for creating graph nodes corresponding
to single record objects (SRO's);

Figure 28 depicts a block diagram of an API function for creating graph nodes corresponding to
multiple record objects (MRO's);

Figure 29a depicts a block diagram of an API function which may be invoked when records
change;

Figure 29b depicts another example of an object dependence graph and how it can be used for
propagating changes to graph objects;

Figure 30a depicts a block diagram example of a system having features of the present invention

for scaleably maintaining and consistently updating caches;



—

,nhode which is the target of at |east one e

present invention for other applications which are not client-server based
as well. An application program 97 running on the server 100 creates

obj ects and then stores those objects (e.g., dynam c pages vvhl‘]cg g@#mpg
cause state changes upon a request therefor) on one or nore cachesS 2.
server 100 can also be a proxy server wherein the source of the underlying
data in the database 99 and the cache 2 are geographically separated. In
this enbodi ment) an object is data wht Bt can be stored in one or nore
caches 2. The objects can be constructed fromunderlying data stored on a

dat abase 99: [ ol ' . '

af f ect the%wgg?g%pkg%gmg?&%gﬁggg F‘ ggftéé E’?%%’Z’é@‘ﬁ%ﬁ@@@ﬁ?swﬁégﬂyi ng
data are a Mastprekrigger Myniter1 1 obj ects in the system A conplex object is an
obj ect wit 'i*ig%%o@&epmfaﬁcﬁ%?e%@'ﬁ.@ghgg%r%niEoPﬁ\sHﬂQEH hyd S?H/ﬁq’@ihé’er Mt et the

caches 2 in the cache union all be current version caches. Recall that a
current veFErER0¢depine ap xaplg of dheserds g APE alii@irs ¥binhi ch t he version of any
cached obj eGhircM0SdepRE ekMAiIRBF ranfddfort thrtk inhcSrddEbetnithRicPrbntGvektRni S @ cache
which is only allowed to include one version of the sane object. According
to the present invention, a cache manager 1 (which is an exanple of an

obj ect nman&gare)3 1 dedi®s 4h cR@fipldftheblijdrEPBpdsiion/ BIdEK (ODB) of Egdra3at f ect the val ues
of objects. Although Figure 1 a shows the cache manager 1 residing on a
single server, it could be distributed across nultiple servers as well. The
cache mana@eureB2idspifs f Rfimle §f tidackd TR df Eigure ®Nput er execut abl e code tangi bly
enbodi ed on a program storage device for execution on a conputer such as
the server 100 (or the client 90). Those skilled in the art will appreciate
t hat the c&gue 3B)degacimexmmaplagfes high-leesh drgatazatiiomd c@Bmascatibrepadis of tha tigger

associ at ed & | . 90). ]| ordance with the present invention.
10J UL g@&&_nﬂl@%ﬁﬁg@%ﬁ%@&@g&i provides APls (Fig. 4) for

speci fyi ng what underlying data) e.g., database records) a cached object
depends UPGHLureHIQHAS NFexIBNEEEhe RedtRRR T MichAREIC 8 Filies€e dependenci es.
Whenever a process nodifies state which could affect the value of a conplex
object in a cache, the process specifies the underlying data which it is
updating. TFRrCBBSEERaEHle MO IicovMiag Wdad BSpatchdr ThaedRgicobFigat $3;whi ch
depend on the underlying data being updated. Figure 1 b depicts an exanple
of an object dependence graph (G 121' having features of the present

i nventi on. FigteBotdagitts irhexamplp efthe deheMaapa € ogapiaatiohs Thtéd logiaofFigus 33,

enbodi ment is |l ess conplex than in the alternative enbodi nent (Fig. 12b).
Here, the object dependence graph Z21' is a sinple dependence graph) i.e.,
a direct ed Fguapd? depictodm edamplaofthnObject Genemtdr§afeadilogieofHigure 33;r 3 or a maxi nal
node col, cot. Recall that a | eaf node is a node which is not the target of
any edges and a nmaxi mal node is a node which is not the source of any
edges. Al sd&ist I8 depigts angremple phtht\Distibyon MapggenThread fagia i Eigarei3d; no need to
specify weights for edges. Further, each proper maxi mal .node (a maxi nmal

cot _is an object; and

' dge)_col, ¢ |
“each properFiguER}” dspigis ap gxample of she QuthopndkTrapsprBonHread 19eic Af Figuesdy ce of at

| east one edge) in G represents underlying data which is not an object. The
under | yi ng data_ represented each oper leaf nade rl ... r4_i.s referred
Lo as o 1 OO RS Sl othsh o bt Gy Potrabn T eipeast SEGT 1t he
second enbdiement ). The objects represented by proper nmaxi mal nodes col)
cot are conpl ex objects. The cache manager 1 naintains the underlying data
structures (see Figs, 2-3) which represent the object dependence graphs)
121" . Appl ifogire $indepicogn ewampB of loginfian riakiag eset bigemiesturonsistantlp fo agpjtans t
dependence c%hﬁs‘?ih%oi‘o‘?xe%hﬁorgga% & hgnager 1 via a set of cache APls (see

The a C

Figure 4). plication also uses APIs to notify the object manager 1 of
records rl ... r4 which have nged. Wen the cache nmanager 1 is notified of
changes to a record rl .., r4, it must identify w h conplex objects co 1,

cot have been affected and cause the identified conplex objects to be

del eted (or updated) from any caches 2 containing them The cache manager 1
can detenune whi ch conpl ex objects have changed by exam ning edges in G
(see Figure 11). For exanple, suppose that the cache manager 1 is notified
that rl lies changed. G 121" inplies that



eol has al so changed. The cache nmanager 1 nust nake sure that col is

del eted (or updated) from any caches 2 containing it. As anothezlf npl e)
suppose that r2 has changed. G 121' inplies 10J UL 2002 -1 hﬁd g Qg
and cot are also affected. Here, the cache nmanager nust nake sure that

co 1 and cot are deleted (or updated) fromany caches 2 containing them In
ot her words) the basic approach is to gonstruct conplex objects at the
application | evel so that they are debgﬁdent on a set of records. The

application nust be able to specify which records rl1 ... r4 a conpl ex
obj ect colp; Al 15 fofdeRIinRE QRASTMEN ciRllof LR State Tn a
manner whi c coul affect the val ue of d conpl ex object, the

appl|catloﬁmﬁﬁﬁbFﬁﬁwmﬂéFqﬁéﬂﬁbm%mﬂ5"§ﬁéﬁﬁfy mhlch records are affected.
Conmpl ex objects of this type are said to be in normal form WMany

preexi sting Web applications create cacheabl e conpl ex objects which-are
already in normal form In order to use caching in these applications, it
is only necessary to recogni ze the records underlying conpl ex objects and
to interface the application to the cache via the APIs provided. O her
changes to the applications are not necessary. Preferably, the cache
manager 1 is a |long running process nanagi hg storage for one or nore caches
2. However) one skilled in the art could easily adapt the present invention
for a cache manager which is one of the following: 1. Miltiple distinct
processes) none of which overlap in tine. 2. Miltiple distinct processes)
sone of which may overlap in tinme. This includes nultiple concurrent cache
managers so designed to inprove the throughput of the cache system Figure
1 c depicts an exanple of a systemin accordance with the present invention
{for caching dynam c Wb pages. As depicted) consider a conventional Wb
site 100 where pages (page 1 ... page 5) are created dynamcally from one
or nore databases 99 and stored inone or nore caches 2. An exanple of a

dat abase 99 and dat abase nanagenent system adaptable to the present
invention is that sold by the | BM Corporation under the trademark DB2.

Here, the dynam c Wb pages (page 1 ... page 5) are objects and the
underlying data (tables/records) include parts of databases 99. According
to the present invention, a cache manager 1 provides API's (figure 4) which
al l ow an application 97 programto specify the records that a cached obj ect
depends upon. The cache manager 1 keeps track of these dependenci es.
Whenever an application program 97 nodifies a 10J UL 2002 -20



record (s) or |earns about changes to a record which could affect the val ue
of a conpl ex object in a cache) the application program 97 noti ﬂl@rshé e
cache manager 1 of the records) which has been updated. The cache %2002
then invalidates or updates all cached objects with dependencies on the
record (s) which has changed.. For exanple, consider the HTM. pages (page 1
page 5) depicted in Figure 1 c. The HTM. pages) which are conpl ex
obj ects, are constructed from a database 99 and stored in Cache3. Each HTM
page may have dependencies on one or nmobe records which are portions of the
dat abase denoted Tablel, Table, ..., Table6. The correspondence between the
t abl es and_pages._can be maintained by hash tables and record lists 19. For
exanpl e, i Petalle Descriptisrsetafetiod fo Retprghiniog Howchanges fa Hnderiping RateAfieet) | ¢
woul d invalidate (or update) Pagel -Cﬂﬂ‘éﬁ'ﬁbaéd@ if the cache manager were
notified of a change to Table2 T2, it would invalidate (or update) Pagel,
Page2, and Page3. Figure 2 depicts an exanple of the cache 2. As depi cted,
each cachggéss @GRl Y has 4 storage areas: a directory 3, nmintains
i nformati on abdut each cached object; an object storage 4 for storing the
objects 6; auxiliary state information 5 which includes other state

i nformati { e 0 j.St ] Lt 24 Eﬂﬁ{%? i |l e
19) whi ch%‘(i)erde‘%ml)‘%?})‘?e%{g ééoagéig%%h?de or s?ﬁsl n éﬁﬁgé o»?%%lgsse trf‘rgfs}pZS.
1n a pref dermaahagibbastfutent, the hash table entries 25 conprise record |Ds
12; and object lists 8 - _ which include the |ist of objects, i.e., object
id(s) 9, whose val ues depend on a record which may be part of a database
99. bHovveveﬂ&gadhbe arsmégeh ateal lt\éxfiuytbbmah&g,midiwsrmﬂya‘n r:?dmmaxﬁfpa;ﬂﬁmrbrlliﬂi on

o be stor [n.the has e entries. The I pos t ash. t eisto
D ovi do. arfHEhasaber v SRS CoRIONS 1 e SROTA RS e Bl Prmaaya: By ar

t abl e/ r ec Ghdgd vahy Sleffiind Mhe dafiiioddf cachksEiclades Butlifisot livkted @ thdFollawinglash t abl es
are well kno inthe art (see e.%., "The Den\s}k d Ang:l XSi S O Congglter
Al gor i t hmsGachesdyr Werdacsments gich AR PrRAY FABR ! éﬁg@ﬂu@; PInaCSSTYgS 0B e
provi de arprédet 6dcRéMn thAlAscaps NSlightar, f or the present invention. However, the
present invention is conpatible with a wide variety of other data

st r uct ur es Darbasescachss suchas idBM oDBIA3ePastash tables 1 0 J UL 2002 -21
The di reCt.qfﬂccéo}%hééq&&, é%&@&?l&h@?ﬁféﬁ@d%’%f@&m&r&%@) 10 for each

object 6 stored in the cache. One of the conponent's of the OB 10 is a

record | i stStoragerepagiteriss £y dasaiwaitten in ahighileved pegesmning langymge, Naereindor ¢ lgast s 12
identifyin r gﬁ%g j .G el Cot .
Here) the grgrerg%g’xtg% t‘]l;ljg%%rgp(ggtérygy am @5"3@%‘“62%% “%ﬁ%@{é&?’fﬁ‘? pa‘g‘gr(ygys@t?or ed
i n the caciddressenofiwhére thealoradsstoreds be part of a dat abase 99. Alt hough the
preferred enbodi nent uses text strings for record ID s) other nethods are

conpatible as well. An application program communicates with the cache
manager | Avrachausien isdlie oumibirfatiorcofi alligachefinaspiters. of APls in accordance with
t he present invention are shown in Figure 4. Those skilled - in the art

that many additional APIs can be inplenented in a straightforward manner
wi t hi n t heArsphjedt is datadvischoqae be stotetl én garees eote dacheent i on. As depicted) the
exanpl e APIs are: cache_object (object id, object, cached 410: stores an
object 6 identified by cache_ id in the cache 2 (Fig. 2) identified by
cache_i d umegitipte JeRYonQaLRCik a cabh® whith @ alibwéd ©BGnoRilY nidltpYd varkord F @6 sarle havi ng
the sane key. The present invention is conpatible with a wi de variety of
types for‘§W?éct id) object, and cache_id. In the preferred enbodi nent, the
object 6 may be of several types, the objec! _id is a byte string, and the
~cache id is a character string. Here, although nmultiple itens wth the sane
key are prfiBglwersioneechgis peshe viclbisonly ajlowedia inclida one version ofithe sams oblegt.
However, it would be easy for one skilled in the art to use the present
invention in a situation where nultiple itens with the same key coul d exi st
in the sar currertaersionceahedsn single vergionstaghs inmihich the(vstsjonof amsdc,acw)c/qwft wpst415
. ook for aﬁuﬂ&%ﬁpt 6 identified by cache id with a key object id 9 in the
cache 2. It any such object 6 exists, return it to the application program
del ete_object (objecl_id, cached) 420 : | ook for an object 6 identified by
cachedJd with a key object id 9 in the cache. If any such object 6 exists)
delete it. add dependency (objecl _id, cache_id, record_id) 430: |ook for an
object 6 with a key object id 9 in the cache 2 identified by cache,~d. If
any such object 6 exists and there is no dependency between the object 6
and a record identified by a recond_id 12 associated with the record_id)
add the dependency.



.~ 0J UL 2002 -22 del ete_dependency (object id, cache_id, recorded) 440:

| ook for an object 6 with a key object id 9 in the cache identi i@dlgﬂ quz
cache_id. If any such object 6 exists and there is a dependency "bet

object 6 and a record identified by record_id 12 , delete the dependency.
invalidate_record (cache_id, record_ia~ 450: delete all cache objects from
the cache 2 identified by cache i d which depend on the record identified by
the record_id. show dependent objects (d&eche td, record_id) 460: return a
list of object ids 9 for all objects in the cache 2 identified by the
cached whic end, on identified by the recorded. This function
can be inpl it 45 p ltd.ﬁﬁ{hﬁwg gﬁéy’iﬁ%ﬁ' WEh e e piog pomReEORE S ont ry
25 cor r esporndtidedyiigaiatala: a segeddetbfiall objedtslih e syayerd. ecord_i d. A status vari abl e
can also be returned to indicate if either the cache 2 or the hash table
entry 25 is not found. show associated_records (cache_id, object id) 470:
return a | i A caviplarebjedt i an dbjed ¥ith otie a fribrerdepantietsiesbri widerlying dathj ect 6,
identified by object id in the cache 2 identified by cache_id, depends on.
This function can be inplenented by returning the record list 11 (Fig. 3)
for the obj e obedt dgnagef is @ dropmmivhichalbtiemuncs how chrangds & wderlymg datz dffact thé | ed by
the cache~ qumsﬁﬁ%h@%ys vari able can also returned to indicate if either

t he cache or t ct 6 is not found. Figure 5 depicts an exanple of the
cache manager 1 Ioglc As depicted) in step 1010 the cache manager receives

a comand (FA gy ﬁﬁlb-hfg%ﬁsﬁktsamhmeaﬂdnagptpsegff@mcesl nls%mnl@mesmse@&he

manager reads the comman I nvokes different ic 1100 .

1600, descr|°6§‘HEJQPWEbf%@tPfdﬁ“?qsrelfé’Gﬁ%ﬁéfc°¢F§€|P3é“8f‘6‘§‘ﬁi’sdg #dbendieanpl e of
the cache NeRafied sdidGibe ditedR witk) baniRERBeP RidBLhe f2R2BI sP e cdd, ODj ect,

dache _id) 410 conmand. As depicted) in step 1200, the cac e manager 1
detecinines if the cache id paraneter specifies a valid cache 2. |If not)

t he status v,arnmb;laph is@intiar tb egupm €The key difi@erp RltaCaiiltiflOledgEsQfdyaRiss R tvieeh
appropri at el ) pe pPé@wg‘* the he id specifies a valid cache 2, the
cache 2 is dy ?%" g S¥em$ﬁq§ @ M tipl e processes from accessing
t he cache concurrently That way, consistency is preserved. Those skiIIed
in the art

schenes couv%hﬁﬁﬁ i@R%F%@? g&%ﬂ%ﬁw%? g&@ﬂhcaﬁ onctl#gﬁgg%a “The pr esent
invention i srwmbnr;jepwtwsemhhasaowedewwn ety of conventional |ocking schenes
in addition to the exanple used in the preferred enbodinent. In step 1205)
t he cache manager 1 searches for the object 6 by exam ning the directory 3
(Fig. 2). | f%%‘f@@%ﬂé@n%ﬂypimaélf?éf%@}l{se@fs Vesticpsnd e @fyect depandenes g1ep or  t he
obj ect 6 is wpERLAds glapRorpdcl. GRIpR bYEtOfe up@seRF 8GctsBnd RayPiRlifelhebAfE 4 1S
repl aced by thepnem/one and the status variable is set appropriately, in
step 1215. %"step 1205) a previ ous copy of the object 6 is not found,

a new O1B lqumrderﬂ)l‘mﬁgdibjwﬂﬁ:dh afe nosotjdcRpdng@d, initialized, and stored in the
directory 3) 'nngi 210. The cache manager 1 al so stogies the object 6 in
t he obj ect s?%?aﬁ'odm’nd sets the status variable appropriately. I'n step
1230, the cdthese ;jra)hmbjccte&@nbttmresﬂohd)wmhdatapTlmgzetestas oodnmme:fbt In step
1240, the St AbHSa U AR AL Y dbel IF e RS el NEcaSP(ITBAG) S Tt U 1o

to the applic ram Processin Aen re to's ib (Fig. 5).

An edge from a graph object 0l to 02 indicates a data dependence (also called dependence or
dependency) from ol to 02. This means that a change to o/ might also change 02. Dependencies
are transitive. Thus, if a has a data dependence on b and b has a data dependence on ¢, then a has

a dependence on c.



Figure 7 depicts an exanple of logic for the | ookup object (object id,
cache_ic~ 415 command. As depicted, in step 1600, the cache managgrn 1
detemvnes if the cache_id paraneter specifies a valid cache 2. gFA%bJULnZUUZ
step 1640 a status variable is set appropriately and returned, in step

1680) to the application program |f the cache_id specifies a valid cache,

in step 1610 the cache 2 is |ocked. In step 1620, the cache manager 1
searches for an object 6 corresponding to the object id paraneter by
examning the directory 3 (Fig. 2). If the object 6 is not found: the cache

2 is unlocked in step 1650; the status variable is set in step 1670 and
returned to the application programin sfep 1680. If in step 1620 the

object 6 is found: the cache 2 is unlocked in step 1630; and the object 6

is returned to the application programin step 1660. Figure 8 depicts an
exanpl e of | agiraphiobjectiag aldebet rRlatitdiatdabiect (BID).cROs Hade retadiohd spett)iers affiligtedwignd.

As depicted)ﬂkn %g&lk%op bhq_pache manager 1 determines if the cache 2
correspondi ng To“theresy % J* L 2002 -24 cache_id paraneter is valid. If
not valid, i Stgredord ofj:is(SROaY the relationabipkafiar speentsappebpecoat el y, and in
step 1150 th rj b Sl : L.C ogram If in
Step 1100 t e PABHERakchal: Rt GolRhREH bRt AR AR 1

| ocked in step 1105. In step 1107) the cache manager 1 searches for an

obj ect 6 corr, J j 1,12 LLectory
NGRS
1108; the status variable is set in step 1109; and in step 1150 the status
variabl e is gL bl difickhdp 1id R h h6RLEONisPloR@nAT kIl Added B fot WARK khedde A.NB is
gbject 6 is found) in 'step | | 10 the cache manager 1 deletes the objects
associ ated r&ew#erdi3Et 11 (Fig. 3) and updates the corresponding objects
lists 8 (Fig. 2). The cache manager 1 scans each record m 12 of the record

list 11 (Fig..3) corresponding to the opject. 6. te that .each record |ID 12
on the recor Jth"é‘E’”’ig.L" "%f”&’g?f é@%&dﬂ?ﬁ%%ﬁ%aﬁ‘%f’%ﬁw or( “8‘.'111? 8¢ M b er s
to object id(entaifed(iffEg. 2) corresponding to the object 6 being deleted are
renmoved fromall such object lists 8. |If this results in any object list 8
becom ng enpty, the corresponding hash table entry 25 is al so del et ed.
After each elfelwfinpdais a tdule whish drrat the eigetof anyssdgeeam ned, it can be deleted. In
step 1120) the object 6 is deleted fromthe object storage 4. In step 1130,
the corresponding OB 10 is deleted. Note that step 1120 can be perfornmed
concur rent | y Awroper daf rode isradeag nass avhich ghespecelof3deasiqpegdasp 1140, the cache is
unl ocked and in step 1150, a status variable is returned to the application
program Figure 9 depicts an exanple of logic for the add dependency

(obj ect id, CHEREMFFodeipeprdaadch B0t BoirHinef 2nnededepi cted) in step 1300, the
cache manager determnes if the cache_id paraneter specifies a cache 2
which is valid. If not, a status variable |sS approprijately set, in step
1302 and retu‘}W@G”f’(ﬁ’x‘f’ﬂénogﬁﬁlai“&aéi“?ag??dbfvg‘ﬁ?5m°‘¥%‘gfaéi?asi9‘&%?dg?'f in step
1300; it is determned that the cached spccifies a valid cache) the cache 2
is locked, in step  1305. In step.131 he he ager .1 gsearches for the
obj ect 6. cor PTBERAMRaEres A SRIEEEE Fa ~BRE R RS ke oRE R OFi
2). If in stepdd310) the object 6 is not found: the cache -2 is unlocked) in
step 1315; the status variable is set in step 1317; and an appropriate

status variable is returned to the application program in step 1360. If in
step 1310, tHevadhjetp! 6nd a2 sfaaendsrent ifeith@r:J U L 202

(1) Both objects are current; or

(2) At some time ¢ in the past, both objects were current.

A version number is data which allows different versions of the same object to be uniquely
identified. One implementation would be to use integers for version numbers and to assign a

newly created current version, the version number of the previous version plus 1. However, other



-25 the cache manager 1 examines the record list I 1 (Fig. 3) in step 1320
to see if an association (i.e. the dependency information) bet t

object 6 and a record identified by the record_id already exis?ﬁﬁ”b unjL.ZUUZ
Alternatively, it can be determined if the record corresponding to the
record_id has a hash table entry 25 and if so, to search for the object id
9 on the object list 8 |If in step | 320) a dependency to the object

exists, the cache 2 is unlocked in step18325; the status variable is set
appropriately in step 1327; and an appropriate status variable is returned
to the appl igaled (e 1360, 1f in ste 320, no dependency to
the. obj ett. | P enaenPRt A poksbiShsRerdidp e dy b EBadl i RS, cct

list 8 for tFeEeraEplsy @t smngsopuld alsthbeustd to iraplemept @Bioamdmbdsj.ect |ist 8 are
created for the record if needed. In step 1340, a record_id 12 is added to
the record Ijst 11 (Fig. 3) for the object 6. Note that step 1340 can be
execut ed contl§rPostTEqe]t KRIsion oban oBisetds kmown aythe amgnt vrsign.cache 2 is unl ocked) in
step 1350 and the status variable is returned to the application program
in step 1360. Figure 10 depicts an exanple of logic for the

del et e_dependency (object id, cache_id, record_id) 440 command. As
depicted, in step 1400, the cache nmanager 1 determnes if the cache_id

par anmet er specifies a cache 2 which is valid. If not, in step 1402 a status
variable is set appropriately and returned to the application program in
step 1460. In step 1400) if it is determned that the cache_id specifies a
valid cache) in step 1405 the cache is locked. In step 1410, the cache
manager 1 searches for the object 6 corresponding to the object id by
Exanining the directory 3 (Fig. 2). If in step 1410 the object 6 is not
-ound: the cache 2 is unlocked, in step 1412; the status variable is set in
step 1415 and returned to the application program in step 1460. If in step
1410, the object 6 is found: the cache manager 1 exam nes the record |i st
11 (Fig. 3), in step 1420 to see if an association (i.e. the dependency

i nformation) between the object 6 and a record identified by the record_id
already exists. Alternatively, it can be determned if the record
corresponding to the record _id has a hash table entry 25 and if so, to
search for object id 9 on the object list 8. If in step 1420, no dependency
is found) in step 1422 the cache 2 is unl ocked; the status variable is set
appropriately in step 1425; and an appropriate status variable is returned
to the application program in step 1460. If in step 1420, a dependency to
the object is found, in step 1430 the object id 9 is deleted fromthe
object list 8 for the record. If this nmakes the object |list enpty, the hash
table entry 25 for the record is deleted. In step 1440, the 9~, 0 J UL
202 -26 record_id 12 is renmoved fromthe record list 11 (Fig. 3) for the
object 6. Note that step 1440 can be executed concurrently with or before
step 1430. The cache is unlocked, in step 14S0 and the status variable is
returned to the application programin step 1460. Figure 11 depicts an
exanple of logic for the invalidate record (cache id, record_id) 4S0
command. As depicted) in step 1500, the cache manager 1 determnes if the
cache_id paraneter specifies a cache 2 which is valid. If the cache is not
valid) a status variable is set appropriately in step 1502, and returned)
in step 1SS0 to the application program If in step 1500, the cache manager
1 determ nes the cached paranmeter specifies a cache 2 which is valid, the
cache 2 is locked, in step 1 SCS. In step 1 S 10, the cache nmanager
determnes if the values of any objects 6 are dependent on a record
associated with the record _id by seeing if the record has a hash table
-entry 2S (Fig. 2). If no hash table entry 2S is found for the record, the
cache is unlocked in step 1515 and the status variable is set in step 1517.
If in step 1510, a hash table entry 25 is found for the record, the cache
manager 1 scans the object list 8 for the record, in step 1520. Each object
6 having an object 1D 9 on the object list 8 is deleted fromthe cache. As
each object 6 is deleted) all references to the object 6 from other object
lists 8 are al so del eted. Such references can be found by traversing the
record list 11 (Fig. 3) for the object 6 being deleted. If the deletion of
any such reference results in an enpty object list) the correspondi ng hash
table entry is deleted. After each elenment of the object List 8 associated
wth - the record_id 12 (corresponding to the record~af paraneter) is
exam ned) the eienment can be



deleted. In step 1530) the hash table entry 25 for the record |s deleted

The cache is unlocked in step 1540 and the status variable is re Lh@UUZ
the application program in step 1550. A straightforward exten5|on of
invalidate_record function which could be inplenented by one skilled in the
art would be to update one or nore objects which depend on the record id
paraneter instead of invalidating them Step 1099 represents other commands

whi ch the cache manager mnight process. -17- D JAIL ZC~~ - 27 Those skilled
inthe art will appreciate that there are nurrerous extensi ons and
variations wythin the s e .an of the i nvent . _For,
el ey one RPN P 1P RPN T 144erih et @ mB Sepamens sPys b dne

updat e t he Ofd8tufed of the prese)inviedtionafs deicted, ta cﬁenbmdombmﬁxoat@ réqaestsadp eetter 00 S ever
cached and after ] t L0 hi s
appr oach) i ¢ %& Ed;l),@rk% ’ﬁ?e ser@er']%m% ?ﬂs Q%%P%éngét 'ie19s[ﬂe é\gr?s d&?& ﬁoniluﬁl H

obj ect 6 and lﬁ(bms/téc @ahh,esamlemovepefrﬁoumm@land tsbseethe CPU simg f@ sm@mgﬂmh@b%ct 6
i s removed f"r&msﬁsh%ltﬁ%%ﬁ'ﬁgurlh%ho‘é@m C%gl ect %dbvﬂﬁ%ﬁ@?éée%r Hetces2e

preserved and ‘even u I's not In cache. Anot her
variati on wogpwd b@“%lmalmdlaewstwp&ﬁewefs hﬁm‘ﬂﬂgé’ﬂe skilled) inthg Wcaplﬁ easldadapidig e a
hash tabl e egaie@éﬁt%5enfnarfoaomesﬁyi.gaumt%.éﬂ%m{oalanxeﬁmwfsvaene added to the
obj ect |ist and after the object |ist beconmes enpty. In other words
before the cache manager is aware of any dependency on the record and after
all dependen%ﬁgpmnaxfp@graﬂmrr&nw@loﬁ hlekaﬁchﬁﬁd}QteEB’lb]%th then WYY tRose bhjbser one
obsol ete. This uld b a$ ul arl % ab e i f hash tagﬁﬁ)entrles 25

| ncl ude ot hel®§ YB?'WE\P?gB dat gap ﬁtaie(? NS P TPAESt NSTEGO N ORE AIPOTE j 5t 5 g,
/ Al ternative kadhedd. B Eerver H00rcan zilitebcd@mxytervenwbérhemeeo«mpme ofdedyisydataim

avi ng feature ese L nvent i n S h Vi ous
enbodi nent) t %ﬁaes%en‘inglﬂ‘r?\%n |2(a)rr(13 %apomlt}' 5%"&3%&1 alﬁls\é\g&d“g%f‘%ingbﬁpa or mance
of server ap rdlata ®hich camseistared inoomm vemare cathds 2cThe@bjects@n beconsrugicd Homunderlyi@ne
skilled int 1V,

