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- TREE STRUCTURE DATABASE SYSTEM

This invention relates in general to data processing methods
and devices and more specifically to a method and apparatus for database
management of records.

Database management or itransaction processing systems are well
known in the prior art. These syétems are generally utilised to-provide
rapid access to database tables which contain 2 plurality of data
records. A relational transaction processing system provides access t©
multiple database tables where elements of one database table are
generally related'to elements in another database table. A relational

- database allows a user to search, access, and alter data contained in

multiple database tables using one or more specific elements or fields.

One important aspect of all such database systems is the

ability of the system tc provide rapid and efficient access to individual

is commonly used by database management systems

'.l

icient access to records in tables. These index
files are corudn y con-_gured in & B-Tree structure. A reference that
discusses the B-Tree is "Efficient Locking For Concurrent Operation on

B-Tree" by Lehman and Yao, ACM Transactions on Database Systems, volume

6, number 4, December, 1981, pages €50-670. Other references addressing
B-Tree structures include "The Ubigquitous B-Tree" by Comer, Computing
Surveys, volume 11, number 2, June, 1979, pages 121-137; and "Concurrent

Operation on B~Trees with Over Taking" by Sagiv, Proceedings ACM

SIGACT-SIGMOD Symposium on Principles of Database Systems, March, 1985,

-

prages 28-37.
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5
known in the prior art. These systens are generally utilised to provide
rapi d access to database tables which contain a plurality of data records.
A relational transaction processing system provides access to nultiple
dat abase tabl es where el enents of one dat abase table are generally rel ated

to elements ip.apetdigr database table. A rglational database allows a user
to search, access, and alter data contained in nultiple database tables
usi ng one or nore specific elenments or fields. ' One i nport ant

aspect of all such database systens is the ability of the systemto provide
rapid and efficient amlmeeﬁadetxofilredqufdmaiedrascerﬂi@réensewaxyhuxﬁat:atﬁés'es of a

Recently, datg&s’ﬂcﬁe data H?x{}tlébéiée&@né'@é%ﬁﬁmnerﬁ%%d M3k GhbasUpRRS t t he

utilisation o ase bX nmultiple users_simultaneousl al.l owi n

users to acceiRforPreR| onhEing dgnthfseeifdey include pointers Khtﬁ?ld‘@?lesf Ffegﬁes
comonl y usednést Uatedbas poireag eobrdcosys inmbe tdatphapei dChesd phdrdak ef fi ci ent
access to recordgal '}ukﬁl%'r e&foﬂilﬁ&&n g kdy ?éco%&%n@@fﬂmmrywﬁ%f hgured in a

B- Tree structure. ence | scusses the B-Tree "Efficient
Locki ng For CBReEPReenthepesostsdit the Batgbage- b?l%?ﬁ?aﬁ et a‘?ﬁo‘“ Apygrdered
Transacti ons 6srnDahahghentSytet fdtes . V o NExafiplelp LanD étided, tdaeomybexn,stlﬁalén pages

650-670. Ot h
it tous. b PHEEhEENER AILE RO Ralel” $h Y654/ 068 WDl Hi1ud:

reference keyed data that relates to records indirectly or directly
referenced by the next level of nodes. The reference keys contain
information about the index filed, i.e. the alphabetic spelling of
employees name. Therefore, the ordered keys in the root node would point
to the next successive 1evél of nodes. In other words, the next
successive node may indirectly or directly reference all employees names
beginning with A, B, and C. A next successive node, parallel with the
first successive node, may contain employee records whose last name
begins with the letters D-M. The last successive node on this level
would reference records of émployees with last names starting with N-2Z.
As one searches through the index file treé, a bottom or leaf node is
eventu;lly reached. The contents of the bottom or leaf node include

record keys that point to the individual records in storage.

One problem in providing concurrent accesses to database tables
occurs when multiple transactions.are trying to access a recoxrd at the
same time. Specifically, when one user wishes to change a record and
‘another user is attempting to access this record, a contention situation
occurs. One solution to the contention problem is to provide exclusive
access (or locking) to the records or to the portions of the B-Tree
indexes to ensure that the index node, or record is not changed while the
user is attempting to access it. Locking is addressed in "Index Locking

and Splitting", IBM Technical Disclosure Bulletin, volume 25, number 7B,

December, 1982, pages 3725-3729; and "Locking Protocols for Concurrent
Operations on B-Trees®, IBM Technical Disclosure Bulletin, volume 19,

number 10, March, 1977, pages 3887-3889. The disadvantage of a locking

solution is that a lock, while providihg access to one user, prevents
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Surve§s, vol une 11, nunber 2, June, 1979, pages 121-137; and "Concurrent
Opheration on B-Trees with Over Taking" by Sagiv, Proceedings ACM '

SI GACT- SI GMOD Synposium on Princi pl es of Database Systens; March, 1985,
pages 28-37. ' 2

The index fil elcgg_g%_joqyred as a B-Tree strucjure consists of a root node
W th many Ievé?s of nodes branching fromthe root node. The information
contained in these nodes include pointers to the nodes at the next |evel or
pointers to records in the database. These pointers include further

I nf ormati on t.esdeeds keyanycotlied wdirOr AabrdidgVy)i By mifidhising the number of locks

utilised it would be possible to enhance the concurrency of a system.

Anqther important aspect of database systems is the capability
of such systems to make changes to the data contained within the database
in a recoverable manner. That is, these systems ensure that either all
of the changes entered by a particular user persists or none of the
changes persist in the event the dperation of the system is interrupted
by failures of variocus components. Similarly, the user also is given the
ability to reguest that changes the user has made to the database be
reversed until a particular point in time has been reached. Thus, the
users' changes to the database are said to be "recoverable." This
concept is incorporated into database systems which operate in a
“transaction" processing manner. A transaction is a logical unit of work
comprised of a sequence of operations which transforms a first consistent
state of a recoverable database resourcé into another consistent state
without necessarily preserving cohsiste?cy at all intermédiate points in
the sequehce. The utilisation of a transaction processing system must
guarantee that ?f a transaction executes certain updates against a
recoverable database resource, and a failure occurs before the
transaction reaches its normal termination or an interim point of

consistency, then those updates will be undone.

Since a transaction includes the execution of an
application-specified sequence of operations, its existence in the system
is generally initiated with a special "BEGIN WORK" operation and ends
with either a "COMMIT" or an “ABORT". The COMMIT and ABORT operations
provide atomicity in the system in that the COMMIT operation signifies
that a new point of consistency has been reached and all updates made by

" the transaction involved must be made permanent. The ABORT operation
signifies that a fault has occurred and that any changes made by the
particular transaction involved must be."rolled back" or undone, and the
recove;able database resources ;eturned to the prior point. of

consistency.
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A Y
reference the records in the database. The record keys are in an ordered
formthroughout the nodes. For exanple, an index tree may exi st for an
al phabetic listing of enployee names. The root node woul d include reference
keyed data that relates to records indirectly or directly referenced by the
next |evel of ngdegs ofhe reference keys contgin information about the index
filed, i.e. the al phabetic spelling of enployees nane. Therefore, the
ordered keys in the root node would point to the next successive |evel of
nodes. In other words, the next successive node nmay indirectly or directly
reference all -enpl oyeesImgnder bedgiemminghis tiansactBon medo@ry Aupraitesydbessi ve

node, .paral | el &H&Baéef@yéﬁefﬁius%tﬁ‘é?&ﬁﬁ € 3RéBer rH&)foé‘sOQ}éHeﬂ &m&&ya&,steecor ds

whose | ast nane be etters DM St sSuccessi Vv ode. o
PSSl ol o trorar et sid Birs S ErRnten, mBotin Pt i2h ChaitoieiebS AErfhe
with N-Z. As oneo ¢hat the®fféstoafthobe achites dni rerovemsble alabomap rheoprdpeaiy

node i s event ua}éﬂees@eacm t@@yéﬁﬁﬂtf‘sn&ésﬁitédhe u‘i’:@& t;QM Qomp183hed18¢e | Ncl ude
record keys thated:[)omt tot i dual records in sto

One
probl em i n pr ovFECAG ottt Gr %Ft%ﬁ?ge%‘éé?tilﬁ ﬁfaf%gﬁa?? P’éﬂﬂrgis 8ESIFR when
mul tipl e transattaneas:ion efrbm iitageegdnmicgess its pRTOP &hogehactsan®e whiclpcause

Speci fically, WaRgONRUSRLvdHBE Tatd LBMI0E 2 HACOIH ARM FUBLALE HRRke i S
attenpting to access this record, a contention situation occurs, One

sol ution to t hefToRPBTERDTERT GBE dFRNERSEIONF FPFHEFEES ACHLInFeamec ERRIECTGr ©F
| ocki ng) to thethadcbrsdan@immiceihatpotd ape Fetdrséd@oBnbnee that the database

stays consistent. When the log of transaction operations reflects data
object content these log records also become the source for
reconstruction of damaged or lost data. These systems generally assign
each log record a unique log sequence number (LSN) at the time the record
is written into the log. Such LSNs are generally assigned in an
ascending numerical sequence. Upon the completion of the logging of an
update to a page of memory in the database the LSN of the log record
corresponding to the update is also typically stored on that page.