2ppl i cat | ons S Feld SPROSLEASD: VnPHARL ¢dd B3R BIl i dAGRL ARk By BichShe,
client-ser vervala1= eftene exrnare @thetoeqdm the @Fhee?ntUngﬁlymmmeeamessct\mfﬁlhohaﬁcwlr ver
100 over a nef. V!gité?n 9§co;&1é%5’é§'is a?xQQjeJIWntﬁ'B@éd?ﬁqu%@pc%en&@!cﬁl FAGRERing dataAS 1S~
conventional, the server d uses t'he caches 2' tv inprove performance and
| essen the CPU tinme for satl sfying client 90 requests. Although Figure 12a

shows the cagh@siedhe &SR 2 irthE&icid unidn all 6 AGlesr vaawafc).est Recan @ahesrent coul d be
mai nt ai ned across nultiple servers as }€£ An a catlon nnnlgg on the
server 100 crMEHEPBEIBLF &g WRton el Pl YoRiEe! O jBLES Ot BHE OO e
caches 2'. Thed GylstigleGaBiontaare lbeca%ﬁ&xhlh&lﬁ@ﬁzﬁﬁalﬁ(ﬁ@d’ltoﬁﬂ’talﬁc bieeeSdH bEMe Sinet he
underlylng da%a in the database 99 and the cache 2' are geographically
separ at ed. POLeR s enbodi ment) an object is data which can be stored in one
or nore caches 2'. The objects can be constructed fron1 ~0J UL z0Q -28
:sz,?[]leylsgg t g%c\%rﬁxng {oetgc prc 1%%‘%%%&%%% %?nanaunr ewlh%i'l n exa ?Cl (%‘{)gcct gégfyl ng

naya ect e va eor m)reo
data are a s Ldpt;rrmeets how chdnpesadbyrderydng datatat’fe:t thy salmf olresr dltlwgglt Beurhéa fhows ent

i nvention,
Iex\ec ut abl e co 2: d%m Wﬂ‘%&@%@" &ﬁg BJ t%ér?ﬁgg gga &gﬁsgﬁlu@@gg%ﬁ%asnedi um
for executio rWQHn rg IﬁcPPFfQI‘dJl)t qﬁ@oérefl AFEPMIUY e%e@utalder ¢odptangbly. The

obj ect managempbdila J;heal ;9§g1§§ L1650 &%c@@ﬂx@&ﬁ% &&EMQQ@&J a¥ h{Ech%’i‘tl 8o ?P fect

t he val ues of objects in the caches . i gure 12a shows

obj ect managetictt@8) dhesg S‘SPFda“ e pgy il aﬁEF‘U@?thatlﬂtc cacha RFaghe mpager |, B’Eﬁ@@basér 0SS
nul tiple serverdn BSsitiBny assddifledRinGd cliBR DAAR heodrdbhok itk the bRERPhYen@ord. ONY

runni ng process managing storage for one or nore caches 2'. The term cache
.i's very generic and can include any application (e.g., a client 90
application) in addition to caches in the conventional sense. One skilled
inthe art could easily




adapt the present invention for an object manager which is one of the
following: 1. Miltiple distinct processes, none of which overlap unntimp,
and 2. Miltiple distinct processes, sone of which may overlap in th DEJTEhfZDUZ
i ncludes nultiple concurrent object nmanagers so designed to inprove the

t hroughput of the system Figure 12b depicts an exanpl e of an object
dependence graph 121 having features of the present invention. The object
dependence graph |21 (abbreviated by G represents the data dependencies
bet ween graph objects gobj 1 ... gobjn. Here, gobjl,..,gobj7 represent

di fferent graph objects and the edges a in the graph represent data
dependenci es. For exanpl e, the edge fr6%1gobj 1 to gobj5 indicates that if
gobj 1 has changed) then gobj5 has also changed. The weight w of the edge

o eday) d;fq?%%a?%‘? rablo o BUfle Rk (A0 AF1of Ge¥ing UnfiGheripBl il 5. i30T EF O
change to &sBfls 2 copbed ebiechiapgnds upsr Ehegaghtinanagent keepsdrigleo thesgdappmiendiesn a

change in gokhever Afthésd Hod¥GE 3 hich SoulEingftiheWaRE oftamemgrégsbjeet frQmgakd 1 to
gob15|55t|msstewel%éﬂwoftheedeafrom e obj ect
Vil

0 5.
manager 12®TCEss SREEHENTRS W) %&damhm\a'ﬂwﬁ@nsh@hwg‘émamgﬁbthwmhéﬁt?sa&t ures
whi ch repr eaded ojkisShich@epan df ke EndeN ARt GtabeRE ufda@s. 12a-c and 16).
Application programs comunicate the structure of object dependence graphs
to the object manager via a set of APIs (see Figure 18a). The application

al so uses Aifuse 11DdePieisiah ¥xantpR: oF i OBjkct BEpaRigRde ghiph (Gyder’ ﬂlyvxxﬁgedﬁ'bﬁoﬂ&i’tl ch have

10J UL 200Z,- bj e t. d of
changes to prcﬁﬁ'éf"l"?\“ﬂ’ba@%fg'f *?&?Fﬁts‘{épc&gfdg?ﬁwg&weiﬁ mﬁmboi nj?téé(:}EE;ehaee

h d andompitx thyn inkte alterodtiys erdbodinfent (Fig. ¢2t9, thelobje n i2¢™is ot h
e fo el S
Figure 21 ) gr pose h ect nmana ergd%g I's told that
gobj 1 has m,ahmge@cc@yccﬁ?omega.uthpgamfgweéersnnqdh@h@b}sgetm@@mmmggm@h 121
from gobj | )maxmqiﬁéd%';srg d&ﬁéwhltéﬁs ﬁe eao&%ufweagesgmb Kotba.\sﬁev@rkis&h%f@nged As

anot her exanpl e, suppose t obj ect mana is told a ?PJFY has
changed. Silength and thereds oo nred todpreily weighthier wiefse wﬂwép@h@@ﬁer@wmﬂa@g & which

gobj 7 is thﬁaxmﬁ&d%whtch%@%@%fma@%edg%si uslmaﬂ&?éctmaa&mpeei@hfects are
affected. Figure 12c depicts j.ect mana 120 havi ng

features offofid- pﬁ“é%@?'ft“"flﬁvﬁ‘ﬁrt I 8‘F| s°“ﬁ§ °5I§ ﬂﬁaﬁf’%"o‘)dgf) AreC &Iy %ﬁﬁg‘@f‘a‘izo
i ncl udes s emdhas ncﬁ hrocsb?@e 'lafeaﬁ&rmﬁg da'Ehepréﬂajntai:Ey deanssderdacdgranhd@ 121 (see

Fi gure 12d) nment e dependency, .i nf ormat i on bl ocks
(D Boy 12 AR et oF LT iR e Y pot o PEDRRIE it B RO me'can be
st or ed usi regnbediment). athy obtctg@prasested Bmweasaxuﬁkleécbs adil oop azeomples olgeresl  hash
tabl es are used wherein the D Bs are i ndexed by object ids 160. Hash tables
are described, for exanple, in "The Design and Anal ysis of Conputer

Al gorit hns' The Abrbe mmﬁmlomlbtalb} therendrivingdies etmcyéss (sey Figst @-3% whith @preehetherul ti pl e
record treg S ( SRT)
123 (see Fi gm%en&% ﬁm&ﬁzﬂ ﬁgﬁza gmgéﬁ%};%nn%ﬁ uﬂg&tgmg%@\ﬁ%ﬁ |§cc§| udes
but is not ep?ﬁd@r@ag@@)wtt%@cmwwaaglvaasmﬁvaqlpm%ﬂle@eem&e 4). dbeArpdigatiogm

updat es 125a1som§esmp@§taﬁ&m§metoty€ct9m &l JFRRSEEN . f:QrwhicB%EJ%' NG wwrﬁtaer of
updat es the object nmanager has pro agat ed through t ﬁ consi stency

stack 128. seachegiaggger bis “ﬁ‘éﬁ‘?‘h"éf‘}’r{‘%@ 0RAFFEII] erffait ‘Hmlflwgfwd abtceglpfeé objgssy at i on
info 129 (s®e, dob §5e beh-afBdted and cause the identified complex objects to be deleted (or updated)

from any caches 2 containing them. The cache manager 1 can determine which complex objects

have changed by examining edges in G (see Figure 11).

For example, suppose that the cache manager 1 is notified that rl has changed. G 121" implies that
col has also changed. The cache manager 1 must make sure that col is deleted (or updated) from

any caches 2 containing it. As another example, suppose that 12 has changed. G 121' implies



1 0J UL 200Z -30 5. programlogic 126 . Figure 13 depicts an exanpl e of
the storage areas maintained by each cache 127. Each cache has aﬁcac,ﬂgfl_c?goz
135 field which identifies it. There are 3 main storage areas: | .

Directory 130: Maintains information about objects. The directory 130

includes nultiple object information blocks (O Bs) 10'. Information about
an object nmay be retained in an OB 10° (FIG 14) after the object |eaves
the cache. Those skilled in the art will appreciate that the O Bs can be

stored using a variety of data structures. Preferably) conventional hash
tabl es are used wherein the O Bs are indexed by object id s I60. 2. (Object
storage 132: Wiere objects contained in t!fe cache are stored. 3. Auxiliary
state information 124: Includes other state information, e.g., the cache_id
135. Figure pJ X | f_ an B 10", T B abl

el udes 't he T FRblnESs AEurt ATRE i, AR ciiEimdnpe Ll fald Gl B g o2

fol | owi ng di seedslstedi{onupdated) frowlapyeearhel d soginingthest i d ol ; versi on num 141:
al l ows the object nmanager to uniquely identify different versions of the
sanme object; tinestanp 142: a nunber which indicates -how recently the

obj ect was cdheleaiverds, thsdasicArpieshdtip canstguct ¢omplex gbjpctsrat thp appligatighlekel 69 thag |
edges to of fih&Hrddepbrmivht of Ris& 6 reédedsS Thdappliaionriflt be ABIB Rty ShR rdebrd®f | S

consistent with the current versiaon of o and dep list, 144; a list
represent i ng ‘UepgdAdeneireebiseteol 102 depertsupe)). Forgvgniprcosswhidhmedifies sigtedaa | o of
addigol i st 14‘ﬂanﬁbtﬁﬂﬁdhtcoulﬁ\ﬁff&gﬁi: calwhzfa B@ﬁ&ﬂhdoirr]lﬁkx shje, e.ea%ﬁwauiompﬂogtd@msmj ect

[ . represents a_graph object o c S a endency..edqge to o],
i.e.) 02 ist g"%f}‘l‘}f"@gwﬂﬁb‘c Aslaffe‘if%i‘fdg%fnp]“ Sbjf?“fg sgpﬁerfs%/lgfq:%\%?ogﬁf) act
52: a nunber/forme Masgidckisthg Vsl applitatichs redte datiRabi®nplee olerts widchdradiready in2 i S
ith the cached rsion qf ol. The preferred.emhadi ment uses val ues, of 0
(totally i nco'?‘?gf"’\éi?%ﬂ‘t %rﬁertt%‘éscmp'%ﬁ‘ (o s e oy onfl%?ec'fsﬁ §5r r%"slzpe;ur‘]%i ng
edge in the demedsamdalyingrbmplerdbjeots ainl to diterfaldl th) apfiR8tioh setbe fachrniethd BPIs(t ot al | y
consi stent). ﬁoﬁ&&%‘&mEh%ﬁ%"éﬂoﬂlgeezééﬁc@édnﬁ’E}e}QQ!ALééss I'ow val ues in between

these two extrenes to represe grees of inconsistency; and

Preferably, the cache manager 1 is a long running process managing storage for one or more
caches 2. However, one skilled in the art could easily adapt the present invéntion for a cache
manager which is one of the following:

1. Multiple distinct processes, none of which overlap in time.

2. Multiple distinct processes, some of which may overlap in time. This includes multiple

concurrent cache managers so designed to improve the throughput of the cache system.

Figure 1c depicts an example of a system in accordance with the present invention for caching
dynamic Web pages. As depicted, consider a conventional Web site 100 where pages (page 1 ...
page 5) are created dynamically from one or more databases 99 and stored in*one or more caches
2. An example of a database 99 and database management system adaptable to the present
invention is that sold by the IBM Corporation under the trademark DB2. Here, the dynamic Web
pages (page 1 ... page 5) are objects and the underlying data (tables/records) include parts of
databases 99.

According to the present invention, a cache manager 1 provides API's (figure 4) which allow an
application 97 program to specify the records that a cached object depends upon. The cache
manager 1 keeps track of these dependencies. Whenever an application program 97 modifies a



version num 153: the version numof 02 which is consistent with the cached
version of of ; Figure 16 depicts an exanple of the dependency | f@) Q@UZ
block (DI B) 128 of Figure 12. As depicted) the DIB 128 preferably Tncludes
the following fields: object id 160: used by the application programto
identify the graph object. Assunme for the purposes of the follow ng
di scussion that a graph object has an object id ol; version num 161:
versi on nunber for the current version of the graph object; timestanp | 62:
timestanp for the current version of the graph object; storage |ist 163
(for graph objects which are objects}yp,list of cache_id's for all caches
containing - the object; incomng dep 164: |ist of (object id 160) weight
165) pairs for all graph objects 02 with dependency edges to ol. The wei ght
165 repr egewtd(s} drdaimspigiut chapes 0fa réchd vihih emdﬂm-,yt tth\Qruc ekadopipl)k objed livex
nunbers c | 166: |ist
of all obacg%l{cet%&}ﬁémo% rﬁg? é’lﬁgﬂ%ﬁ(l g{g gge end= rgm;&sggﬂghg?ﬁpoﬁl nhati ng
fromol; smd@tvdeﬂ@h rachGmanagérd theninvelidaehe uvmteg i gchﬂd ohjefts witlpdenehdamojesedges
goi ng int Canllncrccord'(stlﬂ:h*hasaﬁg 32 threshol d_weight 168 (for graph objects
whi ch are objects): nunber repreésenting when an object shoul d be considered
hi ghl y obsol ete. Whenever the actual weight 143 field in an OB 10" (Fig.
14) falls mE%ptelﬂ'%oﬁsﬂEﬁﬁm Id].ﬁ@écg@ﬁgc]@%;gbgjdépltt&[ mt}‘ﬁﬁr@llél erdpTie obj ect
hi g

i s considered be obsolete and shoul d be invalidated or updated
fromthe opésﬁewhle*bﬁgmwm age carﬁgu%eri@romgrdaﬁsk%%‘i W pgregii Chedr e obj ect s)
a list of migheTMIfzSmdbive@HERSRRL 6 58 of Ror@tdierds WhkIeAE poriidhs 6ftherust be kept

consi st ent th the t. .aobje Pr.ef er abl consi st.en

enforced & @*"85’]°é°8tc7u‘glﬁﬁe?"i‘ﬂl‘?f " tés’lé’ﬁr@‘c "X‘%&C%?%‘Tcﬁﬂ‘ff%h\md@a% Rt ensi on
woul d be t@neaﬁﬂhaﬁc@wmisﬁammyd zEord biste t. Foaedumpls, ihdi¢ tackd reanegec hesre Anot her
straightfor i.ch d 0 on the
list |69 towﬁgfj fr%/C é O%{”\é\}ejﬂcgc‘,vﬁg]dvm% d\g\{;éoru?%g”gp e(; §'%%f]yi' m’% 50?1/: out of

t he cache; mirape stereobojifixeitof 4 8Qige(té TubladTaptwoll] ievdidatedor uﬂdate)rléﬂgobfegﬂzs). a
pointer to, tihe latest version of the object, null if the object manager is

unawar e of sucﬁ a copy. This field allows an object to be updated in
mul tiple caches without recalculating its value each tineg;

relational Etg&rE 'ZQQpl(]:t@ngcxaBHlE l)f thé cat:lﬂ% Qs @mtéﬁbéa@tpéacﬂesz }ﬂgﬁraﬁy Eﬁlﬁﬁdrz%@al
object. Oherwise, thisi1s form ‘relation nane_ (25 % or SRO s

and rel at |45‘i"?snaﬁ’§°(09’-3 %Wmf“éfnfqm@% abophach ¢ached Rbipt AoBicBRESE fF el evance i f
rel ational sus-tnrgmfbg»bﬂeé@a_ahﬁmmﬁtatamkdmmfonswhwtnuuaﬂsaml’cm@dhdﬁmﬂa@%(egt rue if the
?;gg? dOng]eCt i g}%@%ﬂlea k? 1}13 cgc e); g gaPsL tagle 16 whlc% 'stores m?ormatlon agout rsecordss, Enngl €

the hash table entries 25.

Ina preferred embodiment, the hash table entries 25 comprise record IDs 12; and object lists 8,
. which include the list of objects, i.e., object id(s) 9, whose values depend on a record which may
be part of a database 99. However, the present invention also allows other kinds of information to
be stored in the hash table entries. The purpose of the hash table is to provide an efficient method
for finding information about a particular table/record. Preferably hashing is keyed on the record
ID 12. Hash tables are well known in the art (see e.g., "The Design and Analysis of Computer
Algorithms", Aho, Hopcroft, Ullman, Addison-Wesley, 1974). Hash tables provide an efficient
data structure for the present invention. However, the present invention is compatible with a wide

variety of other data structures and is not limited to using hash tables.



The followng are only of relevance if nultiple_records 1603 is tug:
dep_wei ght 1604: the weight assigned to an inplicit dependency frJnﬁadEI&uﬁUOZ
rel ational object to ol; and cnro threshold increnent 1605: for each
inplicit dependency to ol, the anpunt the threshold wei ght should be

i ncrenent ed. .10J UL ~t?0~ - 33 Referring again to Figure 12, the

obj ect manager preferably also nmaintains a counter num updates 125
(initially zero) which tracks the nunber of updates the object manager has
propagat ed t hrough the graph. The object manager al so maintains a data
structure (initially enpty) called the,consistency stack 128.5 (Figure 12c)
which is used to preserve consi stency anong objects in caches. The
application program 97 preferably conmunicates with the object manager via

a set dOf APhe cquEtS@BQﬂﬁudeﬂngiﬂfe& iffdmiASd Wdck (@B@m)ﬁ)ﬁ&cﬁ)f)b)&e& abredinfiiRl s i n
accoraance

appr eci at e“¥Ka "8t ﬁ@? L&%ﬂ%gg“és;fﬁ\é'ﬁ@&# %Fé r‘ﬁ?ﬂ‘pg'&ﬁll Zé( 5(%” hé‘?‘t’%i‘fqght?%%%

ext ensi onsofithe mcoed\ll)js‘ 12t ithemtifying Senids t1Nvenksociated WithlguroeplkS objeqy ball, eo2a kerx arrpl e

of e ob} 4eLoAARGE RO LA Sul RhciA00) | D LRE A B gl ons These

functions w crib _ overvi ew) nodes in
t he obj ect redergemacheqert gf adatabBe 92 1Aldwaughbh;e reeferced enpbediment ses taRistripgd fbr t o t he

obj ect nans%ﬁg|es%gbﬁ%QMQQQEC&ﬂQhMEQQd%nlFial_verSiOn num thresh_wei ght)

181 . Depen tween exi sting nodes in the graph can be created via
the APl call: add_dependency (source_object id, target object id,

dep_wei ght kn%mcanl}n&&&%ﬂﬁﬁs%smnhe%&ge m&g&rﬁm&ufm kol Obj ect

"obj id" - can be set via the ef1ne_consistency list (obj _id,
E. st “of _obfEsamrles of ABIs ingsersdaneayitiiyae Mesertinventiop o showpiinFigwe 4ABhose gidliss & node

obj _id) 1&Ahe &b @atdBhy scﬂﬁdaﬁammse&{be\t@ﬁ]&h&ﬂﬂ:d(upbsunigd&orﬁaa bRdncl WBhiagds t he
| at est versi.gon gf an object to a ca copy_obj ect (obj_id)

c
to cache i PP ﬁﬁ°8%1?,f * Aregnt g Etgg- t%ﬁfﬁ?‘&‘% gwéﬁwle 8#'i on of an obj ect

from one cache to another cache. Objects are deleted froma cache via the
API Il 187. | i whi ch
changes. : hE VS IS GhibIP i e et e ORed RS S LAREET 1 O
APl cal |'s twhe 28ig. é)/ldnglﬁbmb)szaelreﬂdunﬂqebdy ohjast_id Bivereitifgdmy presipusi@B:cither e t he
obj id par ?% m%aﬁx% REy ffh@ﬁm%&ﬁfe%‘%ﬁpéoﬁ@&ubm%&l a%he%it?' Q@g&s‘fd?anged (17st

of _obj ects t he araneter 1n a list of
(poi nt ers pbycigd.abfectotideeths_id. In{he@rejcrr@l tmtg@@gnt, the object 6 may be of several

types, the object_id is a byte string, and the cache_id is a character string. Here, although multiple
items with the same key are preferably not allowed to exist in the same cache concurrently.
However, it would be easy for one skilled in the art to use the present invention in a situation

where multiple items with the same key could exist in the same cache concurrently.

T lookup_object (object_id, cache_id) 415 : look for an object 6 identified by cache_id with a key
object_id 9 in the cache 2. If any such object 6 exists, return it to the application program.

delete_object (object_id, cache_jd) 420 : look for an object 6 identified by cache_id with a key
object_id 9 in the cache. If any such object 6 exists, delete it.

add_dependency (object_id, cache_id, record_id) 430: look for an object 6 with a key object_id 9
in the cache 2 identified by cache_jd. If any such object 6 exists and there is no dependency
between the object 6 and a record identified by a record_id 12 associated with the record_id, add
the dependency.



-34 A node corresponding to an SROis created via the APl cal
create_sro_node (obj id, inltial _version num thresh_weight, reglation nane,
list of attribute values) 190. MROs are created via the API: ﬁ 6 JlJL 2002
create_cnro_node (obj~d, initial _version num thresh weight, relation nane,
lut of _attribute conditions, rel _default weight, rel _default threshol d)
191. The APl conpare_objects (06 id, cache~dl, cache,Jd2) 192 can be used
to determine how simlar the versions of obj id in cache idl and cache id2
are. The APl update _cache (cache) 193 ensures that all itens in the cache
are current. The APl define_relatiana(relation nane, list of _attributes)
194 identifies relations to the object nanager. When one or nore records
change) the object manager can be informed of this via the APIs
record_has_changed (relationnane, list of _attribute_values) 195 and
records rel.at ; | &t ' thans) 196.
Nodes. | e CIGRRRAGHOYEE AhA0 o e ) 4 BBl WG DGy RbRATH C201 1o
t he obj e2in henaehgddentifinddbyrechnddi df nyisychiobject b gxigts and theey is p daperisngy

thr esh_wginghth the bBiket 6 BROS R ot idehtfidd bytedoRE iRt ddifidthe B8pRYdeAGdi ti onal APlI's can
be inplenented in a straightforward manner within the spirit and scope of
the present invention. For exanple) APIs can be added for nodifying the
objOIec}1 i mgﬂﬁ&c_rmfds&%me_mu F@c&.vglid) ‘gnddadwm&b@hbdhiwwma&ghéi i_ﬂbxdﬁﬁﬁ@.f ter ﬁ
node has beep created. ndengi. es, en exi gting nodes in the graph are
creat ed \’/3{%C%#'Jﬂa‘é‘éé?qn?ggg‘aiwgéﬁ%ﬁ‘gé’y@%ffﬁ?’@obj ectid, target object id,
dep_wei ght) 182. Those skilled in the art that many additional APlIs can be

e PSR A A TR A Aty AgBRPe o 11
tdependentic eschan temrifidd bythel apbn dbvideh depend br the reddve idewified by heaoegorddi gt 169 - con

espondi ng,.. aobj.ect s obj .d" - .S . Vi Al |

defi ne_cg}rlféli%g?1 eH(?%/A_lﬁ“gPlcrg%r{tﬁd hly &W‘%’%%‘ggt%c%fg?se%? gl)eﬁ%sgga%le'mgy%sonsi stency |i st
for the obhjespoddingtopireatarditiéniificsidty redotdaide é statys variabla dan alshéde esbjmaddo as a nenber .
The APl SRl &N §dknet fhe Saché P60 REGM il htry 25 A n el L 2002 - 35 APIs can
sinilarl§ 6e ad éﬁ mﬁ?ﬁ%n fﬁgﬁsﬁ?r?gm%nd gcope of the present invention to
nodi fy the consistency lists 169 after their creation. Changes to the

dependengnbwi hdseuniaat fesiddsibRRK i bYi&) id) 3%: (drhefl W Hi& ot RkoriGls Ao r8Rtds af ter an
obj ect has, been cached may require updates tq.aqne ogﬁg?re caches 127. These

are st ralgist fsebisst Q. dmtifisdhy oBirelde ndhe cachsenlfeqird by &% GRS AOh el obj ect  of
froma nMc@fn&mli(dlb]bﬁﬁ{&ntaﬁ}yzr&hﬂingl&Wrdd&ﬂﬁfldE(Ri@ ﬁj for thbsjcet Rentffied }aygzo]?j ect ,
manager doesn't. know n,o s cregted, ,or the. DIB tinesta or 02 >
G B £ e SRR 5 PR oS bl e e S bl e AP TR

del et e_nodeat iflsjther the cddBdor the dbEcterics ot &mnd.be explicitly added to caches via
the APIs: cache | atest version (obj_id, cache) 185; and copy object

(obj id) to cache id, fi-omcache id) 186. These APIs create new OB s 135
in the cHighe Ydepiststaneyaniple of the yactiomanage |l Ragizd As dsgiicsed, inatep § Wi todjaehst . Fi gure
19 depic I . i L d cache) 185.
AS dopi ol BaiE: R s g A et ROt PSP el e

par amet efmgnagsesids thewommand{Figoh prdinekestifferaat lagis | 100e.s f90 1detraibsd bejow, s o)
processi Beke®bPEEEHSming. Step 2040. If not) an appropriate status nessage is
returned and processing proceeds to step 2010. In step 2040, it is
detennined if the latest version of an obj _id is in the cache. If so,

pr gcessi I'I"Quf‘epﬁlﬂéphmh&;ﬁ eXdniple (ﬂ‘ft}ﬁﬁgoggﬁ:ﬁnagérgqgmoo foha %ﬁ@_o\?%@)bﬁz@t _;g_t t errp]'E_ i |Sd
made to obfain e lLatest version of.o0 romthe |atest o t fie
1801 i n R ptendbDFomPE s croet naiek g ibeecs ) Sane i st e o
i s null) cachesitl param@&rGpectfieea Vahd eshe 2 dF nte, tiafstaads arlablle fecliedetpasdtolley makes its
val ue accessi bl e through the |atest ' field, 1601.0of the DIB), is

cal oul at SRRy PR A BPREA IR B S P ERE BT XU SR B on

bl ock ( Dicithe 22&réfetally lotked, to preugntimbléple processs frgm 242E88ing thiecérbe cdnkarantyy ver si on
of obj _idyl ecal: ti SOf . rti j t he new
parts neﬁé%tcsfw\{xj {bﬁélﬁéﬂrc ?gss%& T orﬁd 'ei? (gssgfkrlll%ﬁ\l/dedr{i%io‘ﬁg.a lgdf‘%g%tg{t? %‘%ﬂ(r)r%p%od is often
nore e~cient than the former. An OLB 10' for obj_id is created in the
directory 130 for the cache, if one doesn't already exist. If the cache
previ ously contained no version of the obj _id, the cache is added to the
storage_list 163 of obj _id. The version num 141 and tinestanp 142 fiel ds of

the OB 10 (FIG 14) are set to the version num 161 and tinestanp 162
fields of the dependency information block (DI B) 128 (Fig.