The type of system described above is generally referred to as
a log write-ahead system. A log write-ahead system requires that a log
entry corresponding to a particular operation must by physically written
to stable storage before new versions of the changed data replace the
earlier versions of the data on non-volatile storage. Stable storage, as
described herein means non-volatile storage which remains intact and
available across system failures. One such example is the utilisation of
a magnetic storage disk. 2Additionally, such systems store transaction
status in the log and no transaction may be considered complete until its
committed status and all of its log data is safely recorded on stable
storage. Thus, in the event of a system failure, a restart procedure
will not recover any operations within the transaction which were
completed successfully but 4did not manaée to get their updated resources
physically written to stable storage prior to the system failure.

Further, such systems do not permit a transaction to complete COMMIT

This Sheet Has Been Replaced:

AR




|ndexes to ensure that the index node, or record is not changed while the
user is attenpting to access it. Locking is addressed in "Index Locking and
Splitting", IBM Technical Disclosure Bulletin, volune 25, nunber 7B,
Decenber, 1982, pages 3725-3729; and "Locking Protocols for Concurrent
Operations on B-Trees", |IBM Technical Disclosure Bulletin, volune 19,

nunber 10, Margiy-8d-Di%, pages 3887-3889. The di sadvantage of a | ocking
solution is that a lock, while providing access to one user, prevents

3 access by any other user. Accordingly, by mnimsing the nunber of

| ocks utilised it would be possible to enhance the concurrency of a szsten1
. processing until all portions of all log records for the transaction

been written to the physical log.

It is an object of the present invention to provide a more
efficient method of accessing records in a database through an index tree

while providing more efficient concurrent access by multiple users to the
database.

According to the invention, there is provided a data processing
system including a concurrent access database system for providin§ access
to data in the data base by a plurality of users concurrently by means of
a tree structure, said access including first operations in which the
tree structure remains unchanged and second operations in which the tree
structure is modified, said data processing system comprising means for
performing a transaction comprising a plurality of said operations in
sequence, means for storing.an indication of the sequeﬁtial poéition of a
second operation immediately prior to a structure modificatiog sequehce,
means for storing a compensation log record pointing to said stored
indication on completion of the structure modification seguence, and
means for rolling back each of said plurality of said operations in the
transaction, by reference to said stored indication, on termination of
the transaction prior to completion of a structure modification sequence,
or for rolling back only operations not in said structure modification

sequence on completion of the sequence, by reference to said log record.

An embodiment of the invention described in detail hereinafter
provides for concurrent modifications of an index tree in a transaction
processing system. The index tree includes at least one root node having

..a key record reference to one or more nodes in a next lower ordered level
and at least one bottom node providing access to key records.
Transactions including a structure modification operation are performed
by traversing the index tree to the selécted node and then setting an
indication of the pendency of a structure modification operation.
Concurrent key recérd inserts or deletgs are permitted throughout the

index tree where no indication of a pending structure modification
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Anot her i nportant aspect of database systems is the capability of such
systens to make changes to the data contained within the database in a
recoverabl e manner. That is, these systens ensure that either all of the
changes entered by a particular user persists or none of the changes
persist in_the event the operation of the systemis interrupted by failures
of various conponents. Simlarly, the user also is given the ability 'to
request that changes the user has made to the database be reversed until a
particular point in ti e, as been reached. Thlés, the users' changes to the
dat abase are said 28 B8 % ecoverable.” This concept is.incorporated into
dat abase systens which operate in a "transaction" processing manner. A
transaction is a logical unit of work conprised of a sequence of operations
whi ch transforns aopérasionchnpiesenthangane delafved viege (v perdibte sHactiyase

resource into anot Redi searSdrs bithtivhalsL iNiitdtRE! SVERSSR kldhsRLOGRT WY
consi stency at all, c%swe@ A LoPPulete dly NGBE ARG urd Wit et T on of

a transaction proceSS|g§) t em nust guar transacti| on

executes certai n upeRf@ a’th?‘Fsteé‘tr‘é’éo%P%fﬁFiéncPQF%B&%ée?“@s?)l‘}f*‘&?i’&n%f a
failure occurs bef eprsittrpcy rahsest bonnigac haeberef®e nennntiidagian sfakadchnkayr an

i nterimpoint of coAREStRNEA: wHiibBR Mhal RS &eWRAAINES aVhehd pdift WRUQRSistency is set

Since a t ransaCt I On A Qgrlzclilxgree%ttkgser ree)c(:gz.gdug.rhsgpts()fargnalso delayed until the possibility

of a structure modification operat;on is completed. Once a structure
modification operation is complete, a log record is written which will
_prevent the undoing of the structure modification operation in the event
of a system failure, whether or not the transaction containing thg
structure modification operation has reached a new point of consistency.
In one preferred mode of the present invention, the local node is
researched after a delay to determine if key insertion or deletion is

possible without the necessity of traversing the tree a second time.

The preferred ermbodiment of the invention will now be
-described, by way of example, with reference to the accompanying

drawings, in which:

FIGURE 1 is a block diagram of a concurrent access database

system in acccrdance with the present invention;

FIGURE 2 is a logic flow chart illustrating an initial search

operation through a datakase;

FIGURE 3 is a leogic flow diagram illustrating a fetch operation
through a database;

FIGURE 4 is a logic flow chart illustrating an insert operation
through a database; '

FIGURE 5 is a logic flow chart illustrating a“delete operation
through a database;
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application-specified sequence of operations, its existence in the system
| S generally initiated with a special "BEG N WORK' operation and ends wth
either a "COWMT" or an "ABORT". The COW T and ABORT operations provide
atomcity in the systemin that the COM T operation signifies that a new
poi nt of consistency has been reached and all updates made by the

transacti on i nwpdaB8doxfust be nmade permanent? The ABORT operation signifies
that a fault has occurred and that any changes nade by the particul ar
transaction involved nust be "rolled back" or undone, and the recoverable

dat.abase resources returq@gnié th 0 f .
4 - I'n ordef* f ?P]tﬁ %ér‘gnis‘%%t f%r‘fs%%cgﬂ erg§%§é%r° nlfaé:él?nt he
' of a key record 1nsert through a database;

FIGURE 7 is a logic flow diagram illustrating an UNDO of a key
record delete through a database;

FIGURE 8 is a logic flow chart illustrating a node splitting
algorithm; and -

FIGURE 9 is a logic flow chart illustrating a node collapsing
algori_thm;

With reference now to the Figures and in particular to Figure
1, there is depicted a block diagram of a concurrent access database
system embodying the present invention. Aas can be seen, the concurrent
access database system includes-a plurality of interactive work stations
10 (IWS), which are all coupled to a host progessor 12. Host processor
12 is then coupled to database 14. Those skllled in the art will
appreciate that while this particular embodlment is disclosed, a similar
system comprised of individual computers coupled via a local area network
may also be utilised. Each operator of an interactive work station 10
may search, access, or alter records contained within database 14 by
means of a database management system within the host processor 12.
Those skilled in this art will appreciate that database 14 is typically
provided by utilising index files, which are commonly configured in a
B-Tree structure as discussed above. A typical B-Tree structure consists
of at least one.;oot node with multiple levels of nodes branching from
the root node. The information contained in each node includes pointers
to nodes at the next lower level or pointers to records which are
contained in the database at the lowest level of nodes, often referred to

as leaf nodes.

With reference now to Figure 2, there is depictéd a logic flow

chart which illustrates an initial search operation through a database.
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database system nmust be able to renenber across system outages those
transactions which were in progress and the state of their update actions
so that the .effect of those actions on recoverable data nay be properly
refl ected when the systemis restarted. This is acconplished by recording
in alog stored on stable storage the progress of each transaction fromits
beginning to its end, and those actions which cause changes to recoverable
data resources. This |og then becones a source for ensuring that the

transaction's Gggrestéizd actions are refleated, or that

it

S unconm tted

actions are reversed to ensure that the dat abase stays consistent. \Wen the
| og of transaction operations reflects data object content these |og

s S e TE B BY L8 & L0roh S8ASRLUE LO0 A %2&1%9 edniinhst data.