10J UL 2002 -36 16). The actual weight field 143 of the OLB 10' (FIG
14) is set to the sumweight field 167 of the DI B. For each (Ozllgqjgh_zoﬂz
act) version num triplet belonging to the dep list 144 of the 10

(FIG 14), the weight act 152 is set to the weight 16S for the
correspondi ng edge on the incom ng_dep 164 of the D1B. The version num 153
is set to the version num 161 field contained in the DIB for 02. In step
2060) it is insured that consistency is preserved. This function
recursively insures that all noncurrent objects obj2 on the consistency
list 169 for obj_id are updated or inyalidated whenever the tinmestanp |42
inthe OB 10" for obj2 is before the tinestanp 162 in the D1B | 28 for

obj id. If any such objects obj2 are updated in this process, a simlar
procedur esdhemexephld Beluses elprGiidedlighetievelsiof cORmSdnsy. Fhcptesentsivantbads f or each said

obj 2. The orderi t e 060 not itic
cor r ect neSEPSFYIE P agﬁgg’g‘cﬁé‘ﬁ R’ﬁ“@ﬂ?ﬁgoc%g SFaemR a%lgﬂmét)?;l?fp ‘g? “steﬁg‘ APl )
copy obj et pfefned erdhodirencache_i d from cache_id) 186. As depicted, in step

2100 it is verified that the obj id, to cache_id, and from cache_id

parameters are all recogni zed by the obj ect manager. If so, in step 21 10
it is det brseprides, the chghe managemleseirghel s the objeqs § by examisjing; the diregtony3t(Figrt hi ng
happens agg M?%k@ﬂm%@&?@ﬂ%&@d %ﬂcQﬁBZi@?&the%bféét@t@lﬁadMé{ @ BldSelsPn S et
approprlately for t her cases as well I's returned to the
appl i cati eﬁhw‘mﬁ@mqbﬁcﬁsmgeétséembbﬁhb‘ﬁéﬁ@& an Pléf?%\ﬁ wEablgis st essi ng

cont i nuesatﬁop?ffmeg, @%:%?121l5nu\/\{ﬂlsféhnds d ﬁeﬁtgxt%ﬁbmaoujécttgnsﬁshmmand from

cache_id include 1d i cal versj.ons, of 8 no cgﬁy@g needs to
gake pl ac@1B Mhter e ghiex Siltfieatearipifiplizeds apdstarsddp, zélttsmfyé estep! ep 2130
et er m nesgaché mhia@en 1GA6RBek the @B Biihie btjet diRtigRSHand/ REsShehnRivariable obj id. |f
in ste 2140 the object is copied to the object storage 132 area of to
cache id 5‘??(50%'8 Ycache directory 130 is updated. An OLB 10' for obj idis
created in the di rectory 130 for to cache_id if one doesn't already exist.
If to cac Vi I ] idis
added t o Shrpay B SR gk BE3) HER, e EL:8 00 Ry Tl b 1240 ARRE
preserved vwbicmgimam@hq tesult ofithe cmmtdn&teinttt%@ jeaprlicgion praswims tPegsesping | st s 169
W th O01B {elReniha8Rep 016 ﬁ%g@r to the D1:B timestanp 162 of obj_id are
ei ther updated or |nvaI|<§ ed. Gherwise, if the result of step 2130 is
negative) in step 2150 the object will not be allowed to be copied unl ess:

(1) all eRuRCH &pRh attheamu%tmﬁue lobi&h_ob J&tgéct  @hkadngl id)Q s YA,

noncurrent versions are stor in to cache i ave the sane tinpestanp 142
as the ti mMSSERisis: Infiepl 600, the sache manager | sletegmiiies ifdheicAche, /6 RrrameteraPscifies ang ( 2)
all obj ectvshmmehe Imnsn eﬁetpelm(ya lsﬂaﬁt vatigile §s 6at agpagprittelly nd retvtied,fin ety T80t

ver si ons r into che-i d. .have the.sane or e ier ti st anp 142
150°5°0 L R eadn e, S el deiet £ 50T A, BB TBlY et B T 1 om
cache"j d. ldcked hese conditions are satl sfied) in step 2160 obj id is copied
fromjromcache_id to to cache_id. An AB | 0" for the obj idis created in
the directory 130 for to cache id if one doesn't already exist. I|f

t o_cache_ilulstgyr k620,0hrsdayhecmansge hexirche foran sbjest 6 odrrestmndingito thawbipatide id i s added

to the st I.S I, | : t X B;lo the
copy_obj eg’%&gﬁ#dgfgﬁ%ﬁﬁg'%gg%origéﬁé&zlIg@‘\%vo %CEQLW‘?"H% th\‘%%?ég coul d prevent
an obj ect ufilogked liredtepci 689 Mmsmmhewscbbft@mt@()é}'nift?threed:@ﬂﬂasl?‘@hw list woul d
al so need pf in4{d %tﬁ)d Ifuﬁ‘E’t f@b ﬁ%%j%&tghst#o&l{d“@ﬁé’ca&?&b%‘%hlg&e&ﬁ%cg 18%;
addltlonal gs, whi c ace the object id in a cache if the
cache did aﬁ%?‘“P\’!E‘t‘éé‘é"'&ﬁ‘ﬁdV@i‘%ﬁP@% &"W"b‘ﬁj“@%j!“iod. Anot her st rai ght f orwar d
extension woul d be a system vvhere t he obj ect manager numintained all

previ ous verS| ns ,of an W coul d then have APl s for adding a
specific F"ég ﬁ§/°§‘°6‘§ruf°|d€'|51°e&b3°6'cfﬂl}7@é¥d Fechej@iALp Efﬁmﬂfﬁ‘ﬂ) pair to
a cache. Otudeptbtsd &H’ﬁe;ﬁﬂb@ih@dacité fBfagerdAeteRninds ¥ thehRchBRlcof@pinding®d e € obj ect
(obj id, cache) 187. One skilled in the art will appreciate that it is
straightforward to inplenent this function in accordance with this detailed
description. An exanple of a function performed by this APl call is the
renoval of cache fromthe storage list field 163 of the dependency
information block (D1B) 128 (Fig. 16) for the object identified by obj ict.
i An application program whi ch changes the value of underlying data mnust
infarmthe object manager. Two APl calls for achieving this are: object has
changed (obj id) 188 where the




obj id paranmeter identifies a graph object; and objects have_changed (list
0j _objects) 189 where the |ist of _objects paraneter includes a g Eg¢
(pointers to) graph objects. If the graph objects on |ist of_objle té fZﬂQZ
many ot her graph objects in common) the objects have_changed APl w Il be
nore efficient than invoking the object has_changed API) once for each
graph object on a list. 10 ~ a ~ 2002 -38 Figure 21 depicts an exanple
of the API, objects have _changed (hst of objects) 189. Those skilled in the
art will appreciate that it is straightforward to then inplenent the API,
obj ect has_changed (objid). For easedgf exposition, we assune that each

el ement of list of objects correspondsto a valid node in G and that no two
el enents on the lut of objects refer to the sanme node. It would be

strai ght f epanarsg pﬁl@m@l@ﬁm'aha hig ﬁotvaﬂlen'sQﬁ] 1 fdﬁg%hbeargﬁr: ﬁ's!:tqtg?rg%ﬁfzé Xomdii@n for

situations where this is not the case. depicted, in s 0 i ncrenent
t he count éWPMﬂ%“ﬁ?p“&’&lséé"amﬁ'ftF’i“@UPQ’efﬂﬂ'j’a“B?P'Png’n step 2402, it is

determned if all nodes correspondl ng to the graph objects speci fied by the

updat & pr dpAGER TSR Hstaa of et guane2 3 3 aldo e i PokELEBE S, by ¢ he

consi st endy stthlo’k, t}mhaehe nfasager IFsegelieefor ) objekf 6 d&ﬂésporidli’ng&di &p o&jéd) 34 a new node

correspondi,ng a h,o t of ob s vi Si t
obj _id be B 'm°t8 ycx ik gg\ggﬁﬁ% f(ﬁé é} Hj #ﬁctﬁ?ondéct rran%lca he’s‘mo er?iént s the
ver si on numstéd HDSJ; tﬂe&ﬂams wmariable isdetfirestgpeli 63; andnif str:mialtSde sﬂatus)cdnablﬁ)m@tum% (Fig.

16) f | gl . f

upzjat o5 330 Eyentas, a0l Je3 167 SESHARs b o B L Ol MO

o('n cont ai rdeletys tibpbjeats’ {serviated reeetd hstd)h(f’sg 3yaad epdatesﬁle m;pménmﬁd@tse!lswﬁ
val i dat qrjstH cﬁ&l@?naﬁigcrolgdcads A8 P2 6610 co?dlspplc(tFlgo é:orrcspongmg

updat e_or I nval I dat e see Figure I'sS I hvo ause this
to happen.to thagject §iNpt gt cagh TF%’Ed 12 opitherecand distd d |ha%aecov9ﬁa9ndmg objgot list 8

straightf QFW)dP&ﬁ%c@RJQJb%écﬁRL)@QF@\@) t:aﬁebﬂaneﬁﬁgeﬂam% d{é ctished R adisted 19 hibedd caches

nmust update or_ invalid ir copies . ure 25 de |cts an
exanpl e offhal shglipbiest lists 8- VH\)%[F%“H%B é“y(‘l?!fﬁﬂ’éﬁ %PEC%HP%?’?H%)‘}“’IWSE& P8 is

cal | ed whenaswusyle énlﬂgzsleraﬁbmmlf ADBY a6 dldthefituif the idcbiy likt 1 Gz tinell, frusibeei t her be
updat ed or lpcgal idated (see e.g., step 2406, Figure 21 ). As depicted, in
step 2407 | I's detenuned whether the objectid should be updated in the
cacheid. If the answer is no, the obj ectld is invalidated fromthe cache in

step 2440 ce r t fa h nswer is yes, in
SL oD 2140 NG 15 ALARSAL BBIE i S8R 20 o Ry 2
obj ectid: QIB thedcvaerisNgtnmnmmlm cambe xtcrfntastl mumen@ Vittedrdsforersteps Blt10t 0 t he

current veqghe mMeRpLGdo, #Rdache ﬁ‘ﬁ%&@@mﬁ stép' 1@56’% s&ﬁma@weﬂ rétﬁ}nédhﬁthc
dependency i nformation bl ock (DILB) Fi g. ) 002 -39 2.

The act ual 2PREPURPIETEL-d 143 is set to the sum vvel ght f| eI d 167 in the D B.
3. The dep list 144 (F| g. 15) is updated. Each nenber of the |ist 144

orrespon
cor P dPsgurc 9%cpgcts :B1 example of logic for the add_dependency (object_id, cache_id, record_id)

430 command. As depicted, in step 1300, the cache manager determines if the cache_id parameter

specifies a cache 2 which is valid. If not, a status variable is appropriately set, in step 1302 and

returned to the application program, in step 1360.

If in step 1300, it is determined that the cache_jd specifies a valid cache, the cache 2 is locked, in
step 1305. In step 1310, the cache manager 1 searches for the object 6 corresponding to the
object_id by examining the directory 3 (Fig. 2). Ifin step 1310, the object 6 is not found: the
cache 2 is unlocked, in step 1315; the status variable is set in step 1317; and an appropriate status
variable is returned to the application program, in step 1360. If in step 1310, the object 6 is found:



obj ect 02 which has a dependency to the object identified by objectid. The
wei ght act 152 is set to . the weight 165 field in the dependency
information block (DI B) 128 (Fig. 16) corresponding to the sane eggg dklkaZUUZ
if these two quantities differ. In addition, version_num 153 is set to the
version numfield 161 contained in the DIB for 02 if these two quantities
differ. In step 2444, the actual value of objectid contained in the object
storage area 132 is updated. First, an attenpt is nade to obtain the
updat ed version of objectid fromthe |atest object field 1601 in the
dependency information block (D1B) 128 (Fig. 16). If this succeeds) step
2444 is over. If this fails (i.e.) this pointer is nil), the updated
version of objectid is calculated, e.g.) by either calculating the new
versi on of objectid entlrely or just recalculating portions of it and

mer gi ng t K& SHEGMBRAserS! W‘E‘ﬁesﬁha“rff%"“t‘tsbh‘\ Eig; Hiin #iep 19T @iseriban aposiatioter net hod
is often maﬁq:eaae‘nbycinmaﬁoh)adawteaemt 6Hjéee6 andlarieoetdtnt@ﬁﬁeaa@@m redved deheé‘dy manager

then has the o tlon atin tes ect field 16 DI B so
Lhat. ot he ™ us A eTaRrvE S e GO 4on CORPURIE B Greoh ORS00 o oan
si mply copylelehtryzﬁsdnemioocﬁ setuel for chid bobjkdt rid) 9|oh1heloajeetdxm d:aﬁasp 1320,ast ep 2444 the
oot el e M RS 008 BB W LR aRR g o e
general | yamo:triaelycmxhem%@n@mpmpmdwmvmagh@stmmed @lﬂtmpnlmomn which is
not act uabloyiilf &l 360l r,ttfnamqtﬂg&ggsemc o@@ttts%atd' ol t@o rrent value

of obj ect prohi bitive expensi ve ferab his t updat e

woul d not obiectgifl P dspdded;te ﬁ’ephleélflStéthfﬁWéc@@I Wﬁgﬂha#béﬂ Q“F‘YJ@S a@ObFPtélSté‘bj ectid

;'S one of ateft%afe@r&%seoeta ,Hesaehl fhtstep 25408 heldpd_§ Q@lﬁﬁcﬁle&‘@\ﬂﬁx%ﬁﬂg?ﬂ igl St
of _objects g . For the | ater ver5|on of "obj ect is still #he case

that actud fo&\l@F@WF"tﬁ Nate that sigpd 34{1ap beireptrd cansatr Wé‘t‘é’pbeﬁ’ﬂl%ep 1B3bj ecl id

| 60, cachehgliachad s Snldéked, aAGA3 s Oarli iR sﬁ@tﬁ'%rﬁﬁl@ﬂ@&urﬁ&ﬁﬁ&el&ﬁtcghoﬁF' g. 12) for
each object on the c8n5|stency list 169 which is in the cache identified by
cachei d. PHEbet®P 136% o0 J U L 2002 -40 nanager 120 makes sure that all
cached itens on the conS|stency stack 128.5 are consistent in the
consi st en consi st en

i mpl ement g}/ nﬁg‘gc Verd c’fa gL%ﬂog'c)ﬁtrme%elm d@?ﬁ“ S &%c o[ ecsacaer'g rlef°§ D and

bal anced M@esnn(lzﬂéf As dapieed, il\ktep lmmwmmmmmetennmaléthhm@Me advant age
t hat '”Se@ @%}e sﬁg%@%?cﬂé%&hﬂﬁ v;rlaetfq\béﬁtfltéﬁ”&(ﬁ Gtabu virkBfe ;P! | cat e copi es
of itens e Yrees have the a vantage that no duplicate
itens needpm@r@tetyraédrcmrwétqﬁhsmmﬁ@ratgemr@ in ﬁﬁ’t”ﬁ@tsertl on is Q(log(n)),
where n is the nunber of itens on the consistency stack. Step 2443 may
optionalli appl % nore selectivity before addlng an_object to the

consi st endyster WOR if it isdetgpined thay thoxaghe 4 ipssifienttelid prchh it LBléPSthesieleifi st 169

whi ch i s iigtkeénah ekl 41bftheactiehadageONicalchts fot tHebbje@ Blco¥@p&idRB tthe sBMceed 1 d2,

obj ect 2) cachei d),. does a dd d tq the consistency stack.
gl'hel ver si gﬁ) R {}‘Bhtrecf%' :g(&gl*njiS ¥fet"ﬁt§p ?@P%E\M aéd?@t?%‘g:tﬁ‘ll‘?a"bﬁ%e‘gver t ex
cor r esponainlagkedOin e B4IL; thélZatisaaridblerieatiy stoe b 5 widsietumdd iorthqmppmﬁscsn ng the
current call to.o ae AV bj ct tnie if
aﬁd only i ](og{zhm lr} lt)é el%% ‘“¥t°%| ‘i(}% %&Ijéﬁzlé% é—tg é&g cx% na ?ex nes thleS I I

ncy P41 or at 1 on bl ock
(DI B) 128 réderdgist taFigf By m(stbp €20 v "R ifiasaseqiation (.0 thedepanpetay mrb@en) and 2. The

ver st on i ehOohdd o 4 B hBahln El od Hadld 0L AddgaRiBT 00

obj ect |d are the“sane ste determ ne hat b
true, (objbedeteimimed lfdh@rlqmr@?ome@omg tad)d edcordluthﬂea hash table entry 25 and if so, to

search for object_id 9 on the object list 8. If in step 1420, no dependency is found, in step 1422
the cache 2 is unlocked; the status variable is set appropriately in step 1425; and an appropriate
status variable is returned to the application program, in step 1460. Ifin step 1420, a dependency
to the object is found, in step 1430 the object_id 9 is deleted from the object list 8 for the record, If
this makes the object list empty, the hash table entry 25 for the record is deleted. In step 1440, the



consistency stack. If (1) is true but (2) is false) step 2443 could
recursively invoke update _or invalidate on object id2 and cachei‘lzl [WQJL(}E % 02
woul d obvi ate the need for adding (object id2, cache_id) to the dependeng
stack. One skilled in the art could easily inplenment Steps 2442, 2443, and
2444 in any order or in parallel fromthe description. Figure 22 depicts an
exanpl e of the update propagati on phase for objects _have changed (Ii st

of objects) 189. The basic function performed by Steps 2403 and 2416 is to
traverse all 1 0J UL 200Z -41 -edges of the graph G accessible fromthe
list of objects. The preferred techni gaee i s anal ogous to a depth-first
search ("dfs") (reference: Aho, Hopcroft, Ul man). However, one skilled in
the art could easily adapt the technique to work with other graph traversal
met hods su&§ordsidd2 trery dhe reserd dist 1 (ig- JUifortho abjeps friNatesthat ste Jdffsancbeof  a
part of a sRkiedlonfimrepiyORBRbLGE step 430 Fhd AR ORIk, i Bl F450 PR siRas e
graph in a depth first manner, .in response to changes to underlying data
(df s). Supﬁﬂ?gleéﬁ{etéﬁ‘ t°f“?°ci‘ﬁ?‘éfatf‘1“rp§°tg“ﬁ§5é‘%b‘ﬁ6ﬁ' to a second node objZ has
just been traversed. In step 2416, it is determned if the node objZ has

been visited yet.. The answer iLs yes . if and only.jf the tines 162 (Fig.
16) for obj‘%"‘gué ﬂﬁ?ﬁ%&%’f’@@*’ﬂffg‘%ﬁ‘%é F“°i’2’?‘.“‘gﬁefr°?°¥de&?cé’€~d‘?{ ecpfE i g@ép 2416 is
true) processmnag. aedépiceded sap 1 500ethe @élemandgder § dadrmnes i thp adche ¢d pamnhetdp Wher e
all caches St or li.st. 1 ig,.16) ar 1N if. t

ol ude o SCBRLRAL MR I, (e Baon Bhoffa HAT ARBLE s SRk DT oy
field and atep&02i and retundsiein sfep @559 .to tibeppidatiercrograinf i el d corresponds to

somnet hi ng whi ch an application programwould use to identify the object
(e.9., the URL), while the version nunber field allows multiple objects

with the safipsteb]Pithe epcheanapesenhilatrminesthe oonkr idmpgmerrsspecifione Pichedivhidr each
such cache jcagh@iedache i§fotRa M &6 1905 ﬁ_sféﬁiﬂro%@&@hdJmanﬁéb?dé(&ﬁmﬁﬂcﬂ?dx@f obj2 is
current by conparing. the version numfield 141 in the QB 10" (FIG 14)
with the verEsohanyaRiert &pe dersndsnion afecopkasioniaed B thareserde Py seciss §die (DI B)
128 (Fig. dl&)de h|a§alﬁa@l@taﬁlgSh&ytzsf(FiQ.lmbAZI&"?cphaZlﬂ%_ﬁl%EﬁryﬁSEEf&lnid\f&,thejrébo&i,&B 2;1_21 it
IS ensured that on the dep St or, ,..the nment corresponding to
obj | has achEi“B{g?c‘ﬁgfﬁsi%’slsg%ﬁ?isi‘}wsﬁﬁﬁﬁil@f“i‘%ﬂﬁpﬁgkf * - DIB for objl. If
the result fromstep 2420 is negative) i.e.) the version of obj2 is not
current, a.f. | ecrease Lght achei d bj | 1 Z) s iy (See
Fi gure 24) .I;'E{gtg%’ﬁlat%ﬁf %@%ﬁn"\ggg%r}%ué’g9%%‘\%%8“?1%%&5%%@%%e1rslcl?nn%e? %%goci at ed
with it kndend fathe igeordvin gépt 1 Sdthi Enbh olggst Eleing gn st oy thaetiet Ik 8 ishe dat a

dependence dolR4 16 HMRhéhe. R Gn BIDE; 30680 algggbgeﬁgeg%mé SHAY 4 Ao ofleRpadenc! es)

whil e | ow nunbers represent 1 nsrgni enci es” R | al so that
obj ect s canistaP aws 2lsadeleted. \Byrh referenesheands fqurd by wversing the regerd §isitl | &3¢ foat ed wit h

them Wienenaibjcbltpefigeidbd.{ e WRLDR ban§ Qich BSRETIE RS mnieﬂlggr&jﬁg liskedhe

dependenci es ich ar % current falls below the threshold weight, .
corresponding hash table entry 1s deleted. After each element of the object lisT8 assoctiated with
the record_id 12 (corresponding to the record_jd parameter) is examined, the element can be
deleted. In step 1530, the hash table entry 25 for the record is deleted. The cache is unlocked in

step 1540 and the status variable is returned to the application program, in step 1550.

A straightforward extension of the invalidate_record function which could be implemented by one
skilled in the art would be to update one or more objects which depend on the record_id parameter

instead of invalidating them.

Step 1099 represents other commands which the cache manager might process.



1 0J UL 2002 -42 the object is considered to be highly obsol tﬁ. Eﬁg%s
obj ects shoul d be updated or invalidated for applications requitr né 92
versions of objects. If the result of step 2416 is false, in step 2423 the
version numfield 161 for obj2 is incremented and the tinestanp field 162
is set to numupdates 125 (Fig. 12) which indicates that obj2 has been
visited. Step 2424 is part of a | oop where all caches which on the storage
list 163 are examned to see if they include a copy of obj2. For each such
cache cacheid, in step 2425 the decrease_wei ght (cacheid, 06j1, obj2)
function is invoked. After this |oop -@tits, in step 2426 the dfs logic
(Figure 23) is recursively invoked on all outgoing edges fromobj2. Figure
24 depicts_an exanpl e of the decrease_wei ght (cacheid, fromobj, to obj)
logic. As Thess skillediin thepriowilb pppperia thas theig temameransiextansians andcvariarng within e obj | s
decr ement egofRan¥VspVRQF e Prebeit ltttﬁu&telpemxa:a@t ohd ehgho;l.%%o QIR 8BS DRAKhAEd 0 the

edge frontfrontob to to 06 is determined if the act ual
wei ght 143! 'evmﬁ?ré%muad%t YeEig. %)for%%blehémbqfee {he bieqt A s sveRfathedn
updat e_or dnﬁ\aﬁérlﬂdﬁibﬁctcéaﬁhﬁdeﬁirc(%amnﬂhc taeheob]smguﬁsapmwﬁedwodkt ndtlbe answer is

no, in ste 2436 th t act i el | S _set (re {0 he edge
fromfrom fss%to dSl%S\g]ec r?°8rdd'3t lAf prp © Jﬁ% ‘i]‘?i'f’%veﬁltc ‘%%f@t f‘? QL‘%Z%“S‘% he
obj ect nanwalmrthcmb;fbt einsmoecdtfivat thé dmehecdhamy,(dmyddnc)smﬂmﬁﬁmwmum fact
consi stent_ Thi s _don si.ste k phase depicted in Figure
26. As depiCteq. a"é*fé%“ ﬁt}?fp‘”*“ﬁg*% J°8tf6 'SHOF'%Xh %%Ch exani nes each (object id
| 60) cache id 135) pair in the consistency stack 128.S (fig. 12c}. For each

Such P 1 AL BREATAI e IRELINE el 1 DOBE! Bl 90l BBl el 1 e

cache cache 1d is current by conmparing.t ver st on nu t he
\er si on n u?ﬁ y for @tcgbrd Bath bafére rtyeobjents wrsiadded toythasabjeplisicleand iafigy thewbisetdist& o st ep

2404. Bh&m t)hﬁt&m&&ﬁsISE‘dﬁEm@b&ﬂ&ﬁﬂgmrﬁﬁgﬁk%ﬁm@'&cﬁeﬂé@twSt?ﬁt@d In step

2455 it |s deternlned whet her e object should b dat ed f the answer
is no, thereedf ardafieralldeneadongiss @dhg rﬁcost\s*ﬁc*ghmct&é@mebeaweapf P&PTEsee Figure

25) . 1f thebsaBEWekis kau]&'%partchl@rl)l ARSI iffiash 4Bl ehmigdibasklide othBenfoasdien inn St ep

2050 and t%@ e\/\/con‘if&)r constralnts are satisfied in step 2060 which
were both HEUOPIYEHT @%%“ﬁlgure ~19). The ordering of steps 2050
and 2060 is not critical to the correctness of this exanple. 10JUL

2002 - 43 Q[ date_cache (cache) 193) ensures that all items in
t he cache are%%EfH%H'M&T?Pdoes so by examning the A B's for every object
in the cache and invalidating or updating obsolete itenms. It ignores

consi st ency; efore

consi ot ent VB3R RERAHAR Bldool € Bl BREUIRYANIERE U2 ¢ on
has speci aln thigag welksas tttcmrcmamhodrgxente@@pr@snt(mvvm earﬂee@?dcfgr igpwVving the

synonymous pMoflancE€6QES S aﬂﬁﬁgtolnpmtarl@n@ﬁtﬁtlﬁ Eﬁﬁdsc%p&q{rma 0?43 G lledTRircbE part
of a relatlonal dat abase (see "Under standin A Conpl ete Cuide”

S
by J. Melt 8heowtrasly adapt the pissept inprngenforestsr ?ﬁiﬁﬁ‘)‘m@‘%’}‘ areig} cligyteperdrsed uppose
that a rel adwan Hs@kg&&ﬂ@cl%ﬁse%ﬁar&ﬁtﬁhﬁ@ﬂﬁ@ﬁn agemwomu@mas withBer@dr t ype

integer t he fol n nane g 4 epresents a
Snobe T ecolveniruert i Risnist JRaaie pondie seabE s et ok ge

(IviftS) asaver @@l esethé &cl&il t6 ﬁqm\dqsexﬁﬁhmgandgcsieﬂ thealPUnianeefof sansfymg ﬂiantage 25.
The presen |nve t| h corn to

ei ther si ng e org ﬁh g‘g‘%%?%“r hgwitﬁc gh ng%%so‘;el%f&guc%m csew ré ar eg‘ks%own as
rel ati onal c@bcjmhaantanﬁcc&crmgdrmlmﬂq eokrsaawelk epresent nul ti pI e records fromthe
sane relation. Such an object is known as a multiple record object (MO
whil e an object corresponding to a single record is known as a single
record obj datapglisRon runimgvROeatrjvér 10Gereatds abjeqts and thanl steres thesstohieets eredngiof onal

obj ect obj okd cabifdf2'S ¢he @gteﬁteﬁparlgsbe%ﬁlfc&wﬁ%ﬂ%ets&u@)df%\e'ﬁd&lyﬁtﬂla%fn of the

'set of records corresponding to ob he obj ect nanaqer autonati cal |y adds

dependenci &% dpiabass 4*'@|ﬂma<&ﬁat%57°§et’h'f38y SERARRD InMicemtedinenh #obiee! is The

obj ect Manage whith 4 Riskfeddh SBloAM6Rdachés2e THE ONjEsan béiéniilkied Rbg record tree
(MRT) 122 which contains pointers to all MRO nodes in G and is indexed

al phabetically by the relational _string field 1602 in the dependency
information block (DIB) 128 (Fig. 16). A balanced tree known as the single
relation tree (SRT) contains pointers to all SRO nodes in G and is al so

i ndexed al phabetically by the relational string field 1602 in the D1B. An
alternative approach which is



1 0J UL 2D02 -44 easy to inplenent fromthis description would be to

mai ntain a single balanced tree for both single and multiple rehahggﬁﬂi

Anot her variation would be to use data structures other than balla @Eﬂz
for maintaining this information. According to the present invention,

before a relational object is created) the relation nust be identified to

t he object nanager via the API: define relation (relation nanme, |ist

of attributes) 194 Each elenent of the list of attributes argunment is a
pair containing the name and type of the attribute. The APl define relation
194 stores information about the rel-dton in the relation info area 129
(Fig. 12). Flgure 27 deplcts an exanple of the logic for creating a node

correspondj SI n r bj ect hat _an, o ject
correspong (aatas g rgg &%‘&eﬂﬁ%\fg l‘gd ﬁrc‘il@a‘?@ﬂ%csgf)tc"ﬂwgﬁj ect (SRO).
A bal anceuhytaffe@thkwdmofa@e bmmrscb]@tseUn@rlaingdmm eapf8Re) allpbjettainiiee poi nt er s
to all S@g%;pdes in Gand is al so i ndexed al phabetically by the rel ati onal
string fi 1602 in the DIB (Fig. 16). A node corresponding to an SRO is
created via the APl create_sro node (obj td, initin!_version num

thresh w@l&&hmgeoeth@ﬁee&& if\RAon, thd SiecBhasdl érﬁtdw{m%femiyuﬁﬁadléa%g)c&ﬂu&r 18a).

Referring now to Flgure in step 2300 determned if all input

par amet e %coaraélcwée.(cm@rg’b Yangiblg gmbgdicd it a ?ompum rgihi@ble pdium &y gyecutiop op s al so
verified atchaqbutmecmeluétsbroa 106 (%,L &leht®0). B BbjcdteEn axq\zo %'&teﬂxﬂxﬁdﬂ%@ﬂ via a
call to define relatjon examnln%{ther Ioﬁi" ri‘rfo arzfl 129. It is
al so veri i’@&sw“{“?i’é}t'mgﬁ@”ffe&‘t lugs of opig (it 8 the 47 8552&)1 BB he“Tor r ect
nunber ofshavd tﬂe&ajé&ﬂﬂaﬂaﬁaﬁesﬂmg o @ kitiglé seivet; it@buld bedigibuted @brodsypltiplelstrvérs al so
verified thag é’?? for o%.i d or @ ode correspondi n to t er sane record
doesn ¢ dFPalafheabiegimanract 149t BefEabIga e PR RPRSS TS BT R 1SR i1 a
node f or mdg cichesal. ritha ttym exdhsis @ety géresic ﬂiddarfmdedc\wmpqihdaeoxdvgr awliebtS®On. |t
woul d al sg be.e t he desi. gn 594 e W th the
sane obj *‘PB‘“’é‘%d‘? Hyagéllg%'fw CTCE’XS mR‘ P “abs“mealse?{%‘1 y kgy eg}i tg%vmrr%ﬁ@i%%ﬂ nodes to
cor r esporedapt thetphegers mmnbefooardobjdcfmarmN svhd:émseunnvhbdfotlmng:all paraneters are

valid PrRSESRIOR.BaNkL ek bRy AR A dPimEber W se. create sto node

returns at st appropri at tat'us nessage. 1 0J UL 2002
-45 In st?eﬁvi@mﬂsd@nﬁmpqqs;eﬁesqnse of peigh way evarlap ibme. Akhési iaplndes AyltPle obj ec~id

160 10 Oljondufkcnt\bBfestinRiaddh® d&ikndddo infPrévcMe MRLSpOILTURsystdl eshol d_wei ght 168
to thresh weight; and relational _string 1602 to rel ati on nane concat enat ed

with all of the attribute values. The relation and attri bute val ues
conpri si ridgure 126 8pivtsl an SkdmpRobf 106FecodeeridErt gaptDi 2 havihg fsaﬁrasrcfrm@rdwn

at 11 but dale TACHR et e (P REady 7 oS3t Po RFPFRRE: r ccor as

1603 fi elld:tv(a‘en gtapﬁl.ﬁﬁjects%osjet gobjnf bes,@objlln,gsbjénp@&ﬁmxffaexpguaphcﬁanectscanct he node

i s added Sitio Q [

det er mi ne‘ég\mt B T Ig}]T sc"f é‘m (ﬂ’pTngfwsl i St ai% ic%ﬁ ﬁomﬁﬁ’éﬁt&ggé are added
fromthe loihpattrsdhatttf @aﬂhamhhxtgeqbltl&n geljbhad ab@fmmw(me@htaOMamp pgnit. Such
MRO s ar e,§;0 @éﬂ‘a%ﬁ ﬁ \gibUchPJh?s tﬁ@s%&rcgo#aﬁl%@gé\ﬁc%oﬂﬂge MRT iI's

preferably a anc tree ntalins polnters to es in G

and is i ndkiglely “&l“ﬂ&ﬁb@f‘? edg-| lgpr Bxampleea qhangstte golH | wosldrimply afogd siEnifG@? i n t he
dependencéﬁaﬁéﬁnﬁ’ﬁé@f: ﬂhﬁ)r{‘a GhRkkn ﬁﬂzB)nul %%cc(aﬁéeghc \Jﬂ@ht whithé &dgfP H‘m?@lﬁ egpsary to

exam ne MRO. s rel ation nane. can be identified in 'l og
(n) + m M&'Faewﬂh%wméﬂv@fﬁwuc'égcteﬁ@ntge@émmer of MROs and mis the
nunber of MRO s for the relation nane. For each MRO "obj2_id" containing

obj id, an(‘:le endency fromobj jd to obj2 id is created. Referring again to
Figure 167h &%E&S’éﬁ‘dé?-fb‘)?"F&O“fj?‘éf"éF‘&‘BW"!Eﬁ‘P“tW“%‘Wé&aW"E“ﬁ“‘%ES wahht of the

nro dep_ V\ﬁb@m\t &b@&ﬂdeﬁafdeﬂbgapnsqsceﬂge 1242 &he). ppRdagtt prdgdind fumairade i d i s

i ncrenent nr hreshold inc 605 for ob 2 i orward
o oy oniPE SR ahohih RO A8 DL PR B § LTI e e Bkt g
wei ght st Bhe dpglicd égreriaiauss APt notifighthé yhjevgmarager of underlying data which have




t hreshol d wei ght 168. Returning now to Figure 27, in step 2320, the process
returns wwth a status - nessage. The order of steps 2305) 2310) ‘]apd %5200
can be varied. Furthernore, these steps can be executed concurren I\/}. 2
Figure 28 depicts an exanple of logic for creating nultiple record objects
(MRCs). MRO s are created via the API: create nro node (obj id,

initial _version num thresh weight, relation nanme, list of _attribute
conditions, rel _default weight) rel _default threshold) 191 (Fig. 18a);
attribute conditions are of the form = 25; > 96; > 45 and < 100; etc. An
attribute condition can also be null)_4yeaning that there is no restriction
on the attribute val ue. 1 0J UL 2002 -46 Recall that a single object
can represent nultiple records fromthe same relation. Such an object is
known as achmgddi When the 6bjed makgerao {sMbfifig)i ofNdhahges @runddblyidgdate,arm@spondi ng to a

single rec | 3] as. ingle record..objec SRO) . . An bj .l

cont ai ns aggé 'ie"r% wrlﬁécﬁ\é@f’roonée?m Eﬁegll&af'gcgte?f@nﬁfy {ﬁhgacécg'gz o ercg?:ng‘r’sgslﬁ% 5%#8%3pondi ng
to obj 2 i swhickatherbjeds havh ehagged by following ediss wdkerabispioiepkindence graptbfsde. Fighie obj ect
manager au&g_rrati cal ly adds dependencies froma relational object to an MRO
whi ch contai'ns it. The object manager also preferably maintains a bal anced
tree known as the nmultiple record tree (MRT) 122 which contains pointers to
all MRO no ] ISyt ¢ i loXbi i _string
el d 1602 Ty e e e g 20 R R g%‘,‘a?’*é?“‘{%géf e

bal anced t fdgss s bicatsicpandenss giaphd 21 Epmepkih itidetsrmnigestpy b BisAd 8P nters to
al | SRO nod@% aish ciangddd Ak SnoleS&ampel@fdscahd i@ BBjkdt ahdpyr iDWIdthe 6T Rdsi onal
string field 1602 in the DI B, As

) epj cted) .in st 2600, jt.1s detem-i ned
i f all i npGiengr Sinet bere aramecqﬂaw&eeglcg.dspet%gﬁ %Pgr%%rfwﬁf%@h%&ﬁ}ec PYEE) etc).
fn addi ti Othe objectinfinapr dohél@tds thivab ofhbreobjeets akafftbtedr €l at i on name" was
previously defined via a call to define_relation 194 API (Fig. 18a) by
examning the relation info storage area 129 (Fig. 12). It is also verified
that the list of _attribute conditions is valid; and that a node for obj id
or a node corresponding to the sanme set of records doesn't already exist.
Those skilled in the art wll appreciate that it would be easy to nodify
t he desi gn Figaret]Radepicts an exaogls of arr obirgf mindgea | 20muipg Eertures efthe priventarvgntpode woul d
be overwrit : : Taagl he design so that multiple
nodes vvithA{sﬁgblg?ﬁg%%&@aggd%mgﬁﬁ@?t V\ogftﬁ?érdclgﬂl so~be easy to allow
mul tiple nodes to correspond to the sane set of records. If the result of
step 2600 i1STRe Wcﬁ‘d’égaﬁéﬂc@&a%ﬂ'@tlﬂ%ée FRFATEY Wi iﬁfrx?le\&féhtie@mytﬂﬁlﬁﬂ@SSi ng
continues with step_ 2605. O herw seé create ntro node returns at - - step
2620 with SfPeatrsropforatian klocks JABR2E aThese skijled indhy asty aprreiatathat Be BBs ce al so
to Figure &beator@duwisii@sl@aries of datadire@clured) Peaféritilyg conldntiobal hashitdbleahde niedg t he

object id 160 t . 1d) wversion nu to initial .version n "

bt eshol d_ P hedes i hafiea By e 60 ® el Bsenb el fortieg bl i

rel ati on ndrsgroddakiysadtfatbmputhAlgdrithmd, Atoe Hapdroft, Bilitren, Aciddort-Wesisy, 19He
relation and attribute conditions conprising the relational _string 1602 are
all separated by delimters. That way, it is easy to identify the relation
and each at2t Thoutlgple el treoMRIA$27 (peefFigsrd7A8¢ rel ati onal “string 1602. The
mul tiple_records 1603 field is set to taste; the mo_dep_weight 1604 is set
to rel _default weight, and the nro_threshold increment 1605 is set to rel
def aul t t hrledhosiegle record weeySRT)|1 2D (e Xiga?7-38). st ep 2610, a pointer to the node
is added to the MRT. The position of the new pointer in the MRT is

determ ned by relational string 1602 . In step . 2615 dependenci es are added
from obj _i & tA\yxidiaRy ﬁ‘am‘ﬁﬁ?‘ﬂ“a}izgi”ﬁ’(jh jneludss jutigpot lmited t s fRllowing: st ep 2315.

a. num_updates 125: a counter num_updates 125, maintained by the object manager for

tracking the number of updates the object manager has propagated through the graph.
b. consistency stack 128.5 : Used for maintaining consistency during updates.
c. relation info 129 (see Figs. 27-28).



For each object obj2 id contained by ob,~id) in step 2625 a dependency is
added fromobj2 id to obj id. Such dependent objects are found by searching
both the MRT 122 and SRT 123 and considering all other relationﬂl 23' cts
for relation nane. Each dependency is assigned a wei ght of the B ifl 2002
dep_wei ght 1604 for obj id. For each such depcndency, the threshol d_wei ght
168 for obj idis incremented by the mn_threshold increnment | 605 for obj
id. Those skilled in the art will appreciate that other techni ques can be
used for assigning weights to the dependency and nodi fying the threshold
wei ght 168. In step 2620, create_nro _Rpde returns with a status nessage.
The order of steps 2605, 2610, 2615, and 2625 can be varied. Furthernore)

t hese steps can be executed concurrently. Alternatively, the weight of a
dependency froma relational object obj 1 to an MRO obj2 which contains it
coul d be Q@s%g gn]thi ﬁroportion and i nportance of records con esponding to
obj 2 which are a B¢ % tained in objl. This variant could be applied to
Steps 231S) 2615, or 2625. Another alternative would be to selectively add
dependenci n_neither i t, ,0f r but
tho two VAPL FLUBER sl Bbiclf B oBRhd il ik RaBi a0 120 S BEASE Clr e
16, those a®ihelidd3$ field whichidentifies it. Thpnearedinpinestardgaaresdi t hin the spirit and
scope of the present invention APIs can be added to nodify the

relational _string 1602, nultiple_records 1603) nro dep_wei ght 1604, and

nT o_t hr eshbl Rfrsciant 18 fe Maintage 3iferpation apaut ehiqcisn e ditsptery 1 3Ginelades pHliPiShj ect has
been defi nqgbcVinBrhdin 58RO Q. MRERESI0 a1t dh BGjet nRPbEreined NAHOME 9 API'S.
When one or_nore record nge) the_object nangger can be inforned of this

js cha . . )
via the APFIO-(If) after thgalyedt lspvse fre rache-cThasrokted in dieaftiwdihapRicriate that the OLBs
o; _attrt BU(taG by abrg@ss)ingla&)aﬁag g)fa@}@md&géa m@am&&ﬁérrafhaaﬁ {ablas dieuised Ihi st
of _attribute conditions), \ ese. AP) s automatical ly propagate changes
throughoutwﬁeﬁ‘@"&‘é ﬁé‘ﬁdé‘}éﬁ?debryé’gﬁﬁy‘ﬁﬂoi 0 J UL 2002 -48 Figure 29a

depicts an exanple of how the records_have _changed (rel ation nane, |ist

of _attribufe,conditions) 196 . can. be. i,npl emented. Those skilled in the
ST 1 abpo SR ae R WhER ot SRR PR EEE S 0l crmnt t he
record_has_changed (relation nane, |ist of attribute values) 195 API

t herefrom j I 0 ik ) . ned o f § put

par anet er 53'2)%@’@% ﬁgglfotr&%s? i g?‘{s?ol&\?/“g?sl (Hcéé %ﬂgbﬁgﬂ%’%%é ItHaetO?%ggc% }ajlgét i on name
was previously defined (via a call to the define relation 194 APl (Fig.
18a)) by exgfienisRepittien &AL bR 0B16. FRARBIASrY Heludbdthe fhilowliny: @l SO
verified that the list of attribute _conditigons is valid, If the_ input

par anet er s°Ure Y 0 apsupr fottheryrpses oF Be lleneing dscssiy trvanphicet e ghisstdi n st ep
2730 the pegcedure is aborted with an appropriate status nmessage. In step
2710, all rel.ational K opjects. are found which,include at | east one record
Which has CHERbEND Tl edis BEeTEREDy BN A UiFers SFEPRInee S0 cors on
the MRT 12@bjasad SRT 123 (Fig. 12) which correspond to the relation name. In
step 2720, .the ¢ es _can .be .pr.o ated to, ot.her nodes,jn G by invoking

t he obj ect g&ﬁ%\fné)tjgggan%’én crlvér@&A%f'ca 5h Cfvﬁ'gcﬁ"fl%tpc %‘?“&VTS %gﬁuléte?’s identified in
step 2710. a¢nahaddight 143nths suppof2ii3@ightsef dt dgestawidranhagregmicbbjeetod surd tizanthe

appr Opr i at g, ALALNS TP iBnsioP bluPh SAERLNRL o8l ngnt. of the Tecords_have
changed APl woul e to consider the proportion and i nportance of records
in a rel at demdit 1ébjadistrenatsenting Hepgedendig trtheiobjest afet er mi ni ng how to - propagat e
change i nformation throughout G The APl conpare objects (obj id,

cache_idl, cache id2) 192 (Figure 182% can be used to determ ne how simlar
t he ver si oR&ust 1 o¥spicisgn expmplecah e depdlist Hdctlemguth As depirtedrqach lispprefesablitpl e, t he
version numclflds:fields can be conpared to see if the two versions are the
sane. If they are different) an indication can be provided of how nmuch nore
recent one object is fromthe other, for exanple, by the difference in the
versi on nuisbikélidasal réprd¥Bid Difbhlofidet bl @hidShds Eldependefldy: edpd tolin el ¥is Rr si ons  of
the object are different, a simlarity score can be conputed ranging fromO
(1 east si mPHF92EG! Befagel \woul d correspond to identical versions of the
object). The simlarity




1 0J UL 2002 _ _ - 49 scores are preferably based on the sum of weights
of incom ng dependencies to obj id from graph objects ob, ~id2, faqr i ch
the version of obj _id2 consistent with obj _id in cache_idl, is igeangLQLZBﬁz
the version of ob,~id2 consistent with obj id in cache id2. The simlarity
score (SS) can be calculated using the formula: SS = common_wei ght / sum
wei ght 167 where comon_wei ght = sum of wei ght 165 corresponding to edges
from graph objects obj _id2 to ob~id where the version num 153 fiel ds
corresponding to the edges are identical for both versions of obj id. The
conpare_objects logic can also be used,fo determ ne whether the two
versions are highly dissimlar or not. " They are highly dissimlar if and
only if common weight < threshol d weight. Extensions A straightforward
extension to the present invention would be to include threshol d wei ght

fields in OB Fi 14). and to |let caches 2' (Figure 13) sef these fields
i ndependentwcﬁit—gﬁd%ﬁél"“%‘?ﬁréqpﬁﬁ?‘ﬁﬁgr‘iﬁé{’rcﬂ“w&‘ﬁ%'i“éﬁﬁm?@tW"szﬁ 'stvﬂtuéhcl ow
di fferent eahsd edrésncof ol i Blieprdf@red elbodinasntusedyjaiied of O Qotalisinconsisterg) dréhedi f f er ent

caches. A fur Xt i on woul d,.be system where.nmul ti endenci es
R o et s S5 R P st R ol RS ERARED Frcaioh Bl AFBERASTC )
di fferent Weegirus. 16 mdllycatsisent).pk siqightferward ektension depld atkentdlues imbdivfeyn t hese

multiple d jes. . f t E§n s tension woul d be to use other .
aIgorithnsgﬁgggﬁg%%%%$ﬁ?ﬁﬂ”ﬁﬁg%£%ﬁ§€ jeg?wﬁéﬁggsolete based on t he obsol ete

links to the object. Wien a graph object changes, the preferred enbodi nent
does not CQRaioSfun3¥ thd\GrstindRbh S Gt KRANARS: WAL RLHIPAGE 8911 he

i nformation through the dependence graph G It only takes into account the
ffact that the graph object has changed. An extension would be to al so

onsi der how a graph object changes in order to propagate the changes to
ot her graph_objects, This could be done ipn the follown S: 90J UL
2002 -50 | ‘T'EUBSI1?)?WWﬁw&dfﬁe&%vd#‘?ﬁ%‘gfﬁwfbﬂmﬂmﬁ) 12%%’& YpoHobj ect
has changedieyicid, BRIPIBELS profekablyfinthats tRyfelidwsd fieitls: t he obj ect has changed.
This information would be used to nodify |inks fromthe graph object to

ot her graph objects which depend on its value and woul d be subsequently
used t o detobjedi fdd 6braisedtiycicapplizationtpiogtaiato Gleaifinthe piapic bbjbd\iasunledorgied. 2. When
t he object nmanager,.12Q determ ne hat .a.graph object, 02 has changed, the
obj ect nandﬁ@%m%Sh?&%ggﬁﬁé %?“‘%ﬁ%fa%ﬁﬁ%ﬁ&f$§%%5§§§6§§%§f it have changed,;
and any information that it has recursively collected on how the

pr edecessorg RAVRnF ANERSn nliiBer AR Chd ARG of WO laph Si&R USe this
information to determ ne how 02 has changed. The i nformation on how 02 has
changed woul d be used to nodify |links to other graph objects which depend
on 02 and Wakds@mp €625 HRSRAMWABH the/cubteR derlion ShetteQirdph BBjedtOW successors to 02 have

changed.

storage_list 163 (for graph objects which are objects): list of cache_id's for all caches containing

-

the object;
incoming_dep 164: list of (object_id 160, weight 165) pairs for all graph objects 02 with
dependency edges to 01. The weight 165 represents the importance of the dependency. For

example, higher numbers can represent more important dependencies;

outgoing_dep 166: list of all object_id's for which there exists a dependency edge originating from

ol;

sum_weight 167: the sum of the weights of all dependency edges going into 0/;



For exanpl e, consider Figure 29b. u2 and u3 are underlying data m@i h have
changed. The obj ect nanager propagates the change information to fﬁa}’bl_oﬂﬂﬂz
When t he object manager propagates change information to 02, it not only
considers the weights of the edges fromof and 03 to 02 in determ ning how
to update or invalidate cached copies of 02. It also considers the nature
of the changes to u2, u3, ol, and 03. This information nay al so be used to
det emune how to update or invalidate cached versions of o04. O her
Applications The present invention can also be used in a system where an
application has to nake a deci sion on whether or not to update underlying
data. By exam ning the object depende‘r?@é graph, the system can determ ne
the other objects affected by the changes to the underlying data. If this
set is satisfactory) the changes could be made. O herw se) the system coul d
refrain from making the changes to the underlying data. Those skilled in
the art wi fhreshgihmeighth68 (forgmphiohisctywhishcare ohioptsd prmbas reprsenins Ve 2pabieded by a
conpi It er, EHekilbe B&hsﬁ%&&! afAly &{scl@@.t WiaRPer ke a@tﬁﬁi_@d’reié@ 12%1;)112&&1% ?nbtwloslmige.dul e
oper ati ons, rent sc ul e ~ 0. . - res in

di t ~erent &ﬂ?ﬂ{i& °‘f’g‘°ﬁtﬁﬁfgﬁﬁg-y’7°r‘ﬂ} ﬁﬁgtgﬁﬁ f‘gﬁh"aﬂ?ﬁf‘y‘k‘}?ﬂ c?ﬁ@'ﬁﬂ]er@gfﬁ’agﬁgﬁdence
graph) t heofblrgransd3hosll baigvdiditedatpdaged domitlsd cacte; coul d determ ne a favorabl e
nmet hod to schedul e operations. ~ 0 JUL 2002 -52 Detailed Description of a
Scal eabl e Met hod for Maintaining and Consistently Updating Caches This
enbodi ment cafsisteig_lizt 9ot graphvabiects ehich sre dijsitgradat df objearnd'’s 1 @reomespendngl | ect i on
of one or g erglt}gc I\\c/\h?‘c!h % m%tter%s'séthv&it%r@ec Qx@gbgsc?q’rmraﬁ ,n:gﬁsmﬁ&'is-rh?re
may be nore tThan-one | nstance b tRe present 1Tnvention residing 'n this

dol | ect i on ool esfpmedampng Sbjedsovithin thié e cashe. VA simaightfdrwerdiextprision avoulde tof ol | owi ng
definiti On%?l@{cﬁc&l'éigtgﬂ SFotiRls 2 His ARRGR cadhfs. HrdhbdPMERIAAIPOGenSH &bl €

i nstances 0 e preséntinvention. ect Sources. (bject Sources include
one or nor & preovhiehtrequiserhall oRigct prothg gt bg%?b? inforipl he cachphene YR BN QPIRSLEBE and by
Lot us' upderyblierthé @apar ks LOTUS NOTES and DA vBNO Server, or Qher Sources
3030 including data or objects from which nore conpl ex objects (such as

| -1TM. pages) are built. Trigger. Any neans which can be used to cause
actions _tom&c_usjecgm&ad)rqu grepH db}éct;lcs mhrcﬁweﬂm&:ta@gm&diofmaaesdtoasibxrbmhehdat a. A
trigger is sta eat ure of many .st andar t. Sources such as are
sol d by IBIQE:\ﬁﬂdB‘ﬂ ‘%bmm@ﬂ%eﬂéw%ﬁ&mﬁﬁ“@& avgghﬁgél}“‘[sﬁlédp?cégermr ks LOTUS
NOTES and Dbewpdied Banweyie ¢adhes svitbant scdidularisg itsovalne cagh timejt onatically in response
to nodification in the data. One enbodi nent of the present invention uses
triggers in a novel way to keep objects built fromdata stored in an bject
Sour ce synatirtionilzeringipe2 nelliéthe ataph objeci ignps p relagipnal pieet. iQdrerwishthés if of the nessage
sent to t o R3RBh_daRY 831 100R: SRO SRIPORRS_Adhed>E Sh)IBAVROS] Tigk bieHeese Wi thin
an Object Source. Cache transactions. Include requests to a cache manager
to read, upktalreleypnceifredationad sine 16f3jierot 8ull Trj gger Moni for. An exanpl e

oFl ogic in accordance with the present invention for keeping the objects in
A cache manaqed by a Cache manager synchronized wth assogi at e,ﬁ’.érem)te
data. The TRY aﬁ%fecﬂrshl%vrweafﬁh%apaogrqswaénwlteﬂ%e birgt PRSOease s Hidt or i ng
renot e dat aifpRitédaSobledt(SROE pur pose of keeping conpl ex objects stored in a
cache managed by a Cache nmanager synchronized with the underlying data.