These systens record

uence nunber

(LSN) at the t m?et tnﬁ%e f%éomc’i‘eé wdnff%ﬁseldnt n Fﬁ’éthbgm"sﬁ%h 8=
general | y assi gwoesthen casruasaenceryy nMhierligitkd secpsepcevidép the pHercweps eti on
of the |ogging Qtn 8Be WRERE S £l O0:0fa LS afd rmrra{eymf&aabﬁnmeawwmﬁn LSN of

the |l og record corr spond| to t he update,.is also..t
page. che ﬁe' type of SySt ém'%esérﬁh ecépa%gltgy&
to as a | og wriiEscrratitded- sPhg rfex Aaopgiofe ilientifien dhs Fire

o

gea_l Lé’o?t? Aaqq on t hat

ener al y réeferred

Y ¥Es that a

log entry corr eapares RBe tigitdapditdctibrforopeeadingR radstd by thisysiasald.y
witten to staliee ShghagenbahnerNRhoe ShRNfachfsl NGe Ghatosd aflat a repl ace

t he

alphabetical jndex in ascending order for a plurality of names. In step

103, the child node to be accessed would be identified according to the

information in the parent node. Aas illustrated in step 104, it is next

determined whether or not the operation to be performed is a fetch

operation. If the operation is not a fetch operation, that is, the

operation is a record insert (or key record insert}, or a record delete

{or key record delete) operation, the access logic then proceeds to step

106 to determine if the next node beneath the parent node is a bottom

. i
node or a “"leaf node". I[£f the next node is a leaf node, the logic

- proceeds to step 110 and acquires an X-latch on the child node. The

X-latch is an exclusive latch which excludes all other accesses to this

particular node. By applying an X~latch to the node in question the

program prohibits all other transactions from accessing this particular '

node.

Returning to step 104, if the operation is a fetch operation

or, returning to step'106, if the child is not a leaf node, the access

program proceeds to step 108 to acquire an S$-latch on the c¢hild node.

The access logic then proceeds to step 112 wherein it determines whether

or not the key of the record being searched is greater than the highest

key in the child node. Of course, those skilled in the art will

appreciate that in the event the search enters an empty node then the key

being searched will autcmatically be construed as greater than the

highest key in the child node. If the key record being searched is

greater than the highest key present in the child node,dfhe_grogram

proceeds to step 114 to determine if the tree index structure is latched.
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1.
earlier versions of the data on non-vol atile storage. Stable storage, as
descri bed herein means non-vol atile storage which remains intact and
avai | abl e across systemfailures. One such exanple is the utilisation of a
magneti c storage disk. Additionally, such systens store transaction status
in the log and no transaction may be consi dered conplete until its
commtted status and all of its log data is safely recorded on stable
storage. Thus, in the event of a systemfailure, a restart procedure wll
not recover any operations within the transacti on which were conpl et ed
successful ly but dagb-geioramanage to get their apdated resources physically
witten to stable storage prior to the systemfailure. Further, such
systens do not pern1t a transaction to complete COWM T

5 t t I
havgr gggﬁsb\plgt ;'Ignl f%%{n?lé:geer I}lé 91”? J.Ficihgk tl’zé)goJlgch'Eg%dl QE sttQE 15.5 %Héécel\}{l\MRY OF

THE | NVENTI ON parent and chzld nodes are unlatched and the tree is latched. The access
logic then proceeds from step 118 back to step 102 to reinitiate the
operation upon the granting of the tree latch. Those skilled in the art
should appreciate that optimisations are possible to reduce the number of

nodes which must be accessed when the operation is re-attempted.

In this example, an X-latch on a tree is provided to indicate
to all other accesses that a change in the tree structure is being made.
If a tree X-latch access is in progress when a latch is attempted on the
tree, the attempting access must wait until the earlier access has been
completed. An S-latch on the tree is provided to indicate all other
accesses that no structural changes are being made, but other accesses
may concurrently access the index tree. No other changes may occyr until
the S-latch is released. Tree traversal may occuy regardless of the
existence of S-latches or X-latches. These tree traversals may imnclude

key record deletions or insertionms. f

In step 114, if the tree has been latched, or in step 112 if
the key is not greater than the highest key contained within the child
node, the logic proceeds to step 116 to determine if the child node is a
ieaf node. If the child node is not, the program proceeds to step 115 to
unlatch the parent node and then returns to step 103.