.9 0J UL 2D02 - 53

The following are only of relevance if multiple_records 1603 is true:
I mro_dep_weight 1604: the weight assigned to an implicit dependency from another relational

objecttoo/; and

mro_threshold_increment 1605: for each implicit dependency to o, the amount the

threshold_weight should be incremented.



Mast er Thigger Monitor. This an instance of a Trigger Mnitor whj CH
receives Trigger Notifications. Slave Thigger Minitor. This is ah rdUsLn@OZ
of a Trigger Monitor to which Trigger Notifications are forwarded froma
Master trigger nonitor 3000" ( that is, not from Object Sources directly).
Local Cache. This is a cache (or other standard object store such as a file
systen) which is updated by an instance of a Trigger Mnitor residing on

t he sane physical machine as the cache itself. Renote Cache. This is a
cache (or other standard object store such as a file systen) which is
updated by an instance of a Trigger Mppnitor residing on a different

physi cal machine fromthe cache itself. It is possible for the present
invention to play the role of both Master 3000 (if it receives trigger
event s) aRdfeBing\agai@®dimure 12, theiobject amedgogseferatly §lsoqesintoms cofntdr nurggpdatesvent s
from sone : i I i ! LGES a

bl ock di agl g@'ﬁ%&ﬁﬁrﬁg&@yg&%ﬁ%ﬁgﬁ# ré%?@é%@%@%ﬁ?"(%&y %iﬁ)r%rg%gg??b@hvent i on.
As depi ct dep) grepie Ty sbjeqrmierrgtnatie maintine a data symetery (inifstyearndudel t8B908. The nodes
3108 can henafn¥phk PEOYIFHR 296 RAARS tb Prefelve @BsRteNdyamdbdotiRi e S (denot ed
as httpd 3080). Each Web server can provide a significant percentage of
dynani ¢ WSBChShges which are constructed from a dat abase 3010. Each such
server node 100, because of the cost involved in generating Wb pages)
caches one or nore objects 3004 including conplex objects such as_ dynam c
Web pages. Miultiple requests for the sane dynam c page can be satisfied
from the CrheRgpliddHda progiathd7 hestkidblygmaneitdns adth thElobjedt s@naptr viad sei qfIARI ser ver
nodes 3108, i ncr eases e.volu of. request.s that th stem.can.service. It
o bosar biTungts; RN ! AgiciceRen sERAT R aroemst 3t BEPESTURRENET08 can be
Separ at ed Thesugkalphinaial artyvilbappteoiat tiri ctien ABB $an be irfipl€énented Hat are sudigbdbrwad | n
accordancee ¥é’iQ[ihns%nh\ﬁe&éfgﬁer}ésex%tri]n\flgn%i on, when a change to an object source
such as the garabase occur < Wi ch m ght affect the val ue of one or
nore objects 3004 stored in a cache 3003) a trigger nonitor 3000 notifies

each cach & 39 g%bcgsoa%%)éﬁpleit (ﬂ?w% rfﬂ;e&%t?ag%\g@@ ﬁ)gl\é%r‘ﬂﬁﬁli ﬁer@r@ﬁ?g ed. The

trigger nonrtor Inform a cache nmanager 3001 that an object 3004
in its cachestigmoThessSmeteanyiide desaritedl indetaih lnger. Bhwayhetrevisiariagerin $501 coul d

i nval i dat &bjectdep¥ncObrapt € 1904a8 68 craitdddia th A1 CANAD th¥ 8hj¥ot makk@ert CleGlg bddTONI t OF
3000 could I nforma cache manager 3001 that an obj ect 3004 has. changed and

al so pr ovi @R-gHBIHegrsioR- TR Bresipreishhl &l (Depengencie een XSG BRfles 1 tene "ar t
Wi || appr egipiteen bdadatel R teAPIéal: 4ed Hefendehe (Dfce @bjed0id Aarga Wbjtcdid, conput ed on

t he data server. 102 as wel.l .as the renote node 3108, or sone.

i nt er medi & °8-)W°ég.h&.ol g‘pﬁ&@“ﬂfﬁ?ﬂ@f—l‘ﬁt ﬁggei PREPoRIedy ﬂ‘a‘i%ﬁ‘}te °l@a'§e)°a? ﬁcesg{é‘% he
manager wohé APxiao défoneecobsistencoypiistobj_ad, lis]yofimbjeas)lB3; updat i ng t he obj ect 3004)
e.g., story HQH, 1. W i NQ: i pdate it. Figure 30b
depi ot o o St e B RETLAR a R YCB0 el TRENPERTE 'Lire. “the

Tri gger Mowfheolate§0GGidndotii rid caghe) 146 edils e latestiviarsior pf amobigeda 2 BNt t or  3000' . As
depi ct ed, FeAPTRLPY SEER &dj M, t&@&ﬁ@]ﬁi, B0 3ach Gd)4 86 RBmES PRbFYa ARG ar3004s i's

done by a process (or collTection o0t processes) according to the present

i nvent i on ebict ferm enecache iqpgathengasiic: Bbiectprpieleted Eompicashe via fasiiPf eall: 3000 i s
pref er abl ydefetss bbjed: @bf RNEachéNBI.NG process nonitoring data sources 3050 for
t he purpose of keeping the contents of a Cache nmanager 3001 synchroni zed
with the underlying data. A Master trigger nonitor 3000" is an instance of
a Trigger Abvappticdtiospdgraminhich chagaitheaalud sfivgdeellyindaamsst 3ifod the bbectVast er
Trigger Mnitor 300Q.  includes:. a Trigger nit or i.ver .3040; . Object Id
Analyel s SOt e AP tor Sceyind e SRbes MR gheBied i 4 185 BER ) o
Manager 306k}, id fdramdidaddentified & pgptesbjddly dtobject3 AHEG chunped gisi_oy. aigaaisurs@twhere Wi t h
Obj ect Sou 0, .cache manager,. 1.(known as,a .| ocal cache manager),
and zero ot?‘grqr%r%g%( “‘e’Pa’F‘gf%’v“é fu r%‘bsg‘ge}?”%°ﬁ?‘%$‘%*’%§l%6“' (Fig. 30c) and a
renot e cache manager 3002) which reside on other physical machi nes. bject
Sources 3050 include one or nore entities; for exanple a database 3010 such
as is sold by I1BM Corp. under the trademark DB2; or any O her Sources 3030
such as a server sold by Lotus Corp. under the trademark DOM NO from which
nore conpl ex objects (such as HTM. pages) are built. 10J UL 2002 -55
When an Obj ect Source 3050 detects a change, a trigger is invoked. The
trigger, which is a standard feature of many standard Object Sources 3050
such as the above) is typically used to cause actions to occur
automatically in response to nodification of the data. The present

i nvention uses triggers in a novel way to keep object 3004 built fromdata
stored in an Object Source synchronized with the data. Associated with the
trigger is a send_trigger 3026 APl (see Figure 30d) which causes a nessage

R o " b - o N NN AN o -



know t he obj ect. The Request Disposition 3103 is used by the J@;&—U[
Cenerator to generate an Update (bj ect Request 3022 or a Del et I-eZUOZ
bj ect Request 3025 (Figure 30e). If the request disposition 3103 is a

D spRegenerate 3130, the objects 3004 represented by the ODB 3100 are
regenerated by the systemand distributed. If the request disposition 3103
is a Displnvalidate 3131, the objects 3004 are deleted fromall systens.
Figure 32 depicts an exanple of the cache ID 3200. As depicted, the Cache
1D preferably includes a cache nane 3201, a cache host 3202 identifier and
cache port 3203 identifier. Returnigg.now to Figure 30b, the ODB 3100 is
sent to the (bject Generator 3042. The (Obj ect Generator exam nes the ODB
3100 and does one of the followi ng: a) generates a Del ete Renpte 10JU
L 2002 -Ao®d&bgressfioniiag)toan ISRBALGeatdd viagied Alllcalk brese_srondeobs Wit h t he Obj ect

Sour ces ; - ebuyj | he.ob| ect 4. a Updat e Obj ect
Request ”?@”“%’ﬁe””ﬁﬁ%‘%‘gg Eﬁeﬁ"g‘b"ég'ggé hf’h‘g‘dalﬁtf”g?'gg%éﬁ&oé hj ect Request
3025 or the Update (bject Request 3022 to the Distribution Manager 3043.
The Di sty i f e I ; I i arh confi gured
Renot e Ch'rg({: S%Ng%g%;?g%gﬁﬁgc?é&%gm# ?JSF‘E ﬁﬁ?%%o?gg%%éwi@ag@e 30c), and
del i ver geladgspnanyelis ofgadiute_candidprs, reb defeds weight zelgiefaplirbreshold) d8r Request 3021
) the request is sent to the Slave Trigger Mnitor 3000" (Fig. 30a). If the
request is an Update Obj ect Request 3022, the new object is sent to the
Rempt e (e AEL sRIFPAIYISBAIY. SaahRddle eache J4h | R ot bepeddpletprming howy | £ ¢ he

request sinfilapthPRbrfib oREEIOH f eblicC2 arfdREsHRSH2 76 2he AlPEudRic 2atheFEUKe) i1$3 pUT ged
from each Renote Cache nanager 3001 qu.amtgp del et e(’ﬁ&%%ect 420 APl (Fig. 4).

Fi gure FOtrgdpt gt emsiibheacheiaipry: B rEfepep -Bf™%000. Here, the
frri gger INDBf bibutes)104 identifidSieRtidns & thbbfedt antied VWhehrdng gehordbaordor  3000". | f
the Master Trjgger Mnitor .3000' IS i.ntainin ct gne system or if
an obj ec°?'a 'd‘hg‘?"é“f%”ﬁ%crf"é’d’ﬁr\%?‘gf“i&f%g?ﬂﬁhef\@s r%@%é‘l‘%%’éﬁ? , it can be fully
mai nt ai nedatiogimaget/beofutribessyatiesd 495 dné dredords HiagurtenS@igrelaribn_tmhwee, Tr i gger

Moni t or J i i N mul tiple systens, it is possible that the

obj ect dgggﬂ‘%@ggégéapaﬁg%%embut not all caches. In particular, the object
3004 may not exist in the same cache as the Trigger Mnitor 3000 which

recei vedyddae inTL?J;F Igg;& %Jgg‘g@sceﬁpagﬁe 13Parb B L APICASE . oBjeBlRandfd- 00"

Moni t or 3000" 30c) 1s run on each configured node.” As depicted, the
Sl ave Trirepgenodstiehtid inihoersion auaj hrsth_weigi} 8ar dhope skiflgd in teaftibalmann21. Thi s
i S procesia@ehal ﬂ?ﬁtchrpﬁliﬁnrlcﬁ)&t@ il § bt GBfori@ RManmePwihit! iRk bpliritahd Sdopéd of@e 1 N the
bj ect Generator 3042. |f the Object Disposjtion Bl ock g,éoo 1as a Request
Di sposi tRSntaN§atiang fiofl exapplpd fsratRediedifor mofuyipe hiebisch B0t VLongi e ar ded. | f
t he Requedfanbitiagshsldtiwaght BiltGelds sfdda figade hasctebriadaed3131 a Del ete Local bj ect
Request 3023 is built and sent to the Slave's Local Cache. Referring again
to Figure 30, the trigger nonitor 3000 is preferably enbodied as a single
| ong r unBépsudepcieteeen emisting wadedig thelgmpb e ercttedsvia A c8050d_depepdeky | | ed i n

the art d i t. I jnvention to consi st of one or nore
p'rrocessegglgéecr"oﬁ%ﬁﬁé)’%aé%g‘@%gﬁg’%g?"“\%%ﬁ@tkllﬁr'ray overlap 1 0J UL 202

Those skilled in the art that many additional APIs can be implemented in a straightforward manner
within the spirit and scope of the present invention. For example, APIs can also be added to

delete dependencies and modify dependency weights.

The consistency_list 169 - corresponding to an object "obj_id" - is set via an API call:
define_consistency_list (obj_id, list_of_objects) 183. The consistency list for the obj_id is
preferably not allowed to include the obj_id as a member. The APIs prevent this from occurring.



-57 in time to inprove throughput of the system One skilled in iﬁ rL
could also easily adapt the present invention to use nultiple th dﬁU fZOOZ

operation in a single process) each thread inplenenting one or nore of the
conmponents, some of which nmay overlap in tine, if the underlying system
provi des support for threaded processes. Conventional nechanisns such as
mul ti phase commt and persistent data objects are preferably used when
receiving Trigger Events 3020 and Forward Trigger Requests 3021 to provide
a guarantee to the object sources 3050 that these requests, once delivered,
remain in the systemuntil conpletion-3%onventi onal nechani sns such as
retry, and nmulti phase conmt are preferably used to provide a guarantee

t hat enque out bou r ests (depicted in Figure.30e) remg.n in the
ot em ant AT RSO ch Saew oy AP T ASERP JLsh e YT SO 058041

t ransl at es coisistealy) Ie6t169 her 860 6reatldh0 Obj ect Di sposition Bl ocks 3100 (Fig. 31
}. The O A 3041 may be specified and interfaced as a configuration option)
an APl) or in any other standard way. One skilled in the art could easily
bui | d such Ghargse tedir dependdtisg inBlyjnatiin bleck G1R} 198 (BH:1L16) fa as bhitos sfitriaw object
information.i j ; Jof 4 I ) i agtion
types depi 21{1 %%bc?ﬁhc%ﬁéﬁa&ée@ﬁ@%ﬁ%& %gg%%'ng)géécaglg%gz\?\i Tt“l'ér%%gg %t%%%élgé%n@nﬁ or 3000
provi des arthd gyen of eeav dependpricy taomaphsd ebiect ok ioma erEsRy ePisetioerthas™ ons, APl s)

or any ot hefepli@RERLEsoleRGHRE Bbi&t minagirRb&St 1I8bw WREES wiFeRAEALORSDAD42 are the
products sold by: |IBMunder the trademark NET. DATA; Lot us CQI‘EOI‘atI on under

t he t r adendimestason o /@IB timgstamp VA2 Lt ! s Biedes Fanshe deltGhirem edblges can be
fetched. . dele@Usdde @R§idgmd.cts an exanpl e of the send_trigger APl. As
depicted, the send_trigger 3026 APl enables the (Object Sources 3050 to
comuni cate with the Trigger Mnitor Driver 3040. The send_trigger 3026 API

sends a NMessH@e chibd diflidy 238ddith Sdckds it APISTREGhE MatdsREGSGO@bRA] ALY €853) tO

uniquely identify the trjgger ang constprg i Event 0...One
skilled in3df 8°Pa1~?b3%‘af’ld‘de‘gsﬂaf‘%‘gefﬂ“h%“gﬁq{?s é%ﬁeﬁ‘?sg Aps grenie H%éﬁi 138" usi ng
st andar d t ebdaablguiiectéry iftleyasn'vaeddslokia foraregbiactpar anet er |i sts). 10J UL
2002 - 5g _ Figure 30e depicts exanples of transaction types used in
accordance with the present invention. As depicted) several transactions
30Z0 ... 303sure AR dépictpamasmapieef the AR cache Hatest yersiomfobjNdTaarkey) &§5. Psderictah20 i s
gener at ed iR skLSIBONSE virflicl B&&hd b R and cATRS SRAGRIAGPCifY kst Sbj&@iidd bichager

3026 API. The Trigger Event 3020"1s a structure which marntains sufficient
i nf or mat i orfefPectivelink saProceshias praecadssesiep 2960- t1frot. S8 ARPIOPFipty HAMS MEFRBE /Pl i nt o
one Or NDI GeeNaddPRRBARME brockliek stefRBM Y ERlsip 36404t B QélerhiheR ifARAUkY vdrsigic Kk and
guide itself th@gg%g t he C1'}t%stem A Forward Tr.i %%er Request 30%{)&(; S

gener at ed |9 2P 8Ys6/R the Gachg, JE5q, proggssing opptinyesyith op 29103535 Wesiep 2070487 he
send_t ri ggeste@3MAaSmAtlo obldtethE-Ditesveion bf dhil & frdnedeaeit_dbf2rfieldsi6al sitthauct ur e
Dependent | CBF R HaTrater s OB i (Bie R RHT A B TG B

thr ough t hevaingof emid fand bpssiblyenaloks) i valucRecpasibie theogthe leteyy cnbiscttielidl 601 of thee

oj ect  Genepgh &, g{,%lg j Bt j A Aok B e
Cache I\/anaglgrs)%fa%@é\g/?’g%‘ﬁe %'{tl%ﬁét?? g‘ﬁt“?v‘é‘%g“’g’? e%ﬁ:%f&'n?ﬁ% Uﬁdgftﬂeﬁ_@j ect
Request is &igsl®)icurdpted. inpem203hi sitharths sevs varsioncat abitid isfecglentated eirao OFBHI ace an
obj ect  3404pdriibngBbit, #dthe A Parts REREI it hars t?on%c'isﬁﬁfvcks%@ﬁh@iﬂn@x%cﬂf&qyeﬁ 3023
is generated by the_ Qbject Generator to cause a 1 ocal Cache 3003 to delete
an obj ect 3YFA morefifiisnt Bamthe HEEE. hj ect Request 3023 is a structure which
mai ntains sufficient information to delete an object 3004 fromthe Local
Cache manager , Show Dependent Qbj Request,. 3024 i.s ner.at ed by
the Tri ggerwﬁé)?%forglk{aésr"?&g(ﬁ“ ﬁd‘fcéthJ&ggg)rP‘Sg”éﬁeﬂfic’ﬁ‘b%?”swg%‘gy ?ﬁﬁoﬁ to
request t hethelegbeptevicusly cohtainedaiol verioh pithe dbiiéd, the cache iSadded tdvbeagrege_1BO0B. The
Show Depend . Obj Reques 024 | { i LAt ai

sufficient (l?frrﬁ’ %)hn@?%%m?'b'mé'ﬁafg?é uge%ﬁ)glaélﬁ& voem%dggigr@&!ﬁ orsg\/}/z?%’cTri gger
Request 302versiond nim Volkand timestaiin] 162 ieks efdpaiapkadancioibfogratien BIOADIR) 138 (fig.r e

Obj ect I1Ds 3009 fromthe Local Cache Manager 3001.



1 0J UL 2002 -59 A Delete Rennte Object Request 3025 is genera eﬁoﬁb hze
hj ect Generator 3042 to cause an object 3004 to be deleted fromr L 002
cache managers 3002 via the Distribution Manager 3043. The Del ete Renote

bj ect Request 3025 is a structure which maintains sufficient information

to delete an object 3004 froman arbitrary cache 3003. Figure 33 depicts an
exanpl e of a high-1level organizati on and communi cati on paths of the Trigger
Monitor Driver 3040 and the Distribution Manager 3043. The preferred

or gani zati on consi sts of several |ndependently executing threads of

control: A Receiving Thread 3300 recei®ves requests including Trigger Event
3020 and Forward Trigger Request 3021 and saves themto sone persistent

store. AnghnEREA Yagk ﬁ%smmmﬁhf@ﬁm%@@& tgﬁgg\ﬁy%ghme@d%gfﬁlequest s

from 3300 and enqueues em for processin Communi cat i ons

Thread 3B Fanes @ﬁewwtéﬁtevq_r%@amwlr&bgmé%@céfw;zl@t é&%@f B OB B pendent
Qbj ect Remueshy, &@%ggegwsﬁ & sbQo thbGeibRa8s fo%eb@neéﬂ%nag%édgsme An bj ect

Gener at or, Thread 33 coor di nat es generatlon of the object requests: Delete
Renot e OO NREGN G4 f B DES. Heqersiopanm 18hjs et to e yerasn i 29)fiethd enqueues

t hem f or @h?tne?] mled DIB. fory2Dibétép I\}dgm ht@d’lns-ﬁl(‘)bg@ﬁﬂ%oaﬂﬁ&cﬁ iblpiesdiveds This ?iﬁbtmn ]
corrponent of .the strihution ager._ . equeu u romthe

Di st ri but PHEXRAAYE “@gt}é’“g‘é’f’b“%ﬁgﬁ %‘74%31%‘?)%%0“? @’ﬁ?’ﬁ% ﬂgflf% ‘g’ ‘fﬁfﬁnd machi nes.
The Qut bowpdated orcinmtiddtédovhehdvetagitine3@mp 1420in tradlIB 11 &' fartos)2 isteforatbstmsscimpor war d

t he wor k ueuy L ne i s conventional,

t hese thrgdggs&cg)#?& ttorgn Ngcﬂ? sugJotbvggnksz %ﬁ%ﬁéd%%ggpm?%é | ncom ng Request
Queue 3319similireroCeaduneis Msphageq:u:ﬁ@lme&b c@m@@ymmw forteachGhidobj2. Temer at or

Queue 335 chi ne Qut bound
Qiéues 33 ﬂ%%%fgc rzrogl(?%{d %gtgc%t ‘é %ﬁgsg"% g‘(na%{ag?%@an exanpl e of
the Receiving Thread 3300 Iogl c As dep| cted) in step 3410, an incom ng
nessage (ﬁg&leeﬁo aég@m%ﬁ@%wo@%mﬁp boy3056 B2 zﬁ%xr@nﬁ'{%&%ndﬁmuest 3021

enters t mand I's converte er Event 3020. I'n step 3420)
t he ness a@édqpsc‘% instep Al A0yt is yratfipdtbatitheiofigid #:q8 —@Mﬁf’@—‘é’ckfeﬂé’fi“@@é‘ﬁftﬂ queue
3450 and gfeduRHEMiZedbPheibjcf3ehapa. IMRE il a@mmmeaaumlf@é&u&c@mas In step

3440) thereust tyels checked. In ste saTr 101
L 2002 2 BPVES aieid 3@26‘)“%%‘?&%"&1@&#@@%‘ gPi@ S‘%m’é’i Yi‘gg@’d to the

Di stri but iseet ab@tﬁﬁg&ﬂy @J@iseanBB%Gr cadeaamﬁpaxﬂzi%mbme t}feagﬁicvdongrotghnaad 3300
returns tg 3490 wor k. e an . exan t he

| ncom ng. BeRe iERapheneh Olferty binsby M iiaits RRAZID, F IpRATLihegt 10

i ncom ng vfchaajzesqbandjm_cache_e«anid%Z&nd@tmmms oitdbﬁ,zdz\xifslo roggpyasg needsio st ep

3520) a Sheuk %@%?c{l%ss%h&%&gﬁ%%%?%bl@%ﬁ& %&?Eﬁ;‘d%@te&ﬁn&ﬂe Cache Manager

Request Queu 8 he receilvin read 3300 returns to
wai t i ng fﬁpmwlp@._ldmpgtameﬂle tegle/pision of thm olixdniils® xroqtept?-lh@ decchisciNpgonige o
Comuni cate@BRet SrEa B3¢ Q s kP Bche_id¥d the cache directory 130 is updated. An OIB 10" for

{ obj_id is created in the directory 130 for to_cache_id if one doesn't already exist. If to_cache_id

t he

previously contained no version of 0bj_id, to_cache_id is added to the storage_list 163 of 0bj_id.
In step 2170, consistency is preserved by insuring that all noncurrent objects on consistency lists
169 with OIB time stamps 142 prior to the DIB timestamp 162 of obj_id are either updated or
invalidated. Otherwise, if the result of step 2130 is negative, in step 2150 the object will not be
allowed to be copied unless: (1) all objects on the consistency list 169 for obj_id for which
noncurrent versions are stored in fo_cache_id have the same timestamp 142 as the timestamp 142
for the version of obj_id in from_cache_id; and (2) all objects on the consistency list 169 for

obj_id for which current versions are stored in to_cache-id have the same or earlier timestamp 142



depicted, in step 3610, the cache manager communications thread 3340
dequeues a next request and establishes comrunications with the" Le@fﬂJLC?ﬁB?
Manager 3001. In step 3023) if the request is a Delete Local

Request, in step 3650, the del ete object 420 APl is used to delete the
object fromthe | ocal cache 3003. In step 3024, if the request is a Show
Dependent (bj ect Request, in step 3620 the show dependent objects 460 API
is used to fetch the Cbject Ills 3009. In step 3630, the Object IDs 3009
are passed to the Object |ID Anal ysis_$042 conponent which builds an Qbject
Di sposition Block 3100. In step 3640, the Object Disposition Block 3100 is
enqueued to the Qbject Generator 3043. Finally) in step 3690, the Cache
Manager Cmﬂmtilh@ampdnzfoﬂhb easioB&4B;_tdein Womscdcke_ina it thesgednditiomwardsafied). Fi gur e
37 depictg, g@[g@ read 3360 logic. As

depi ct ed) |n step %(5% ﬁ%m?)‘;e"g?&hgn%;{?a@oyghfwread 3360 dequeues a next
request fromthe queue 3350. In step 3720, the Disposition of the object is
checked. lh dIk 1bSordhddes B BYRIESANR dRdely PIIGAE Lalr@_i8 iSRe dobafbalrkddy

Di spRegenerate 3130 proceed to step 3730. In step 3730) the Re uestType IS
checked. F¥isti ifq_gacke g prgripuslymentgigednoresion sfobg &b o_gache édig addgd ?t% 3770; if
it is a Tgtbgg@u,stli\@gftobﬁggo proceed to step 3740. In step 3740, the Data
Sources 3050 are contacted to regenerate the objects 3004. The new objects
3004 is enqueued with an Update Object Request 3022 to the Distribution

Manager Qaesteighfofflard EXténsidh mﬁé&py Iij@ctlhﬁi ddEH’éSIatEQ__\&isﬁ‘)ﬂ A@mumc\mgst f or wor K.
war, d

In step 37 ues S. chec a Forwa
Request U’%fh ﬁ?‘g‘g%r&ﬂ: ‘%Fé%“’mﬁ‘g S‘P'P‘[} %Pd‘f’?b%fc‘ﬂ’? @@ @nsﬁ’é"léft"s‘?w oc eed to
t ep 3760 neddno bd Wdated, Khothar sbaigkifcewdié é\iﬂén@:oﬂi)plﬁd:be additiofhl flids wBAdDRould1l Request

024 bui | i b Vh 70. Th
procels: tléialﬁtplagetﬁ? ﬁ&k‘_@i gf‘éﬁ’gg‘fgﬁ °%)‘ vvg ?tqécu%nvﬁrvrkéras 5 léee%'%‘gO) thee

request is deleted fromthe system The process then returns to step 3790
to wait f . 3is
enqueued ?‘3 t eﬁﬁﬂtﬁr@ﬁ%é%é?@ ogﬁge%?s? Sgtvg&gg‘g‘»ggbc?&tm rocess}mt%%gn retur ns
to step 3PFGionyveptng of agrobigesr ke cpild theehyg ABks freddingaspesiéanblcst iggntifieded

Di stri but i,pRibBAEHLt TNV &ash ;}%aﬁw&me& depicted) in step 3810 the

Di stribution Manager Thread 3 dequeues work fromthe Distribution
Manager Queue 3370 and enqueues a copy of the request to each of the

Machi ne OﬁbBH@tdBQd@d@&ﬂSmf&@&QethﬁAMMe&éict& l0BjBct {2)_W, Bscht)A 8%t O RillBO t o wai t
an ex und. Transacti, gn Thr ead

for work. ure. 39 depi 0

3305 0g & LR PREEHE Hesjt G or v e R P Bo8 B B i i ne
partici patdeuagpdldaschis:emdlAstefWHcﬁd ﬁmptdaatperfcﬁ-m&m:f;ahxs A31 dnﬁutnet:edovandsf &ckp 3910
e Lor eagoAfguBuSe, NBRk | 63 Ve S e PRI AIETA gk Shecke
Del ete Rervblcetldm}lféthbylaeqldest 3025 the process contl nues at step 3920; if it
is a Forward Trigger Request 3021 ) the process continues at step 3930. In
step 3930) if it is a Forward Tri g‘ger Request 3021 the process continues at

st ep 3930.An 3pplicaion mogrgn which ehangss Bie Geleh updervige datamust infumdéhsobigelt ed. | n step
3940) if tn%aée?qw}\ﬂ callsH0r dRSRhEmSRIeS zlecR‘ﬁﬁkuax%}lgean%? wd)tlh@wﬁé}ﬁbl@ obj ect API

410 is used to send the new objects 300 he Tenote cache manager 3002.

The pr oce9Y-f4Rsmpuetsf lﬁ‘F‘ﬁ@“c Whé’blegm OPJ@%"}VF—GF‘W“M@F‘kof—‘?WFCﬁ K3 vd950, i f
t he requeste lis @O%L@f,ﬁam%dmlmgg ct; he del et e_obj ect API
fromt

420 is used to delete the objects 300 renDte cache manager 3002.
The process then returns to step 3990 to wait for wor K. 1 0 JUuL 2D02 -62

If the graph objects on list_of_objects affect many other graph objects in common, the

objects_have_changed API will be more efficient than invoking the object_has_changed AP],

once for each graph object on a list.



In step 3930, the renote Trigger Mnitor 3000a is contacted. In gtgp EJGO,
the Forward Trigger Request 3021 is sent to the renote Trigger nﬁtd Ei_ZﬂUZ
3000. The process then returns to step 3990 to wait for work. The process
then returns to step 3790 to wait for work. Extensions and Variations O her
exits not iterated here may be required for full analysis of Trigger Events
3020 and translation into actions (such as Update Object Request 3022 or

Del ete Renpte (bject Request 3025), depending on the specific application

of this invention. For exanple) referring nowto Figure 40: a) it nay be
useful to translate 4000 a single Tri ggeg _Event 3020 into a set of multiple
Show Dependent Obj ect Requests 3024 via™an exit; b) it nmay be useful to

nodi fy or analyze 4010 an objects 3004 as creat ed by the Object Generator

3042, prior Fn@urerzmu@mgantehaaplomm oBfe6H nhv_éHandeR Aak | Bf Mﬁﬂsd auost 3022;
and c) it m l@?wﬁ % to wite an Ob] ects 3004 to th | e systemlnstead

of) or in ad WPR‘?W‘P%&‘%BT‘@E@?%H‘WS“@%H %6513 Anot her use
of the Tri ggetjecivhani tmanged@dh) idyoul d be to reuse its ability to generate and
di stribute objects for the purpose of handling objects which may not
currently exist in t;ache: a) a prinme_cache APl 4020 coul d be used to

gener at e andFatiesse of dxposition wodshusettist SolDecuyinvailistan afyces coreifond008)alidogde dl ess
of whet her t C and b) a
gl obal _del et @% ﬂgmfg'gét%m%g&g ‘Ei" ﬁé;[“g'g obﬁle‘}réfrs]%?ggw%%as%g %s/'(l)&rrg gg’é’%‘?? ?c obj ect s
3004 is reno#wighforeandsd adaptdighfugetion from thedetailed desoninsion footituatane wherg thisiendier
that obj ect &Qt:ééélAydcﬁfg}c&tlﬁstWWEEr%m?ntmlc&nérwruéﬁ@glzmlg-ﬂ&Q25r by99&l

Moni tor 3000 ma ement orce stri ct FO orderin

processing ofter Bidlds detergrined ¢f afi apdep eorespondingdg the Braphehiests spesied EY the of

requests) O jQy PphRESSRarhdd Hﬁétbéen%ﬁéar ¥ sB.9n §t6h 2A0Y, HEDAard PHEPHBatDR B%U'(éc@g
schene, or any conbi nation of above. Mai nt ai ni ng Consi stenc

di scussed heFigPis Bepdllewedin sip 26%: Pli’ Bneangistenss erlRhase (see Kjzurs ?%ﬁi"%‘d‘“by
ternms used hewgeiq0¥, atra® nbad doﬂwp&muﬁlt@@g@ﬂhwbﬁ& ofi mamsrwldmcas & visite/ i1deebi fior

Phct ude: - cachtRransef BoBmay Theonbt S g ene A Sy e g s
as DB2; and t}ieamadﬁlcpnfommeslstmnﬂyss @i 16 diarlobjai b@ll@ﬁlscﬁtltertﬁ:mmp fidd is a
request mmade,py, ﬁ{é%ﬂgéf A ﬁpo%” fz% nD%ﬁWa@iﬁ&hd%r}eepm%g?ooHWﬁ‘lcﬁ%ﬁﬁfﬁs glgngi ng

transaction i 9 Franead ifies Stat
transacti on rashé ttlmontamqaélsldéOWCQﬁomch&z@ﬁégﬁﬁo update eladvahém&tvemoopf del ete

cache obj ect a}gwau bk g%&é L RlEGn WpARSACHRBRe Ro8 %) RATigRd RSy isatdea® of

data are kno as accesses.
cause this to happen.

Those skilled in the art will appreciate that it is straightforward to apply selectivity in step 2406 in

deciding which caches must update or invalidate their copies of obj_id.

Figure 25 depicts an example of the update_or_ invalidate (cacheld, objectid) logic. It is called
whenever the version of objectid currently in cacheid must either be updated or invalidated (see
e.g., step 2406, Figure 21). As depicted, in step 2407 it is determined whether the objectid should
be updated in the cacheid. If the answer is no, the objectid is invalidated from the cache in step
2440 and the procedure returns, in step 2441. If the answer is yes, in step 2442 the following
changes are made to the OIB 10' (FIG. 14) for objectid:

1. The version_num 141 and timestamp 142 fields are set to the current version_num 161 and
timestamp 162 fields contained in the dependency information block (DIB) 128 (Fig. 16).



Alock is an entity which limts the ability of processes to regdaor ite
shared data. Wien a process acquires a read |lock on a piece of aUav),Lm%UZ
processes can access the data but no other processes nmay nodify the data.
When a process acquires a wite or exclusive |ock on the data, no other
processes may read or nodify the data. Several nethods for inplenenting

| ocks exist in the prior art. See e.g.) "Conputer Architecture: A
Quantitative Approach,” 2nd edition, by Hennessy and Patterson, Morgan

Kauf mann, 1996. Let S be a set of transactions which nodify data d on a
system contai ning one or nore transaction nmanagers. S is perfotzned
consistently if 10J UL 2002 -64 (I3¥-for any request rl not in S which
accesses all or part of d, all parts of d accessed by rl are either in a
state before nodification by any transaction in S or in a state after
nodi fication by all transactions in S. (2) For any requests rl and r2 not
in S where r2 The acwdeveigd fitly 14Tiessphesnmerdgheficlat67timtbe ®IBe as rl or after
ri and both rl and r2 access a subset d' of d, (a) if the version of d
accessed by rl has been nodified by transactions in S) then the version of
d' accessed ByThezepdist 14# (e h&dnunderer. fHaehimember ofaliedisclid eereespandso a@imphi £ t he

version of dopiat6LeRathdRY dipenddis DAL ok)Ef edtiRed &y &?zcm’ The %%ﬂ@ hdt 981Bis bdd 10>
then the version of d' accessed by rl "has al so 'not been nodified b

t ransact i ons e veight 185 fipldinthedppendsncy information blerle(RIR) 28 (B 6b@ﬁa§7§w§i¥%fe theo

events such gneadid iR GSPHEse b U8t diffs Cin\i8altidAY versichy Sin® 9308 sebrolCk bei ng
acqui red. Commmn net ] ementing. t{inme sta he prior art

i ncl ude cl ocKcrf‘?'hﬂgmgg}g?ﬁﬂ%@i“g\ﬂmcw&rgé}m@VﬁP§‘%§WBQW%F feature of the

resent invention is the ability to make a set of consistent updates to one

r nore caches, resent invention is of. nse . for a set .re ts Sto
one or nore i"aséer?ggﬁéaﬁ‘éegaé?‘gl V%t'.’]f)i “%ﬁ@'f’j;w’?tﬁge%f%ﬁr’ gwcﬁamﬁgcoa}%‘r@? B pga?%?

desi rabl e: ( Fitst,)ankttampaisynagi to @btaimthe updated yesigoftohectifstmethy laSstnabgdct fimdd haadle
atomcally. T S cannot v i .Of 0 requests
in S have beglrr}ﬁés%fp fﬂéifrﬁ@éf‘q’%%nanogﬁoé’rg@R};t}g\eﬁg‘tl.6}' ?F%%%?c&%@,%@ﬁms Arl;grngsts ri
and r2 recei thifails\(i.catips pyintérag ral), cecipdatedaaraige of0bBb@s celculated, by eithare, rl  and
r2 see the s | SWSE e, W : y Lk bot h
[ and 12 socuziabhEle B fiaforf SHEM Ml b IREREIeushaondple d g nlhiifhe
satisfied, ofewprrl with pesdfrqnpexisting yersianghefattetipethod dxoftgn mpresflicieadhanthe in S
have been satdmnbd @feithérBhsel 8 oY minaRer BHRAING BleDptidn oRBlating tMIBER dbict field

recei ved by a _cache _nana

er 3001 affer r|] is received by a cache manager,
if rl has a VPHWP BF Dl & B3 stherfiches which mig aaridhq oss VRO SRR oG o8
t hen r2 nust cqgdtihdkad sp@icviagw iof the system If r2 sees a view of the
system before requests in S have been satisfied) then rl nust see the sane
Vi ew. 1 0J UL 2002 - 65

In some cases, in step 2444 the actual value of the objectid can be updated with a later version of

the objectid, preferably the latest easily accessible one (which would generally be the cached
version with the highest version_num 141) which is not actually current. This is advantageous if
calculating the current value of objectid is prohibitively expensive. Preferably, this type of update
would not be allowed if either of the following are true:

1. the objectid is one of the objects on the list passed to objects_have_changed (list_of_objects);
or

2. For the later version of objectid, it is still the case that actual weight 143 < threshold_weight
168.

In step 2443, (object_id 160, cacheid) pairs are added to the consistency stack 128.5 (Fig. 12) for

each object on the consistency_list 169 which is in the cache identified by cacheid. The object



Figure 41 depicts an exanple of logic for making a set S of requests
consistently to a systemincluding one or nore caches. Preferably Baﬂilj[_ 2{]02
request in Sis directed to one cache manager 3001. The set of cache
managers C receiving a request fromS may have one or nore nmenbers. As
depicted) in step 4500, the set of requests S is received by the system
Each request is directed to a specific cache nmanager 3001. In step 4505,

t he cache nmanagers. | ock data. For each cache nanager j receiving a request
from$S) the cache manager j acquires wite |ocks for data nodified by a
request in S and read | ocks for data regg. but by a request in S but not
witten by a request in S. Data |locked in this step will subsequently be
referred to as | ocked data. In step 4600) the system determ nes the tine
the | ast | odkanages 1200v0pkey serd)that albdached atbmg dnrtiee cohdistdnbyestarktl 28§ are agrlsistentimtiger s C
receiving a&mgc}]@g@ms@(ﬂg%pnl y one nenber) this step can easily be

i npl emented using prior art. |If°C has multiple nmenbers, last lock tinme is
determ ned in the manner described in Figure 42. In step 4510) requests

r ecfei veddbermeeodsaefzcglzsgskcomdrw imnséategmewl Hsl:cﬂ&ls,o R‘éd @Fmasuqm%% *ﬂst? ’
perfornmed. In_ ste equests in S ar erforned, step . l.ocks
are removed ¥ BW’E%%@HPM%F}W&BH{QRF@MEWSH Jditthave @Eé‘{l et wserHionds

| ock_ti me wWhioiftanffire. Wehie disigardipe lisQiak Bughlickitd cdpies bf@teidCcdafiiech@tp®tthendt Bless 4510,
4520, and 4530 pust be performed i.n order. An alternative.enbodi nent to
Chat dopi ct diF e Mgt nq phigc 18u iped i e { b st arnineE e PBoR ¢ o r om
accessi ng dad@gay; ehgenlislhe namb& @b @&rhs dnithesonsisncpsteken: ed enbodi nent al | ows
much hi gher levels of concurrence than this alternative approach. Figure 42
gepi cts an exanple of logic for determning a last lock tine if the set of
ache manage$tep 2343 esyoptiomdly applhemore sdlecfivityrpefSreladdingran dbjept te thewerisistency stack.
depicted, i : : : : AT9F cabhSlEd Rk hes the
i me at whi on pERd @it SRR RERRL ey S RIRER §IFEORL I el 0
cache ngr i ¢uvew vewineef dbiget idddbisct i, qacheisl) doesr idgyedabk sdaghtodhs cansistepcyy J U L

2002 - 66 CoOfigh NPk QVersioh RALALR: if bbth 8f BPfoMEHiRy arb B COOr di nat or program
|1 cache managers in C and sets | ast

receives last lock time i values froma
lock time to the latest last lock time i value it receives. In step 4615)
the coordi naI.OThheQEIQQI’car:i’ﬂsﬁcﬁlﬂiﬂ_§tdc%ﬁht!_iﬁ.ﬁk@srairéﬁﬁy Zébn&fbﬂcldgﬁﬁth&fsm‘m@&m&h ntica?] . A
variation on_the exanpl e I Gt | iL.gure uld..he for e che nyr
i in Cto ex¥PuRgl nF"t?é?d(gg—ol?%?S{wf)gég Tﬂis MGWW]%?P{‘@PWW?%ﬁé rs in
C in step 4608dépasiceqydnfofmasantdodk@DiBa$28 (Figcl6) Farogedt_idis equalro nath neptioes
program In ep 4610, each cache nmgr i in C would determne |ast |lock tine
fromthe last " Tock time i values it receives. Step 4615 woul d not be
necessary. TheThsrvefsionman fisldddtinteaRIBrlYHIG. ¢4 and&d iv il foar abjedbridawred the ewer
conmparisons ywhgn Cis large and is thus nore scal eable than the variation
just described. One skilled in the art could easily adopt the present
invention to achi eve consistency in other systens containing one or nore
transacti on IFRRAILNBIUcIRRKE At Bol(1 f4nd (1 86 k) (objRN A Sdadhefy ishOf adAaME tHeO be
cache minagegosn'sistency stack. If (1) is true but (2) is false, step 2443 could recursively invoke

update_or_invalidate on object_id2 and cacheid which would obviate the need for adding

(object_id2, cache_id) to the dependency stack.

One skilled in the art could easily implement Steps 2442, 2443, and 2444 in any order or in

parallel from the description.

Figure 22 depicts an example of the update propagation phase for objects_have_changed
(list_of__objects) 189. The basic function performed by Steps 2403 and 2416 is to traverse all



Now t hat the invention has been described by way of a detailed deicgijuj(m?
w th alternatives, various enhancenents, variations, and equival emt L 002
becone apparent to those of skill in the art. Thus it is understood that

the detail ed description has been provi ded by way of exanple and not as a
limtation. The proper scope of the invention is properly defined by the

cl ai ns. 10J UL ~u~72 -67 ains 1. In a conputer system having one or
nore caches storing one or nore conpl ex objects, a nethod for determning

how changes to underlying data can affect val ues of one or nore conpl ex

obj ects, conprising the steps of identllylng at | east part of the

underlying data, wherein the underlying lqat a may or may not be cachabl e;
mappi ng said at |east part of the underlying data to one or nore of said

conpl ex obj t ¢ bart
of rrPheX u ndJer OH&M (Pﬂgﬁ%le lEH?&]gllegtlﬁ g ﬁ‘ﬁe% n}al,gré Féﬂ%%fcl)geé s zﬁgg aggrloaépﬁ?% ’
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and edges I@&n&@ats.umamﬁtéaﬁm hEwSH vith SRASRPE BeRS nREMESE A dRAdRRFLCt S.
2. The nethod of claim1 further conprising a plurality of conputers

wherein a f &% set of conputers associated with a first cache is disjoint
froma second set of corrputers associated with said mapping step. 3. The

nmet hod of cl aim erein s pi.n further rises the step of
e br ogr am SEBR7 R 5B PamPs AL TOF EEH B A PEER SRR BrOHRL e OMES il ¢ 1
di f f erent clda;segmcd@aphnndeddpwmgnﬂﬁtcamréspof'silam ohrigbarel waferlghgdam (@fs)vher ei n sai d
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S. The net hodPof® & nmappl ng’'s conpri ses:
grap h to nmapR4bRitd datermhingstthqadt olg? has hen wistlelnyley iThgandweras Yeoifatd dnbei§ the one

timestamp 162 (Fig. 16) for obj2 = num_updates 125 (Fig. 12).

If the result from step 2416 is true, processing continues at step 2417. This step is part of a loop
where all caches on storage_list 163 (Fig. 16) are examined to see if they include a copy of 0bj2.
Recall that each object preferably has an object_id field and a version_number field. The
object_id field corresponds to something which an application program would use to identify the
object (e.g., the URL), while the version_number field allows multiple objects with the same
object_id to be maintained and uniquely identified. For each such cache cacheid, in step 2420 it is
determined if the version of 0bj2 is current by comparing the version_num field 141 in the OIB 10
(FIG. 14) with the version_num field 161 in the dependency information block (DIB) 128 (Fig.
16). If the result from step 2420 is affirmative, in step 2421 it is ensured that on the dep_list 144
for 0bj2, the element corresponding to obj! has a version_num 153 = version_num 161 in the

- DIB for obj!.

If the result from step 2420 is negative, i.e., the version of 0b;2 is not current, a function
decrease_weight (cacheid, objl, 0bj2) is invoked (See Figure 24). Recall that each edge can have
a non negative number associated with it known as the weight which represents the importance of
the data dependence. For example, high numbers can represent important dependencies, while
low numbers represent insignificant dependencies. Recall also that objects can also have a value
known as the threshold_weight associated with them. Whenever the sum of the weights

comresponding to incoming data dependencies which are current falls below the threshold_weight,



conpl ex object. 1 QJ UL 2002 -68 6. The nmethod of claim11, further
conprising the step of assigning weights to the edges wherein t}el)udldh@H0?
are correlated with an inportance of data dependencies. 7. The nethod of
claim6 wherein a weight of at | east one edge does not change after it is
assigned. 8. The nethod of claim®6, wherein: ( 1) two versions o1 v 1
and o 1 _ v2 of a graph obj ect o 1 exist; and (2) the object dependence
graph G contains at | east one edge (02, ol) terminating in of and having an
assigned wei ght; further conprising the steps of for one or nore edges (02,
0l ) termnating in said o 1 and corrpri‘§i2ng a set S, nmaintaining a version
nunber of said object (s) 02 which is consistent with ol- vl and a second
versi on nunb L ahl ( [ | ' e ’
ot or i ni g Gaics Btpidibf @i il Beietl silh bt B0 O abeebl Welbaadfin 1
of edges (022ppjaatipnsirpauiripe fecens versions 9F Wbjediiat a sane version of said graph obj
ect 02 is consistent with said versions ol vl and ol v2 and a sum of the
wei ghts of all, edges ternminating in of in said sef. 9. The net hod of
clai m 8 wher ijid?? rgsg“ﬁf%‘ipéﬁl%‘ls falfeqiteh 29Ehge KPS YR %%‘ﬁ@ef?r(f-gpv\b'“?f&‘f‘%"i‘e&ns are,
12 grz t hgrl ) CONpEAdIRStihdIQmS el ﬁ 61 is 6kt 16i rlinngpdaeesl 1S Gl D;whﬁdh@dmiegh?]@bjgﬂxaeﬁbgﬁz _

: in saj et suc at sape version sai d..gr. object 02 is
consi stent w'fffs ?szééfsﬁ%ﬂé‘n%"plw _°r°\?{{§a°5°r‘id" B’g “8‘? s‘ﬁ?ﬁ%ﬁg&@ﬁﬁ?’@ﬂﬁ@
wei ght s of akde ifthigenclide addpyadf bbjg Fofeadh Such tachadathesiin stp 2400 theldearesseiweiptit Of

claim1l1, wherein.sail. ing farther conprises.the s f USING..

i nf or mati on é%ﬁ’?fff'%a/oglﬁgBB‘f‘“%ﬁW@dé%nﬁﬁggB%lB?p TH L SWBLBI?% "Ecedf%ﬁ)gl 5@%‘% by
changes t o sas)disaiculsiwelg inviiad on alf outdoing udgdefidnyoiizy data t o det er mi ne whet her
or how to nmeke changes to said at |east part of the underlying data.

Figure 24 depicts an example of the decrease_weight (cacheid, from_obj, to_obj) logic. As
depicted, in step 2425 the actual_weight field 143 for fo_obyj is decremented by w where w is the
weight_act field 152 corresponding to the edge from from_obj to to_obj. In step 2435, it is
determined if the actual_weight 143 < threshold_weight 168; if the answer is yes, the function
update_or_invalidate cacheid (cacheid, to_obj) is invoked. If the answer is no, in step 2436 the
weight_act field 152 is set corresponding to the edge from from_obj to to_obj to 0.

After the update propagation phase, the object manager must ensure that the consistency_lists 169
are in fact consistent. This is done in the consistency check phase depicted in Figure 26. As
depicted, step 2404 is part of a loop which examines each (object_id 160, cache_id 135) pair in the
consistency stack 128.5 (fig. 12¢). For each such pair, in step 2451 it is determined if the version

, of object_id in the cache cache_id is current by comparing.the version_num field 141 with the
version_num field 161. If the answer is yes, processing returns to step 2404.. Otherwise, the object
must either be updated or invalidated. In step 2455 it is determined whether the object should be
updated. If the answer is no, the object is invalidated in step 2440 described earlier (see Figure
25). If the answer is yes, the latest value is added to the cache in step 2050 and the new
consistency constraints are satisfied in step 2060 which were both described earlier (see Figure
19). The ordering of steps 2050 and 2060 is not critical to the correctness of this example.



1 0J UL 20u2 -69 11. The nethod of claim1, wherein a program

i npl ementing said mappi ng step generates one or nore of: nultlplt Q‘JUL_ZODZ
processes; nultiple threads; and one or nore |ong running processe

t hreads nmanagi ng storage for said one or nore caches. 12. The nethod of
claim11l, wherein a programinpl enenting said mapping step generates at

| east one | ong-running process, further conprising the steps of: an
application programidentifying a change to at |east part of the underlying
data; and the application program conmuni cating an identified change to at

| east part of the underlying data to s#i-d program i npl enenting said mappi ng
step. 13. The nethod of claim1 wherein said mapping further conprises the
step of: identifying a chan&g to said at |least part of the underlying data;

and i dent i FPPRE HdwPdae ceshe (rashe) 193.psusss thatpll it @ thy qacherarecuirany, ItFl?FSF‘ésponse

to said ldegae*aimﬂlwaommme@@bﬁaﬁﬂha&cﬂeaa@tnvﬂaﬁﬁngaf uﬁdbﬁ]g%ﬂﬁd’té i3y dat a.
14. The method of cl ai n sal, t he underlylng

data is stored ?ﬁorﬁﬁgncétj's%?"é“sfél et 'fl?f °é’8‘fﬂt8'é(éth£%rﬁrft°ﬂ'§}s R688Y i sing the

steps of: derfueiemc@tipkgst o a cache, one or nore of: information about at

| east part of said underlying data which has changed; and information which
includes the identity of at |east one obj ect whose val ue has changed as
the result of said underlying data which has changed; and information which
al lows the g.gapid ty to be determined of at |east one object whose val ue has
changed as the result of said underlying data which has changed; and
removing an object fromthe cache, or updating a new version of an object

i n the cach§e plefinfiFRREGISES stpgﬂa%aﬂlé&mmh@é&m (BiteSdrecobd-are HAEsyREy OGS Of

¢laim1 further conprising determ ning that a version of a

conpl ex objvelecaidg psed inj the Hefé'awb%g@ﬁﬂ) BshapRY b Pﬁ%ﬂf;‘? relasional dptebages(seg resul t
of "Understanding the New SQL: A Complete Guide" by J. Melton and A. R. Simon, Morgan

Kaufmann, 1993).

For example, suppose that a relation rel_name has the attributes age and weight, both of type
integer. For the following: rel_name (age = 25, weight = 34) represents a single record; while
rel_name (age = 25) is a multirecord specifier (MRS) and represents all records belonging to

rel_name for which age=25.

The present invention has features allowing objects which comrespond to either single or multiple
records to be managed. Such objects are known as relational objects. A single object can
represent multiple records from the same relation. Such an object is known as a multiple record

_ object (MRO) while an object corresponding to a single record is known as a single record object
(SRO). An MRO 0bj! contains (includes) another relational object 0b2 if the set of records
corresponding to 0bj2 is a subset of the set of records corresponding to objl. The object manager

automatically adds dependencies from a relational object to an MRO which contains it.

The object manager maintains a balanced tree known as the multiple record tree (MRT) 122 which
contains pointers to all MRO nodes in G and is indexed alphabetically by the relational_string field
1602 in the dependency information block (DIB) 128 (Fig. 16). A balanced tree known as the
single relation tree (SRT) contains pointers to all SRO nodes in G and is also indexed
alphabetically by the relational_string field 1602 in the DIB. An alternative approach which is



changes to said at |east part of the underlying data. ~10J,U.L 7002 -70
16. The nmethod of claim 15 further conprising the step of deIetiﬂgJiJhiZﬁ@&
obsol ete version of an object fromthe cache. 17. The nethod of claim 15
wherein the version of an object is considered to be highly obsol ete
whenever it is not current. 18. The nmethod of claim 15 wherein said

determ ning that a version of an object (ol _ vl) would becone highly

obsol ete conprises the steps of: maintaining an object dependence graph (G
whi ch may change over tine and which includes a plurality of graph objects
(ol . . . on) and edges indicating one or nore data dependenci es between
graph objects; and determ ni ng that saf-o 1 v 1 would becone highly
obsol ete based on a nunmber of edges (02, 01) such that ol- vl is

i nconsi ste ' rent ;version 02. 19. The ho ' 5,
Fur ther ooy e iRl aBiesad Dol 6 el JsTERRH s P A e | e
obj ect wi t lindmnitiple relatioesn Anotheryamation Rould Hete uspadatasucoires othai thanltglapfeditreésn t he
nore recentp\RESIAR: i iffodifident version of the obj ect. 21. The nethod of
claim 15 where in said step of determining that a version ol _ vl of an obj

ect o 1 stored in a cache would becone highly obsolete, conprises the steps
of 1 mai nt ai AVeHBing B ROPpreeht iflSRRANRIVEE: PR dbfebt iVited, thBxlabhiAngerover tine

and which i.ncludes a plurality o raph, obj ects and edges, indicating one or
more data deEHdentr e@%g'em@m%a‘gﬂr 8ejneeelationi(igiafiprapgns, e Seggle ng
wei ght _ acti9fiiel ds for said ol _ vl corresponding to one or nore edges
termnating in said o 1;

, Each element of the list_of_attributes argument is a pair containing the name and type of the

attribute. The API define_relation 194 stores information about the relation in the relation info

area 129 (Fig. 12).

Figure 27 depicts an example of the logic for creating a node corresponding to a single record
object (SRO). Recall that an object corresponding to a single record is known as a single record
object (SRO). A balanced tree known as the single relation tree (SRT) contains pointers to all SRO
nodes in G and is also indexed alphabetically by the relational_string field 1602 in the DIB (Fig.
16). A node corresponding to an SRO is created via the API create_sro_node (obj_id,
initial_version_num, thresh_weight, relation_name, list_of__attribute_values) 190 (Fig. 18a).
Referring now to Figure 27, in step 2300 it is determined if all input parameters are valid (e.g., they
are of the right type, etc). It is also verified that the relation "relation_name" was previously
defined via a call to define_relation 194 by examining the relation info area 129. It is also verified
A that the list_of_attribute_values contains the correct number of values and that all values are of the
correct type. It is also verified that a node for 0bj_id or a node corresponding to the same record
doesn't already exist (it would be easy to modify the design so that if a node for obj_id already
existed, the old node would be overwritten. It would also be easy to modify the design so that
multiple nodes with the same 0bj_id could exist. It would also be easy to allow multiple nodes to
correspond to the same record. Ifit is determined that all parameters are valid, processing
continues with step 2305. Otherwise, create_sro_node returns at step 2320 with an appropriate

status message.