However, if the child node is a leaf node, the logic proceeds to step 120
to unlatch the parent and then to steps 122, 124 and 126 to determine if
the operation is a fetch, an insert, or a deleté operation. In the
depicted embodiment, if none of these three operations are attempted, the
program will return to the user as illustrated in step 130. 1In actual
practice, this return would include an error message signifying that the

operation to be performed is not identifiable by this program.

If the operation to be performed is a fetch operation, then the
access logic proceeds to step 200 of Figure 3 wherein a-iogic flow chart
is depicted which illustrates a fetch operation through a database in

accoréance with the present invention. In step 200 of“Figure 3, the
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It is an object of the invention to aneliorate one or nore disadvantages of
the prior art. According to one aspect of the invention there is
disclosed in a data processing systema nethod executed by a data
processor for fetching a selected key record in a group of record keys by
utilizing a popkbHe-gf7 @ key record throughgan index tree having -a
nodi fi abl e structure during a transaction in said data processing system
wherein other transactions nmay concurrently nodify the structure of said

i ndex tree, said index tree having at |east a root node, each root node
havi ng a key r degid fimisetlonrequegteh&ey beingr eearnbefe or itheanexd dtighemkey dmder ed

| evel and havi nge RRLLALN0GGSsteBado2nr QN Q&la%eﬁ&eaeesiél Qcomlamomkd&t a

in an ordered sgqgﬁfnce of ke%ﬁirc ecords, .saj d method. conpri si n‘%’é& ’s‘s’aﬁp

performed wit hit ¥ EFRrS PP estl HBS SoRicERT 8f‘am‘i1Fa\FeF§'?dr’r§1 d

nodes wthin gseauuestied £rpr ecésabase sysigenertr grytewiwlicloaanages echbylagks my key

record refer €NGhe %‘:bid E&st. The term "conditional" means that if the lock is not

| immediately granted, a response will be provided to the requesting

accessor indicating that such a lock is not being granted. This response
is utilised to make the decision depicted in step 204. If the lock has
not been granted; the logic proceeds to step 206 to unlatch the child
node and then to step 208 to request an unconditional lock on the key
ﬁecord. The request for an unconditional lock, as illustrated in step
208, requires that the accessor wait until such lock is granted before
proceeding. Once the lock has been granted, the logic next relatches the
child node in step 214 and determines whether or not the node has changed
in step 216. This examination of the node in step 216 is referred to
herein as "local research" and is utilised to enhlance the efficiency of
the system depicted by permitting the logic to proceed again from the
local node rather than traverse through the tréeia seco;d time if the
node has not been substantially altered. This may be determined, for
example, by comparing the LSN stored at the node and the LSN recorded
prior to the waiting period. If the node has not changed, step 218 then’
‘determines whethér or not the key is the first key in the local node. If
not, the key record found is then returned as illustrated in step 209.
Thereafter, as illustrated in step 210, the child node is unlatched. 1In
step 211, the key record is unlocked. It should be apparent to those
skilled in this art that step 211 will occur when the transaction is

complete or at an earlier time.

Referring again to step 218, if the key which has been located
is the first key in the node the logic will return to the beginning of
the process illustrated in Figure 2 to traverse the tree a second time.
This is necessary due to the possibiliti that the key record requested
was not located and that the next higher key record located was the first
key in the local node. The delay whicy was encountered while waiting for

an unconditional lock on the key record located might signify that a key

-
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appropriate bottomnode is reached; identifying said selected key record in
said bottom node; requesting a conditional access restriction on said
sel ected key record; fetching said selected key record if said conditional
access restriction is granted; requesting an unconditional access
restriction of saigd spjected key record if ;gaid conditional access
restriction is not granted; exam ning said appropriate bottom node after
said wunconditional access restriction is granted to determ ne whether or
note said appropriate bottom node has been substantially altered; fetching
sai d sel ected keyordedwyegtion bz decuappd ar that sexdyotavwernedel eanishan gthebks¥n

substantial l'y aéewaegequ@@&at ﬁ@/eﬁ&e@er@sa q,&ases@ d 1nN@EEScdsk PrESHd edQBhry

node by using said record reference .until_a secong‘ ﬂpﬁg ri attS bot t om
node is reached‘° ’Fra§§ ¥ o PaleEORO (Bt R AFESHHES P8 £RePRINY
al tered. refaooreiuagtddoinpoesrart. aspect of the invention there is

disclosed in a data processing systema nmethod executed by a data

processor for insertin%a si_ngl é keyé record in
, eferrlng again to step 216, if the node has been changed step

220 then determines whether or not the node is still present in the same
tree and at the same level as the brevious child node. If not, the tree
must be traversed a second time to locate the proper child node for the
key record requested. If the tree and level of the local node are the
same, despite the change in the node, step 222 is utilised to find the
requested key or the next higher key. WNext, step 224 is utilised to
determine if the logic has fouhd the same key as before. If so, the
proper key record has been located and is returned via step 209 as
described above. If not, the tree must be traversed a second time 10
find an appropriate child node. If a key does exist within the child
node which is less than the key record requested, then step 226
illustrates the removal of the lock on the previouslj found key record
and a return to_stép 200 to once again locate the reguested key or ‘he

next higher key.

With reference now to Figure 4 there is depicted a logic 'low
chart illustrating an insert operation through a database in accort.nce
with the present invention. It should be apparent to those skilled in
this art that the key record to be inserted will be X-locked if ne¢:SS—
ary, before the insert operation begins. This operation would be
utilised to insert a record in the computer memory and provide an
inserted key into the index updating the respective node(s) of the index,

enabling other transactions to access the newly inserted record.

In step 300, it is first determined if the key record to he
inserted will fit into the bottom or leaf node. If so, the logic
proceeds to step 304 to find the next key which is greater than tic key
to be inserted. If the next key is not in the node, the access lrrsic is

pointed to the next successively located leaf node. If there is r-. next -
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group of record through an index tree having a :

6 nodifiable structure during a transaction in said data processing system
wherein other transactions may concurrently nodify the structure of said

i ndex tree, said index tree having at |east a root node, each root node
having a key record reference to one or nore nodes in a next |ower ordered
| evel and havi ng bottom nodes that provide access to an ordered sequence
of key records, said nethod conprising the steps performed within said
data processi ng sysisesn~0f7 traversing acrossizaid nodes within said data
processing systemfromsaid root node by using said key record reference
unti | an appropriate

successively located leaf node, the access logic then finds the null
indicator. Then, in step 308, the access logic will request a
conditionai X~lock on the next key record. In step 312, a determination
is made whether or not this conditional X-lock request has been granted.
If so, step 330 is utilised to determine whether or not the SMO bit is
equal to zero. '

The SMO bit is a flag which is present in a leaf node which is
set by the pendency of a transaction which includes a structure .
modification operation. This flag bit is utilised to delay the operation
of one user while a structure modification operation of a secoﬁd user is -
pending. Once the structure modification operation of a second user has
been completed, that structure modification will not be undone in the
event of system failure and thereafter the SMO bit will be set equal to

Zero.

Next, step 332 is'utilised to determine whether or not the
Delete bit is equal to zero. A Delete bit is provided in each leaf node
to indicate whe?her or not the node in question is participating or has
participated in a delete operation which has not yet achieved a new state
of consistency. This is important to realise in view of the fact that
prior to achieving a state of consistency if it is necessary to UNDO a
delete operation the subsequent insertibn of the previously deleted
record may require a node to split, if insufficient room remains in the
node to reinsert the previously deleted bit. This change in the
structure of the index tree may have an adverse affect upon a concurrent

operation.

Therefore, if the Delete bit is equal to one, the key record
operation being attempted must be delayed until a new point of consis-
tency has been reached. If both of these conditions are met, step 334
depicts the logging of the insert operaéion, as is necessary in all log
write-ahead systems. Thereafter, step 318 inserts the key on the child
node in question. In step 324, the ne;t recoxrd and key record are
unlocked. Also, any latches which are held are released in accordance

with step 329 and step 325 returns the program to the user.
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bottom node is reached; identifying a next higher key record than the
single key record to be inserted; requesting a conditional access
restriction on said next higher key record; inserting said single key
record into said appropriate bottom node if said conditional access
restriction is aE » requesting an uncongitional access restriction on
sai d next higher key record if said conditional access restriction is not
granted; exam ning said appropriate bottom node after said unconditional
access restriction is granted to determne whether or not said appropriate
bott om node has been sukefeaningapdainatc erepd;330) andeddd nif athersthvgFiO kéYy is