~ 0 ~a ~ zoo2 ~| for one or nore changes to a current ver5|on1?LkﬁJ raph
obj ect 02 such that an edge fromsaid obj ect 02 to said obj ec E 802

exists such that o 1 _ v 1 has a weight- act field, decrenenting the weight
act field corresponding to the edge; and determning if said ol _ vl would
beconme highly obsolete based on its weight act fields. 22. The nethod of
claim2l1l, further conprising the steps of maintaining a threshold wei ght
for said ol _ vl; wherein said determning if said ol _ vl would becone

hi ghly obsol ete based on its weight_ act fields includes the step of
conparing a sumof the weight_ act fi #ds for said ol _ vl to said threshold
wei ght. 23. The nmethod of claim 21, furiher conprising the steps of:
assigning weights to the edges of the object dependence graph wherein the
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containing it. Such MRO's are found by examining the multiple record tree MRT 122. The MRT

{

is preferably a balanced tree which contains pointers to all MRO nodes in G and is indexed
alphabetically by the relational_string field 1602 in the dependency information block (DIB) 128
(Fig. 16). Itis only necessary to examine MRO's for relation_name. All such MRO's can be
identified in O(log (n) + m) instructions where # is the total number of MRO's and m is the number

of MRO's for the relation_name.

For each MRO “obj2_id” containing obj_id, a dependency from obj_id to obj2_id is created.
Referring again to Figure 16, the dependency is preferably initialized with a weight of the
mro_dep_weight 1604 for obj2_id. The threshold weight 168 for obj2_id is incremented by
mro_threshold_increment1605 for obj2_id. A straightforward extension to the algorithm would be
to use other techniques for assigning weights to the dependency and modifying the
threshold_weight 168. Returning now to Figure 27, in step 2320, the process returns with a status

- - message. The order of steps 2305, 2310, and 2315 can be varied. Furthermore, these steps can be

executed concurrently.

Figure 28 depicts an example of logic for creating multiple record objects (MROs). MRO's are
created via the APL: create_mro_node (obj_id, initial_version_num, thresh_weight,
relation_name, list_of_ attribute_conditions, rel_default_weight, rel_default_threshold) 191 (Fig.
18a); attribute conditions are of the form: = 25; > 96; > 45 and < 100; etc. An attribute condition

can also be null, meaning that there is no restriction on the attribute value.



1 0J UL 2002 -72 26. The nethod of claim25 wherein said stop of

determ ning that a version of a conplex object of stored in a'ﬁ&huﬁjhpﬁmﬁz
beconme highly obsolete further is based on the total nunber of edges
termnating in said ol. 27. The nethod of claim1l wherein said one or nore
caches includes one or nore of: a nultiple version cache; a single version
cache; and a current version cache. 28. The nethod of claim27 wherein said
one or nore caches includes at | east one single version cache cl, further
conprising the step of: for at |east one of the objects ol, nmaintaining a
consi stency set of other objects 02 such that of and 02 nust be consistent
whenever they are both contained in cl-4629. The nethod of claim 28 further
conprising the step of ensuring that if said o 1 and said 02 are both in
cl, then said of and said 02 are consistent. 30. The nethod of cl aim 28,
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versi on. nodes in G and is also indexed alphabetically by thc rclahona _string field 1602 in the DIB.

As depicted, in step 2600, it is determined if all input parameters are valid (e.g., they are of the
right type, etc). In addition, it is verified that the relation "relation_name" was previously defined
via a call to define_relation 194 API (Fig. 18a) by examining the relation info storage area 129
(Fig. 12). 1tis also verified that the list_of _attribute_conditions is valid; and that a node for 0bj_id
or a node corresponding to the same set of records doesn't already exist. Those skilled in the art
will appreciate that it would be easy to modify the design so that if a node for 0bj_id already
existed, the old node would be overwritten. It would also be easy to modify the design so that
multiple nodes with the same obj_id could exist. It would also be easy to allow multiple nodes to
correspond to the same set of records. If the result of step 2600 is a defermination that all

! parameters are valid, processing continues with step 2605. Otherwise, create_mro_node returns at

step 2620 with an appropriate status message.

In step 2605, (with reference also to Figure 16) a new node is created in G (Fig. 17) by initializing
the object_id 160 to obj_id, version_num 161 to initial_version_num, threshold_weight 168 to
thresh_weight, and relational_string 1602 to relation_name concatenated with all of the attribute
conditions. The relation and attribute conditions comprising the relational_string 1602 are all
separated by delimiters. That way, it is easy to identify the relation and each attribute condition
easily from the relational_string 1602. The multiple_records 1603 field is set to true; the
mro_dep_weight 1604 is set to rel_default_weight; and the mro_threshold_increment 1605 is set
to rel_default_threshold.



1 0J UL 2002 -73 32. The nethod of claim31 further conprising1t@qggﬂ?@002
of inplenenting the consistency stack by storing references to said |
ects on a linked list. 33. The method of claim 31 further conprising the
steps of: using one or nore bal anced trees for inplenenting said

consi stency stack; and for at |east one object obj 1, verifying that a
reference to said obj 1 is not already included on the consistency stack
before adding a reference to said obj 1 to the consistency stack. 34. The
met hod of claim 29 further conprising the steps of: adding a current
version of said object of to the singleg,version cache, possibly replacing a
previ ous version of the object ol; identifying one or nore obj ects 02 in

t he consistency set for o 1 such that a noncurrent version o02_ v of said
object (s) 02 is contained in said cache cl and said 02_ v was created

before the curr ver.si on .of said .o ted,. rempving said 02 v from
sai d cache @P&B?E&hﬁpgﬁ?ﬁﬁﬂ82°£vs%F?ﬁbﬁgﬁgﬁgﬁﬁgggﬁ?"3§R§Po ° ‘”ggﬁﬁ obj ect

(s) 02; E e c MR ivadteymiamp by rabgjodad) swibg 1602t In step A6hedepandsnces emedded dbmfodj idai d

obj ect (s) | ) i | f Vvl L. Oore obj ects and said step
of reaninggéayﬁaggfa&gﬁPg&ﬁ?gﬁg&@%ﬁﬁgggggg%g}%placing 02- v with a nore
recent version of said object (s) . 35. The nethod of claim?29 wherein said
consi st ency p&&hchlobjectbbf_idTBERERI, S6_Sih K6 505 a QpefliRh& i ddakethoh b 34 1036- The
met hod of clainﬁl &ﬁergrn séﬁﬁﬁG?ig‘one gf: aasipe Ié%&ependencgﬁg?aph; and
a multigr apﬁl_)j_ld. §uch depgpdeppgbjects are found by searching both the MRT 122 and SRT 123 and

considering all other relational objects for relation_name. Each dependency is assigned a weight

| of the mro_dep_weight 1604 for obj_id. For each such dependency, the threshold_weight 168 for
obj_id is incremented by the mro_threshold_increment 1605 for obj_id. Those skilled in the art
will appreciate that other techniques can be used for assigning weights to the dependency and
modifying the threshold_weight 168. In step 2620, create_mro_node returns with a status
message. The order of steps 2605, 2610, 2615, and 2625 can be varied. Furthermore, these steps

can be executed concurrently.

Alternatively, the weight of a dependency from a relational object obj! to an MRO obj2 which
contains it could be based on the proportion and importance of records corresponding to obj2
which are also contained in 0bj/. This variant could be applied to Steps 2315, 2615, or 2625.
Another alternative would be to selectively add dependencies between MRO's when neither MRO

is a subset of the other but the two MRO's have one or more records in common.

- Retuming now to Figure 16, those skilled in the art will appreciate that within the spirit and scope
of the present invention APIs can be added to modify the relational_string 1602, multiple_records
1603, mro_dep_weight 1604, and mro_threshold_increment 1605 for a relational object after the
object has been defined via the create_sro_node 190 or the create_mro_node 191 APIs.

When one or more records change, the object manager can be informed of this via the APIs (Fig.
18a) record_has_changed (relation_name, list_of attribute_values) 195 and
records_have_changed (relation_name, list_of_attribute_conditions) 196. These APIs

automatically propagate changes throughout the dependence hierarchy.



-74 37. The nethod of claim 36 wherein said Gis a sinple depen C
I n which proper maxi mal nodes are conpl ex obj ects and proper i§?~25ﬂ33@52

are underlying data which are not objects. 38. The nethod of cIa|n137
wherein said nmaintaining an object dependence graph conprises the steps of:
mai nt ai ni ng an out goi ng adj acency list for at |east one proper |eaf node v;
and mai ntaining an incomng adj acency list for at |east one proper maxinal
node w. 1 39. The nethod of claim 38, further conprising the step of
accessing one of outgoing adjacency |lists and incom ng adjacency lists via
a hash table. 40. The nmethod of claim38 wherein said maintaining an object
dependence graph further conprises t hid steps of: when initially changed
data includes sone data d which could be represented by a proper |eaf node

changes, S}%@ﬁ&ma&né@{n &Qﬁpl@b#&@'ﬂﬁgc&ms rﬁ&eacaxgédlo%iaa&ph&ﬁespondl ng tod. if

t he out goiln ace st Is found, exam ni ng Iist to
i Cef i ahienokhgs AP] oo brimmlsnish DRsc Skt s gl g

conplex o
conpri si nghdt ites sailgmfoaf/araiﬁi igpleiént the rdc6rdHas QR g (RiRion_WBxE, MRl

eterm ne which

node w fromthe

obj ect de end thod of claim4l wherein said step of
del eting & @T“ néﬁﬁVdgéﬁPHg%#ﬁﬁ? node w fromthe object dependence
gr aph further conprises the steps of: deleting said w fromthe outgoing adj

et Tor v drBPetimTRRo PROGRTRYI iRy f{er io R g B ey

ZD02 - 75 therelation relation_name was previously defined (via a call to the deﬁne_relatlon 194 API (Fig.

18a)) by examining the relation info area 129 (Fig. 12). Itis also verified that the

( list_of. attribute_conditions is valid. If the input parameters are valid, processing proceeds to step

2710. Otherwise, in step 2730 the procedure is aborted with an appropriate status message.

In step 2710, all relational objects are found which include at least one record which has changed.
This can be done by examining all relational objects on the MRT 122 and SRT 123 (Fig. 12)
which correspond to the relation_name. In step 2720, the changes can be propagated to other
nodes in G by invoking the objects_have_changed 189 API on the list of all objects identified in

step 2710.

Finally, in step 2730, records_have_changed returns an appropriate status message.

A straightforward variant of the records_have_changed API would be to consider the proportion

and importance of records in a relational object which have changed in determining how to

propagate change information throughout G.

The API compare_objects (obj_id, cache_idl, cache_id2) 192 (Figure 18b) can be used to

determine how similar the versions of obj_id in cache_id! and cache_id2 are. For example, the

version_num 141 fields can be compared to see if the two versions are the same. If they are

different, an indication can be provided of how much more recent one object is from the other, for

example, by the difference in the version_num 141 and timestamp 142 fields (Fig. 14).

If the two versions of the object are different, a similarity score can be computed ranging from 0

(least similar) to < 1 (1 would correspond to identical versions of the object). The similarity



43. The nethod of claim 39, further conprising the step of del efimg
| east one proper |eaf node v fromthe object dependence graph.e‘tlAU]JllﬁL 2002

nmet hod of claim43 wherein said step of deleting at |east one proper |eaf
node v fromthe obj ect dependence graph, further conprises the steps of:
deleting v fromthe incom ng adjacency list for one or nore proper nmaxi nmal
nodes on the outgoing adj acency list for v; deleting the outgoing

adj acency list for said v. 1 45. The nmethod of claim 1l wherein a graph
object r is a relational object (RO which has an associated rel ati onal
specifier which can represent one of single (SRO or multiple (MRO records
and wherein said maintaining an obj ect dgpendence graph further conprises
the steps of (a) storing the relational specifier for said r; (b) if one or
nore graph objects include said r, adding one or nore dependencies from
said r to onssowss arppreferahlyhabed obfhe suns of pvrights of incdmingdepenidencies taeaddl id feom graptsai d r

includes on eotﬁécts@L%%%clﬁﬁb @lﬁsr\o?l rof Qﬂﬁhf'flﬂﬂﬂﬁn {th 5@_1@ m%&% nde %H@lﬁcatl o said

r fromsaid one or” nore ects Tnc ﬁ?sal ) . The net hod of
claim45, f uwtﬂpféwrswﬁﬁ?ms%@wﬁ@t witheohi_igin.cache 42 ﬁ@mdﬁltbg‘f??@ @sa UHRE edges
wherein the &mmg&h%magmeﬁgﬁmglated mnth an inportance of data dependenci es;
and wherein e of said steps i nclude the s of determ ni ng
t he wei ght OEQaPmPEQBFwﬁ %Sﬂ?‘%ﬁ% H@ﬁ@ GéﬁHF%bwegF_éyﬁBEHgﬁU]Pg an RO node
rl contai ni ngor@spolfGhgRdages Eomgﬁlﬁmmc&@bj_mmj_mm{bc&dﬂe afs:onan@@rsseiatdage of
records of said rl contal ed b r2: and a [r tLve i ance of said
records. 47. wﬁ?goﬂ‘é’f’%&ﬁh 8% Iaffl pff’m"f}hvépm%?{ﬁ&rlgi :Fg" GHE 81‘0 5 ttsﬁog}?f t he
steps of: ( d¢anads begsednedaarmine whethbe e nedevecionsart highty diadirdilar ot iwt.aFiey er RO r 2

\f\ber ein sa dhighly dissimilar if and only if common_weight < threshold_weight.

Extensions

A straightforward extension to the present invention would be to include threshold_weight fields
in OIBs (Fig. 14) and to let caches 2' (Figure 13) set these fields independently. Another
straightforward extension to would be to allow different consistency lists for the same object

corresponding to different caches.

A further extension would be a system where multiple dependencies from a graph object obj1 to
another graph object obj2 could exist with different weights. Application programs could
independently modify these multiple dependencies.

Still another extension would be to use other algorithms for determining when an object is obsolete

based on the obsolete links to the object.

When a graph object changes, the preferred embodiment does not consider how the graph object
changes when propagating the information through the dependence graph G. It only takes into
account the fact that the graph object has changed. An extension would be to also consider how a
graph object changes in order to propagate the changes to other graph objects. This could be done

in the following ways:



another RO r2 does not include said r using a netric based on o oriﬂggﬂ)
of a 1 OJ UL 2002 -76 percentage of records in said r which aDeJ 02
contained in said r2; and a relative inportance of the records in said r

whi ch are al so contained in said r2; (e) adding one or nore dependencies
fromanother ROr3 to r wherein said r does not include said r3 using a
netric based on one or both of: a percentage of records in said r3 which
are also included in said r; and a relative inportance of the records in
said r3 which are also contained in said r. 48. The method of claim 47,
further conprising the steps of: ~ assigping weights to the edges mhereln
the weights are correlated with an inportance of data dependenci es; and

cal culating the wei ght of said one or nore dependenci es added in one or

both of steps. ﬁ}dbmﬁlﬂﬂg bdition A iftSmAAdrhbbR hb W & graﬂi%b;e?hﬁxs BRhpR i Qfarabdeatstd 45

Wherein said LS on created no e, Xi st node bei ng
nodi fi ed; anﬁgﬁ@"ﬁﬂﬁ’éas %ﬁ@lﬁhﬁiﬂ-‘é el higigfomation W%‘fﬁ 64 t°g‘F fydinks fRfer ei n
one or nore t‘ne|gﬂf§)h Oljévk toSHBRE graphedbSects WEilch dépefiddndis valie aﬁamaﬁldw&kbséqhamymaddr s of

RGs having a ecord have_ a hi robability of possessing a sane
rel ation nam? ?%3%?%583%?”5‘?@?‘%%8@% “conprising the step of

segregati ng Ros u3|ng one of: relatlon nanes and a bal anced tree in
conj uncti on W

relatio of clal erein
said step of H‘F ghiEe mﬁ?agFrelgggqf) “tes th?t atgﬁag gd% s Chanﬁpdt a ‘\’r,\r,qlpr i ses the
steps of: i dmat:agbyaonlg cansrdetbmh orhadh psdencssbus ef if hanmahgadmxda@mfmm@pn therie ROs
in the ob ehls rQ&PsWAQ'%Bﬁe%teE '699&»' m"éliﬁe&]egcsg&?hagé c}m?é’eﬁ The object manager would then

{, use this information to determine how 02 has changed. The information on how 02 has changed
would be used to modify links to other graph objects which depend on 02 and would be

subsequently used to determine how successors to 02 have changed.

For example, consider Figure 29b. #2 and u3 are underlying data which have changed. The
object manager propagates the change information to 0 and 03. When the object manager
propagates change information to 02, it not ohly considers the weights of the edges from o/ and 03
to 02 in determining how to update or invalidate cached copies of 02. It also considers the nature
of the changes to #2, u3, 0/, and 03. This information may also be used to determine

how to update or invalidate cached versions of 04,

Other Applications

The present invention can also be used in a system where an application has to make a decision on
whether or not to update underlying data. By examining the object dependence graph, the system
can determine the other objects affected by the changes to the underlying data. If this set is
satisfactory, the changes could be made. Otherwise, the system could refrain from making the
changes to the underlying data.

Those skilled in the art will appreciate that the present invention could also be used by a compiler,

run-time system, or database in order to efficiently schedule operations. Different schedules could



records in common with the relational specifier. 53. The nmethod of claiml,
wherein said mappi ng conprises the steps of: 1 0 JUuL 20Q 77 ILS' Lnfbﬁz
set of one or nore nodes (update_ set) in the object dependence:b p“j
corresponding to said at |east part of the underlying data; and traversing
the edges in the object dependence graph in order to visit nodes reachabl e
fromsaid update- set. 54. The nethod of claim53 wherein said traversing
conprises the step of traversing the object dependence graph in one of: a
depth-first manner; and a breadth-first manner. 55. The nethod of claim53
further conprising the steps of: maintaining a tinmestanp which uniquely
identifies each obj ect dependence graphsiraversal; storing the tinestanp
at a vertex of the obj ect dependence graph whenever the vertex is visited
for the first time during a traversal; and determ ning whether a vertex has
been vi si t ed radulr inkiffetdnechanges enindérlyirg data.aBy inalygiogrbaebieny denrademp@ahetip at t he
vertex to them%lgﬂﬁ%& efefbinl 0Eci G0t LG dhekNER BHrabISRietn kNG saRBdEperation] ai m
55, further EOAPrising the s ep of increnmenting the tine stanp for each new
graph traversal. 57. The nethod of claim1l1l, wherein two versions ol _ vl and
ol - v2 of a graph obj ect o 1 exist, and the ob j ect dependence graph G
contains at |east one edge (02, 01 ) termnating in ol, further conprising
the steps of: for one or nore edges (02, 01) termnating in said ol and
conprising a set S, maintaining a version nunber of said obj ect (s) 02
which is consistent with o1 v 1 and a second version nunber of said
object (s) 02 which is consistent wwth ol _ v2; determning how simlar ol-
vl and ol _ v2 are based on a nunber of edges (02,

{



0l1) in said set S such that a sane version of a graph object 02

consistent with said versions o1 v 1and o1l v2 and a nunbétfbtnihlzooz
edges termnating in o 1 in said set S 1 0J UL 2002 78 58. The

met hod of claim57 in which said step of determ ning how simlar ol- vl and
o1l _v2 are, conprises the step of dividing a nunber of edges (02, 01 ) in
said set S such that a sanme version of a graph object 02 is consistent with
said versions o 1_ vl and ol- v2 by a nunber of all edges term nating in of
in said set S. 59. The nethod of claiml in which at | east some of the
objects are Wb docunments and at | east sone of the underlying data are part
of one or nore databases. 60. The nethe®#-of claiml, further conprising the
step of using information on how a set s_ update of one or nore graph

obj ects woul han t conj uncti on
wi th the obj g?:étgﬁl &é‘%ésﬁ:ﬁ{étﬁ;ggpys&e% T%aléoélq% l\?nﬂlﬁ‘gmﬂgudyéom sé%g% Bdgnﬂ Bt her gr aph
obj ect haV|ndDH $fendenci es, specified either directly or transitively by
the obj ect dependence graph on one or nore obj ects in said s_ update
woul d be af f Es egnbogmcng of] the pres nplrr!pcn to%rls dS cc? tgnﬁllnc %Ill (l)'lndaI c%gect?o%%{ Sk R4 & cac hes
storing one or nore conp f % RS or norere data sources
storing undernhysmg(c@mu&r)mremhcqmwwébyfae@twoek Ehnrm%xtbe vare then o ingarse eftthenpr e of

3al d gbj eCtS,pr&cmmgn fegmmﬁ msraglcsdaﬁo@ysedaﬁ Qlihougﬂﬁlcﬁﬁna'&%laﬁodﬂaﬂlw@bhcl ectI t
ependence gr cha r includes.a plurality
of graph obje P@?“%H%gﬂﬁﬂé§ Wﬁﬂ%@gf %m ‘8? PgméﬁFgmﬁgﬂgﬁﬁgﬁgles bet ween

sai d graph obgresegtryentioecogni zi ng when at | east part of said underlying data

has changed; conmmunicating to a cache, one or nore of: information about at
{east part of said underlying data which has changed; and information which

i ncl udes the P4 d?blcé‘tS°F’éC&§t°'“6erPé°‘6l5‘i'°é°d¥°d\‘z\ﬂ‘Fcf§ agap 0l WM EKEled as the
result of sai chdemndieDBY adddpy Uathsauinid the Radaasksaloang &OTESmd DOMINO $avdr,on whi ch

allows the 1 dgatided:doRSdlah e il N ccgfﬁoéévhlcﬁa e ORI BGhcR ALV Al ue has

changed as the resul sal change and
removing an oBﬂ@%?wPan1the cache, or updatlng a HEMIVEFSIOH of an obj ect
in the cache, in response to sald connunicating step 10J UL 2002 -79

62. A progr amrs%,tgor Q\glem%a?n\éw i rag f;JDtoc Tige ac onmat DG LA0 I 1nr¥s ofise, dying a
program of i nsStruct ons executabl & by tHe achi ne od steps

f or deternini W@dxﬁ@g\pn in the data. A triggerisa standard feature of many standarcPOb_]cct Sources such as
are sold by IBM under the trademark DB2 and by Lotus under the trademarks LOTUS NOTES
and DOMINO Server to cause actions to occur automatically in response to modification in the
data. One embodiment of the present invention uses triggers in a novel way to keep objects built

from data stored in an Object Source synchronized with the data.

Trigger Notification. This is a message sent to the present invention in response to a trigger being

. invoked within an Object Source.

Cache transactions. Include requests to a cache manager to read, update, or delete cache objects.
Trigger Monitor. An example of logic in accordance with the present invention for keeping the
objects in a cache managed by a Cache manager synchronized with associated remote data. The
Trigger Monitor can be a single long running process monitoring remote data sources for the
purpose of keeping complex objects stored in a cache managed by a Cache manager synchronized

with the underlying data.



changes to underlying data can affect values of one or nore co e b
ects, according to any of clainms 1-2, 4-11, 13, 18, 21-24, 28-§?b ghjLEZGUZ
53, or 55. 63. In a conputer system having one or nore caches storing one
or nore conplex objects, a nethod for determ ning how changes to underlying
data can affect values of one or nore conpl ex objects, conprising the steps
of identifying at |east part of the underlying data, wherein the underlying
data may or nmay not be cachable; and mapping said at |east part of the
underlying data to one or nore of said conplex objects having one or nore
dat a dependencies on said at |east part of the underlying data, wherein at

| east sone of the objects are Wb docunents and at | east sone of the

under | yi ng daasreaTreggpaNbniof. Thivin (istaideloCa ThidgadMoeer whifiBieteivds Trigger
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Slave Trigger Monitor. This is an instance of a Trigger Monitor to which Trigger Notifications are
forwarded from a Master trigger monitor 3000' ( that is, not from Object Sources directly).

Local Cache. This is a cache (or other standard object store such as a file system) which is
updated by an instance of a Trigger Monitor residing on the same physical machine as the cache
itself.

Remote Cache. This is a cache (or other standard object store such as a file system) which is
updated by an instance of a Trigger Monitor residing on a different physical machine from the

cache itself.

It is possible for the present invention to play the role of both Master 3000 (if it receives trigger

events) and Slave 3000a ( if it receives notifications of trigger events from some master).

Referring now to the drawings, Figure 30a depicts a block diagram example of a system having
features of the present invention. As depicted, the system includes (one or more) remote nodes
3108. The nodes 3108 can be servers providing Web pages to clients via Web servers (denoted as
httpd 3080). Each Web server can provide a significant percentage of dynamic Web pages which

( are constructed from a database 3010. Each such server node 100, because of the cost involved in
generating Web pages, caches one or more objects 3004 including complex objects such as
dynamic Web pages. Multiple requests for the same dynamic page can be satisfied from the cache
3003, thus reducing overhead.

The use of multiple server nodes 3108 increases the volume of requests that the system can
service. It is possible, although not a requirement, that the servers nodes 3108 can be separated

geographically by long distances.
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ptir2 p##$$$qgﬁh!tantiatcd as a Slave Trigger Monitor 3000”. If the Master Trigger Monitor 3000' is
maintaining exactly one system, or if an object 3004 is to be regenerated (that is, not deleted), it
can be fully maintained using the process described in Figure 30b. If the Trigger Monitor 3000 is
maintaining multiple systems, it is possible that the object 3004 exists in some but not all caches.
In particular, the object 3004 may not exist in the same cache as the Trigger Monitor 3000 which
received the Trigger Event 3020. To handle this case a Slave Trigger Monitor 3000 (Fig. 30c) is

( run on each configured node. As depicted, the Slave Trigger Monitor 3000” receives a Forward
Trigger Request 3021. This is processed identically to a Trigger Event 3020 until it arrives in the
Object Generator 3042. If the Object Disposition Block 3100 has a Request Disposition 3103
equal to DispRegenerate 3130, the request is discarded. If the Request Disposition 3101 is
DispInvalidate 3131 a Delete Local Object Request 3023 is built and sent to the Slave's Local
Cache.

Referring again to Figure 30, the trigger monitor 3000 is preferably embodied as a single long
running process, monitoririg the object sources 3050. One skilled in the art could easily adapt the

present invention to consist of one or more processes per component, some of which may overlap
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109% & () - | L preyomginvyntion tojugomulfiple threadsysfigparation in a singlepereepsisash thread
implementing one or more of the components, some of which may overlap in time, if the

underlying system provides support for threaded processes.

Conventional mechanisms such as multiphase commit and persistent data objects are preferably
used when receiving Trigger Events 3020 and Forward Trigger Requests 3021 to provide a
guarantee to the object sources 3050 that these requests, once delivered, remain in the system until
completion. Conventional mechanisms such as retry, and multiphase commit are preferably used
i to provide a guarantee that enqueued outbound requests (depicted in Figure 30¢) remain in the

system until completion.

The Object Id Analysis (OIA) component 3041 translates the Object IDs 3009 into Object
Disposition Blocks 3100 (Fig. 31). The OIA 3041 may be specified and interfaced as a
configuration option, an API, or in any other standard way. One skilled in the art could easily

build such a mechanism.

The Object Generator 3042 translates the information in an Object Disposition Block (3100) into
the transaction types depicted in Figure 30c and described below. The trigger monitor 3000
provides an interface to this component using configuration options, APIs, or any other standard
technique. Examples of Object Generators 3042 are the products sold by: IBM under the
trademark NET.DATA; Lotus Corporation under the trademark DOMINO Server; or any Web
server from which HTML pages can be fetched.

Figure 30d depicts an example of the send_trigger API. As depicted, the send_trigger 3026 API
enables the Object Sources 3050 to communicate with the Trigger Monitor Driver 3040. The
send_trigger 3026 API sends a message including sufficient information (message parameters) to
uniquely identify the trigger and construct a Trigger Event 3020. One skilled in the art could
easily define and specify that information using standard techniques (such as variable-length
parameter lists).
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A Trigger Event 3020 is generated in response to receipt of 2 message sent via the send_trigger
3026 APIL. The Trigger Event 3020 is a structure which maintains sufficient information to
translate the data sent by the send_trigger 3026 API into one or more Show Dependent Object
Requests 3024 and to properly track and guide itself through the system.

A Forward Trigger Request 3021 is generated in response to receipt of a Trigger Event 3020 sent
via the send_trigger 3026 APL. The Forward Trigger Request 3021 is a structure which maintains
sufficient information to generate one or more Show Dependent Object Requests 3024 and to

properly track and guide itself through the system.

An Update Object Request 3022 is generated by the Object Generator 3042 to cause new objects
to be distributed to Remote Cache Managers 3002 via the Distribution Manager 3043.

The Update Object Request is a structure which maintains sufficient information to replace an
object 3004 in any arbitrary cache 3003.

A Delete Local Object Request 3023 is generated by the Object Generator to cause a local Cache
3003 to delete an object 3004. The Delete Local Object Request 3023 is a structure which

maintains sufficient information to delete an object 3004 from the Local Cache manager 3001.

L A Show Dependent Object Request 3024 is generated by the Trigger Monitor Driver 3040 in
response to a Trigger Event 3020 to request the dependency information from the Local Cache
Manager 3001. The Show Dependent Object Request 3024 is a structure which maintains
sufficient information to analyze a Trigger Event 3020 or a Forward Trigger Request 3021 and

invoke the API show_dependent_objects 3024 to acquire Object IDs 3009 from the Local Cache
Manager 3001.
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Monitor Driver 3040 and the Distribution Manager 3043. The preferred organization consists of

several independently executing threads of control:

{ ‘ A Receiving Thread 3300 receives requests including Trigger Event 3020 and Forward Trigger
Request 3021 and saves them to some persistent store. An Incoming Work Dispatcher Thread
3320 dequeues incoming requests from 3300 and enqueues them for processing. A Cache
Manager Communications Thread 3340 sends the Delete Local Object Request 3023 and Show
Dependent Object Request 3024 requests to the Local Cache Manager 3060. An Object Generator
Thread 3360 coordinates generation of the object requests: Delete Remote Object Request 3025;
and Update Object Request 3022, and enqueues them for distribution. A Distribution Thread 3080
(which is a main component of the Distribution Manager 3043) dequeues requests from the
Distribution Manager Queue 3370 and enqueues them to all outbound machines. The Qutbound
Transaction threads 3395 contact remote machines and forward the work enqueued on the

Machine Outbound Queues 3390.

As is conventional, these threads can communicate via several FIFO queues: the Incoming
Request Queue 3310; the Cache Manager Request Queue 3330; the Object Generator Queue
3350; the Distribution Manager Queue 3370; and the Machine Outbound Queues 3390 (one per
distributed cache).

Figure 34 depicts an example of the Receiving Thread 3300 logic. As depicted, in step 3410, an
incoming message (either the send_trigger API 3026 or a Forward Trigger Request 3021) enters
the system and is converted to a Trigger Event 3020. In step 3420, the message is written by the
receiving thread 3300 to a persistent queue 3450 and enqueued in step 3430 to the Incoming
Request Queue 3310. In step 3440, the request type is checked. In step 3460, if it is a Trigger
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( depicted, in step 3610, the cache manager communications thread 3340 dequeues a next request
and establishes communications with the Local Cache Manager 3001. In step 3023, if the request
is a Delete Local Object Request, in step 3650, the delete_object 420 AP is used to delete the
object from the local cache 3003, In step 3024, if the request is a Show Dependent Object
Request, in step 3620 the show_dependent_objects 460 APl is used to fetch the Object IDs 3009.
In step 3630, the Object IDs 3009 are passed to the Object ID Analysis 3042 component which
builds an Object Disposition Block 3100. In step 3640, the Object Disposition Block 3100 is
enqueued to the Object Generator 3043. Finally, in step 3690, the Cache Manager
Communications Thread 3340 returns to waiting for work 3690.

Figure 37 depicts an example of the Object Generator Thread 3360 logic. As depicted, in step
3710, the object generator thread 3360 dequeues a next request from the queue 3350. In step
3720, the Disposition of the object is checked. Ifit is a DispInvalidate 3131 proceed to step 3750;
if a DispRegenerate 3130 proceed to step 3730. In step 3730, the RequestType is checked. Ifitis
a Forward Trigger Request 3021 proceed to step 3770; if it is a Trigger Event 3020 proceed to step
3740. In step 3"740, the Data Sources 3050 are contacted to regenerate the objects 3004. The new
objects 3004 is enqueued with an Update Object Request 3022 to the Distribution Manager Queue
3370. The process then returns to step 3790 to wait for work.

In step 3750, the RequestType is checked. If it is a Forward Trigger Request 3021 proceed to step
3780; if it is a Trigger Event 3020 proceed to step 3760. In step 3760, a Delete Remote Object
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In step 3770, the request is deleted from the system. The process then retumns to step 3790 to wait

for work.

In step 3780, a Delete Local Object Request 3023 is enqueued to the Cache Manager Request
Queue 3330. The process then returns to step 3790 to wait for work.

Figure 38 depicts an example of the Distribution Manager Thread 3380 logic. As depicted, in step
3810 the Distribution Manager Thread 3380 dequeues work from the Distribution Manager Queue
3370 and enqueues a copy of the request to each of the Machine Outbound Queues 3390. The

process then returns to step 3790 to wait for work.

Figure 39 depicts an example of the Outbound Transaction Thread 3395 logic. There is one
Outbound Transaction Thread 3395 for each machine participating in the distributed update
scheme. As depicted, in step 3910 the thread dequeues work from the Machine Outbound Queue
3390 and checks the request type. In step 3920, if it is an Update Object Request 3022 or Delete
Remote Object Request 3025 the process continues at step 3920; if it is a Forward Trigger Request
3021, the process continues at step 3930. In step 3930, if it is a Forward Trigger Request 3021 the

process continues at step 3930,

In step 3920 the remote Cache manager 3001 is contacted. In step 3940, if the request is an
Update Object Request 3022, the cache_object API 410 is used to send the new objects 3004 to
the remote cache manager 3002. The process then returns to step 3990 to wait for work. In step
3950, if the request is a Delete Remote Object Request 3025, the delete_object API 420 is used to
delete the objects 3004 from the remote cache manager 3002. The process then returns to step
3990 to wait for work.
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Extensions and Variations

Other exits not iterated here may be required for full analysis of Trigger Events 3020 and
translation into actions (such as Update Object Request 3022 or Delete Remote Object Request
3025), depending on the specific application of this invention.

For example, referring now to Figure 40:

a) it may be useful to translate 4000 a single Trigger Event 3020 into a set of multiple Show
Dependent Object Requests 3024 via an exit;

b) it may be useful to modify or analyze 4010 an objects 3004 as created by the Object Generator
3042, prior to enqueing that objects 3004 in an Update Object request 3022; and

¢) it may be useful to write an objects 3004 to the file system instead of, or in addition to, writing
the objects 3004 to cache 3003.

Another use of the Trigger Monitor 3000 would be to reuse its ability to generate and distribute

objects for the purpose of handling objects which may not currently exist in tache:

a) a prime_cache API 4020 could be used to generate and distribute an objects 3004 given an
object ID 3009, regardless of whether that objects 3004 is currently known to any cache 3003;
and

b) a global_delete API 4030 could be used to insure that some specific objects 3004 is removed

from all caches 1 in the system without knowing whether that object actually exists anywhere.
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The Trigger Monitor 3000 may be implemented to enforce strict FIFO ordering and processing of
requests, or to permit full asynchronous processing of requests, or to process requests according to

any well known scheduling scheme, or any combination of the above.
Maintaining Consistency

As discussed herein before, while dictionary meanings are also implied by terms used herein, the

following glossary of some terms is provided for guidance:

{ A transaction manager is a program which manages state. Examples include: cache managers
managing caches; database management systems such as DB2; and transaction processing

systems such as CICS.
A transaction is a tequest made by another program to a transaction manager.

A state-changing transaction is a transaction which modifies state managed by the transaction
monitor. Requests to a cache manager to read, update, or delete cache objects would constitute

transactions.
Reads and modifications of data are known as accesses.

A lock is an entity which limits the ability of processes to read or write shared data. When a
process acquires a read lock on a piece of data, other processes can access tire data but no other
processes may modify the data. When a process acquires a write or exclusive lock on the data, no
other processes may read or modify the data. Several methods for implementing locks exist in the
prior art. See e.g., "Computer Architecture: A Quantitative Approach," 2nd edition, by Hennessy
and Patterson, Morgan Kaufmann, 1996.

Let S be a set of transactions which modify data d on a system containing one or more transaction

managers. S is performed consistently if:
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(1) for any request r1 not in S which accesses all or part of d, all parts of d accessed by r1 are

either in a state before modification by any transaction in S or in a state after modification by all
transactions in S.

(2) For any requests r1 and r2 not in S where r2 is received by the system either at the same as r1
or after r1 and both r1 and 2 access a subset & of d,
(a) if the version of d" accessed by 71 has been modified by transactions in S, then the
version of " accessed by r2 has also been modified by transactions in S.
{ (b) if the version of 4" accessed by r2 has not been modified by transactions in S, then the
version of & accessed by r1 has also not been modified by transactions in S.

A timestamp is an attribute which can be assigned to events such as a transaction being received
by a system or a lock being acquired. Common methods for implementing time stamps in the

prior art include clock times and numbers which order events.

Another feature of the present invention is the ability to make a set of consistent updates to one or
more caches. The present invention is of use for a set of requests S to one or more cache

managers 3001 where the following properties are desirable:

(1) For any program p accessing the system, § must be made atomically. That is, p cannot have a

view of the system where some requests in § have been satisfied and others have not.

(2) For any two requests r1 and r2 received by appropriate cache managers 3001 at the same time,
r1 and r2 see the same view of the system with respect to S. That is, either both 1 and 12 see a
view of the system before requests in S have been satisfied, or both 1 and 72 see a view of the

system after requests in S have been satisfied.

(3) For any two requests r1 and r2 where 12 is received by a cache manager 3001 after r1 is
received by a cache manager, if 71 has a view of the system after requests in S have been satisfied,
then 72 must see the same view of the system. If#2 sees a view of the system before requests in §

have been satisfied, then r1 must see the same view.
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Figure 41 depicts an example of logic for making a set S of requests consistently to a system
including one or more caches. Preferably, each request in S is directed to one cache manager

3001. The set of cache managers C receiving a request from S may have one or more members.

As depicted, in step 4500, the set of requests S is received by the system. Each request is directed

to a specific cache manager 3001.

{ : In step 4505, the cache managers lock data. For each cache manager j receiving a request from S,
' the cache manager j acquires write locks for data modified by a request in S and read locks for
data read but by a request in S but not written by a request in S. Data locked in this step will
subsequently be referred to as locked data.

In step 4600, the system determines the time the last lock was acquired, last_lock_time. If the set
of cache managers C receiving a request from S has only one member, this step can easily be
implemented using prior art, If C has multiple members, last_lock_time is determined in the

manner described in Figure 42.

In step 4510, requests received before last_lock_time which are waiting on locked data are

performed. In step 4520, requests in S are performed. In step 4530, locks are removed from

locked data which allows requests received after last_lock_time which are waiting on locked data
- to be performed. Steps 4510, 4520, and 4530 must be performed in order.

An alternative embodiment to that depicted in Figure 41 is to use a single lock to prevent requests
from accessing data accessed by a request in S. The preferred embodiment allows much higher

levels of concurrence than this alternative approach.

Figure 42 depicts an example of logic for determining a last_lock_time if the set of cache
managers C receiving a request from § has multiple members. As depicted, in step 4600, each
member of C denoted cache mgr i determines the time at which it acquired the last lock in step

4505, last_lock_time_i; cache mgr/then sends last_lock_time_i to a program known as a
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A variation on the example depicted in Figure 42 would be for each cache mgr i in C to exchange
values of last_lock_time_i with other cache managers in C in step 4600 instead of sending
last_lock_time_i to a coordinator program. In step 4610, each cache mgr i in C would determine
last_lock_time from the last_lock_time_i values it receives. Step 4615 would not be

necessary. The preferred embodiment requires less communication and fewer comparisons when

{ ) ) C s large and is thus more scaleable than the variation just described.

One skilled in the art could easily adopt the present invention to achieve consistency in other
systems containing one or more transaction managers wherein the transaction managers do not

have to be cache managers.

Now that the invention has been described by way of a detailed description, with alternatives,
various enhancements, variations, and equivalents will become apparent to those of skill in the art.
Thus it is understood that the detailed description has been provided by way of example and not as

a limitation. The proper scope of the invention is properly defined by the claims.
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Claims

1. In a computer system ha\'fing one or more caches storing one or more complex
objects, a method for determining how changes to underlying data can affect values of
one or more complex objects, comprising the steps of:

identifying at least part of the underlying data, wherein the underlying data may
or may not be cachable;

mapping said at least part of the underlying data to one or more of said complex
objects having one or more data dependencies on said at least part of the underlying
data; and

maintaining an object dependence graph (G) which may change over time and
which includes a plurality of graph objects and edges indicating one or more data

dependencies between graph objects.

2. The method of claim 1 further comprising a plurality of computers wherein a
first set of computers associated with a first cache is disjoint from a second set of

computers associated with said mapping step.

3. The method of claim 1 wherein said mapping step, further comprises the step of
a program scheduling operations where different schedules might result in different

changes to underlying data.

4, The method of claim 3 wherein said program scheduling operations is a

compiler, run-time system, or database.

5. The method of claim 1 in which said mapping step comprises:
using said graph to map said at least part of the underlying data to at least one

complex object.
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6. The method of claim 1, further comprising the step of assigning weights to the

edges wherein the weights are correlated with an importance of data dependencies.

7. The method of claim 6 wherein a weight of at least one edge does not change

after it is assigned.

8. The method of claim 6, wherein:

(1 two versions ol _ vl and ol_ v2 of a graph object ol exist; and

(2)  the object dependence graph G contains at least one edge (02, ol)
terminating in ol and having an assigned weight;

further comprising the steps of:

for one or more edges (02, ol) terminating in said ol and comprising a set S,
maintaining a version number of said object (s) 02 which is consistent with ol v1 and a
second version number of said object (s) 02 which is consistent with o1 v2;

determining how similar ol _v1 and ol _ v2 are based on a sum of the weights of
edges (02, ol) in said set S such that a same version of said graph object 02 is consistent
with said versions ol _ vl and ol_ v2 and a sum of the weights of all edges terminating

in ol in said set S.

9. The method of claim 8 wherein said step of determining how similar said two
versions are, further comprises the step of dividing said sum of the weights of edges (02,
ol) in said set S such that a same version of said graph object 02 is consistent with said
versions ol _ vl and ol_v2 by said sum of the weights of all edges terminating in ol in

said set S.

10.  The method of claim 1, wherein said mapping farther comprises the step of:
using information about how one or more complex objects would be affected by
changes to said at least part of the underlying data to determine whether or how to make

changes to said at least part of the underlying data.
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12.  The method of claim 11, wherein a program implementing said mapping step
generates at least one long-running process, further comprising the steps of:
an application program identifying a change to at least part of the underlying
data; and
the application program communicating an identified change to at least part of

the underlying data to said program implementing said mapping step.

13.  The method of claim 1 wherein said mapping further comprises the step of:
identifying a change to said at least part of the underlying data; and
identifying how one or more complex objects are affected, in response to said

identifying a change to said at least part of the underlying data.

14. The method of claim 13, wherein said at least part of the underlying data is
stored in one or more remote data sources, further comprising the steps of:

communicating to a cache, one or more of: information about at least part of said
underlying data which has changed; and information which includes the identity of at
least one object whose value has changed as the result of said underlying data which has
changed; and information which allows the identity to be determined of at least one
object whose value has changed as the result of said underlying data which has changed,
and

removing an object from the cache, or updating a new version of an object in the

cache, in response to said communicating step.

15.  The method of claim 1 further comprising the step of determining that a version
of a complex object stored in a cache would become highly obsolete as a result of

changes to said at least part of the underlying data.
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17.  The method of claim 15 wherein the version of an object is considered to be

highly obsolete whenever it is not current.

18. The method of claim 15 wherein said determining that a version of an

object (01_ v1) would become highly obsolete comprises the steps of:

maintaining an object dependence graph (G) which may change over time and
which includes a plurality of graph objects (ol . . . on) and edges indicating one or more
data dependencies between graph objects; and

determining that said ol _ vl would become highly obsolete based on a number

of edges (02, ol) such that ol _ v1 is inconsistent with a current version of 02.

19.  The method of claim 15, further comprising the step of replacing a highly

obsolete version of the object with a more recent version.

20. The method of claim 19 wherein the more recent version is a current version of

the object.

21.  The method of claim 15 where in said step of determining that a version ol_ vl
of an object ol stored in a cache would become highly obsolete, comprises the steps of:
maintaining an object dependence graph (G) which may change over time and
which includes a plurality of graph objects and edges indicating one or more data
dependencies between graph objects;
initializing and maintaining weight act fields for said ol_ v1 corresponding to

one or more edges terminating in said ol
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determining if said ol_ vl would become highly obsolete based on its weight

act fields.

22.  The method of claim 21, further comprising the steps of:

maintaining a threshold weight for said o1 v1;

wherein said determining if said ol v1 would become highly obsolete based on
its weight_ act fields includes the step of comparing a sum of the weight _ act fields for

said ol v1 to said threshold weight.

23. The method of claim 21, further comprising the steps of:

assigning weights to the edges of the object dependence graph wherein the
weights are correlated with an importance of data dependencies; and

initializing one or more weight_ act fields for said ol_ v1 to one or more weights

of corresponding edges in the object dependence graph.

24.  The method of claim 21, further comprising the step of setting the weight_ act
field corresponding to an edge from said o2 to said ol in the object dependence graph,
that is greater than a predetermined minimum possible value, to said predetermined

minimum possible value whenever the current version of 02 is updated.

25.  The method of claim 15 where the step of determining that a version of a
complex object o1 stored in a cache would become highly obsolete comprises the step of
determining a number of edges (02, o1) such that said version of ol is inconsistent with

the current version of said 02.
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complex object ol stored in a cache would become highly obsolete further is based on

the total number of edges terminating in said ol.

27. The method of claim 1 wherein said one or more caches includes one or more of:

a multiple version cache; a single version cache; and a current version cache.

28.  The method of claim 27 wherein said one or more caches includes at least one
single version cache cl, further comprising the step of:
for at least one of the objects o1, maintaining a consistency set of other objects

02 such that o1 and 02 must be consistent whenever they are both contained in c1.

29.  The method of claim 28 further comprising the step of ensuring that if said ol

and said 02 are both in c1, then said o1 and said 02 are consistent.

30.  The method of claim 28, further comprising the step of:
using the consistency set for an object ol to decide whether or not to add a
version of the object ol to the single version cache, possibly replacing a previous

version of the object ol.

31.  The method of claim 29 further comprising the steps of:

for multiple objects ol, . . ., on in a single version cache cl;

replacing each object oi with a different version in ¢l without ensuring that all
constraints imposed by a consistency set for the object oi are satisfied at the time said o1
is updated but instead adding objects obj1 from a consistency set for said oi for which an
inconsistent version of obj1 might exist in c1 to a consistency stack;

after all objects ol, . . ., on in cl have been replaced with current versions,
traversing all objects on the consistency stack and for each such object obj1 for which an
inconsistent version exists in ¢1, removing it from ¢l or replacing it with a consistent

version,
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32. The method of claim 31 further comprising the step of implementing the

consistency stack by storing references to said objects on a linked list.

33.  The method of claim 31 further comprising the steps of:
using one or more balanced trees for implementing said consistency stack; and
for at least one object obj1, verifying that a reference to said objl is not already
included on the consistency stack before adding a reference to said objl to the

consistency stack.

34.  The method of claim 29 further comprising the steps of:

adding a current version of said object ol to the single version cache, possibly
replacing a previous version of the object ol;

identifying one or more objects 02 in the consistency set for ol such that a
noncurrent version o2_ v of said object (s) 02 is contained in said cache c1 and said 02_
v was created before the current version of said ol was created;

removing said 02_ v from said cache cl or replacing 02_ v with a more recent
version of said object (s) 02;

recursively applying to objects in the consistency set for said object (s)o2, said
step of identifying one or more objects and said step of removing said 02_ v from said

cache c1 or replacing 02_ v with a more recent version of said object (s) .

35. The method of claim 29 wherein said consistency set (s) are implemented using

one or more linked lists.

36.  The method of claim 1 wherein said G is one of: a simple dependence graph; and

a multigraph.
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38.  The method of claim 37 wherein said maintaining an object dependence graph
comprises the steps of:

maintaining an outgoing adjacency list for at least one proper leaf node v; and

maintaining an incoming adjacency list for at least one proper maximal node w.

39.  The method of claim 38, further comprising the step of accessing one of

outgoing adjacency lists and incoming adjacency lists via a hash table.

40.  The method of claim 38 wherein said maintaining an object dependence graph
further comprises the steps of:

when initially changed data includes some data d which could be represented by
a proper leaf node changes, searching for the outgoing adjacency list corresponding to d.
if the outgoing adjacency list is found, examining the list to determine which complex

objects are affected.

41.  The method of claim 38, further comprising the step of deleting at least one

proper maximal node w from the object dependence graph.

42.  The method of claim 41 wherein said step of deleting at least one proper
maximal node w from the object dependence graph further comprises
the steps of:

deleting said w from the outgoing adjacency list for at least one proper leaf node
on the incoming adjacency list for w;

deleting the incoming adjacency list for said w.
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45.  The method of claim 1 wherein a graph object r is a relational object (RO) which
has an associated relational specifier which can represent one of single (SRO) or
multiple (MRO) records and wherein said maintaining an object dependence graph
further comprises the steps of:
(a) storing the relational specifier for said r;
(b) if one or more graph objects include said r, adding one or more dependencies
from said r to one or more graph objects which include said r; and
(c) if said r includes one or more graph objects, adding one or more dependencies

to said r from said one or more graph objects included by said r.

46.  The method of claim 45, further comprising the steps of:

assigning weights to the edges wherein the weights are correlated with an
importance of data dependencies; and

wherein one of said steps (b) and (c) include the step of determining the weight
of at least one of the dependencies corresponding to an RO node rl1 containing an RO
node r2, according to one or both of: a percentage of records of said r1 contained by said

r2; and a relative importance of said records.

47.  The method of claim 45 further comprising one or both of the steps of:
(d) adding one or more dependencies from said r to another RO r2 wherein said

another RO r2 does not include said r using a metric based on one or both of: a
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1A V=( said r3 which are also included in said r; and a relative importance of the records in said

r3 which are also contained in said r.

48.  The method of claim 47, further comprising the steps of:

assigning weights to the edges wherein the weights are correlated with an
importance of data dependencies; and

calculating the weight of said one or more dependencies added in one or both of

steps (d) and (e) using said metric.

49.  The method of claim 45 wherein said r is one of: a newly created node;

an existing node being modified; an SRO node; and an MRO node.

50. The method of claim 46 wherein one or more relational specifiers include
relation names such that pairs of ROs having a common record have a high probability

of possessing a same relation name.

51.  The method of claim 50 further comprising the step of segregating Ros using one

of: relation names; and a balanced tree in conjunction with the relation names.

52.  The method of claim 45 wherein said step of identifying at least part of the
underlying data comprises the steps of:

identifying a relational specifier; and

locating one or more ROs in the object dependence graph having one or more

records in common with the relational specifier.

53.  The method of claim 1, wherein said mapping comprises the steps of:
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reachable from said update_ set.

54.  The method of claim 53 wherein said traversing comprises the step of traversing

the object dependence graph in one of: a depth-first manner; and a breadth-first manner.

55.  The method of claim 53 further comprising the steps of:

maintaining a timestamp which uniquely identifies each object dependence graph
traversal;

storing the timestamp at a vertex of the object dependence graph whenever the
vertex is visited for the first time during a traversal; and

determining whether a vertex has been visited during the current traversal by

comparing the timestamp at the vertex to the timestamp for the current traversal.

56. The method of claim 55, further comprising the step of incrementing the time

stamp for each new graph traversal.

57.  The method of claim 1, wherein two versions ol _ vl and ol_ v2 of a graph
object o1 exist, and the object dependence graph G contains at least one edge (02, ol)
terminating in o1, further comprising the steps
of:
for one or more edges (02, ol) terminating in said ol and comprising a set S,
maintaining a version number of said object (s) 02 which is consistent with ol_ vl and a
second version number of said object (s) 02 which is consistent with o1 v2;
determining how similar ol _ vl and ol_ v2 are based on a number of edges (02,
ol) in said set S such that a same version of a graph object 02 is consistent with said

versions ol _ vl and o1 _ v2 and a number of all edges terminating in ol in said set S.
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58.  The method of claim 57 in which said step of determining how similar ol_ v1
and ol _ v2 are, comprises the step of dividing a number of edges (02, ol) in said set S
such that a same version of a graph object 02 is consistent with said versions o1 _v1 and

ol_ v2 by a number of all edges terminating in o1 in said set S.

59.  The method of claim 1 in which at least some of the objects are Web documents

and at least some of the underlying data are part of one or more databases.

60.  The method of claim 1, further comprising the step of using information on how
a set s_ update of one or more graph objects would be affected by changes to the
underlying data, in conjunction with the object dependence graph to determine how at
least one other graph object having dependencies, specified either directly or transitively

by the object dependence graph, on one or more objects in said s_ update would be
affected.

61.  In a computer system including one or more caches storing one or more complex
objects, and one or more remote data sources storing underlying data which may affect a
current value of one or more of said objects, a method comprising the steps of:

maintaining an object dependence graph which may change over time and which
includes a plurality of graph objects and edges indicating one or more data dependencies
between said graph objects, recognizing when at least part of said underlying data has
changed;

communicating to a cache, one or more of; information about at least part of said
underlying data which has changed; and information which includes the identity of at
least one object whose value has changed as the result of said underlying data which has
changed; and information which allows the identity to be determined of at least one
object whose value has changed as the result of said underlying data which has changed,
and

removing an object from the cache, or updating a new version of an object in the

cache, in response to said communicating step.
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62. A program storage device readable by a machine, tangibly embodying a program
of instructions executable by the machine to perform method steps for determining how
changes to underlying data can affect values of one or more complex objects, according

to any of claims 1-2, 4-11, 13, 18, 21-24, 28-31, 34, 52, 53, or 55.

63.  In a computer system having one or more caches storing one or more complex
objects, a method for determining how changes to underlying data can affect values of
one or more complex objects, comprising the steps of:

identifying at least part of the underlying data, wherein the underlying data may
or may not be cachable; and

mapping said at least part of the underlying data to one or more of said complex
objects having one or more data dependencies on said at least part of the underlying
data, wherein at least some of the objects are Web documents and at least some of the

underlying data are part of one or more databases.