record into sai g @apPEPOBhd %&eutaosél@ma nmadeid fquadi g &mrmﬁeamg het f.@aemde
has not been substanti al

tr
said root node®hy fﬁ“ﬁ@“‘éa’f‘ 1%%?%%6‘%%:3;@/%%&5% pﬁﬁf%ﬁ g 5 Skl
appropri at e bott@fixatéon speratiohady ife netessagpphuwprd ab ANBOL ttbmaﬁew beaic

been substanti ally Alduet€d: conditiondf @AMMAG CndBRENKCErRSBEGhaRhtldI8n step

i nvention ther e33|65. dlt%glﬁsselndlcates 1a:he dgge%:mat:.ongof whether or not the latch
has been granted, and if so, step 340 depicts the setting of the SMO bit
and Delete bit equal to zero priof to logging the insert and performing

the insert as described above with respect to steps 334 and 318.

In the event the_conditionél S-latch requested on the tree in
step 336 is not granted, step 342 is utilised to unlatch the node and
step 334 indicates the request for an unconditional S-latch on the tree.
After a period of time has elapsed and the unconditional S-latch has been
granted, step 346 illustrates the relatching of the node in question.
Step 348 is ‘next utilised to locally research the node to determine
whether or not the npae has been substantially altered. If the node has
not been aléered, the key rdcord to be inserted is logged and inserted in

accordance with steps 334 and 318.

In the event the node previously found has been substantially
altered, step 350 is utilised to determine whether or not the node
discovered is in the same index tree and at the same level. If not, the
logic returns to the search operation depicted in Figure 2 and the tree

is once again traversed to determine the proper node.

In the evené the node discovered has been changed but the tree
and level are identical, step 352 is utilised to determine whether or not
the key to be inserted is bounded on the local node. If so, there is no
need to traverse the tree a second time and the @nsert is logged and
performed in accordance with steps 334 and 318. If not, as above, the
search procedure of Figure 2 begins again to locate and identify the

proper node for.the key insertion.
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system a nethod executed by a data processor for deleting a single key
record in a group of record keys according to a key record through an
index tree having a nodifiable structure during a transaction in said data
processi ng system wherein other transactions may concurrently nodify the
structure of said index tree, said index tree having at |east a root node,
each root node having a key record reference to one or nore nodes in a next
| ower ordered Amved-omnd having bottom nodés that provide access to an
ordered sequence of record keys, said nmethod conprising the steps
performed within said data processing systemof: traversing said nodes
within said data pr 09%§§é£ﬂzgs¥§atiﬁmof {QP 83 de rtﬂ@'fcoﬁlﬁ@fonabk—ib%krlﬁ &al d key
record reference until an %Pgnarlaig otlon1node s.re ch%%
6a next key record i ot granted, the logic proceeds to step to unlatch

the child node and then to step.322 to request an unconditional X-lock on

the next key record. After the unconditional X-lock has been granted

step 354 illustrates the relatching of the node and step 356 represents

the examination of the node to determine whether or not the node has been

substantially altered during the waiting period. If the node has not

been altered, step 360 is utiliseé to determine whether or not the insert

key is bounded on the node, if so, the insert is logged and performed in

accordance with steps 334 and 318.

In the event the node has been altered, step 358 is utilised to
determine whether or not the tree and level of the node have reméined the
same. IXIf not, the seafch procedure depicted in Figure 2 is reiterated to
locate the appropriate node. If the tree and level of the node remain
the same, step 360 is utilised to determine whether or not the key recorq
to be inserted is bounded on the local node. If not, the search
procedure of Figure 2 is repeated as above. If the key record to ke
inserted is boupded on the local node the program returns to step 300 and

follows the procedure enumerated above.

Returning to step 300, if the key record to be inserted will
not fit into the leaf node, the program_proceeds to step 302 to request a
conditional X-latch on the index tree. Step 306 then determines whether
or not the conditional latch has been granted. If not, the logic
proceeds to step 310 to unlatch the child node and then to step 314 to
request an unconditional X-latch on the index tree. After the
unconditional X-latch has been granted on the index tree step 362
illustrates the relatching of the node and step 364 is then utilised to
examine the local node to determine whether or not the node has been

altered during the waiting pefiod.

£ the node has been altered, the node split algorithm depicted

step 320, which will be explained in greater detail belaﬁ, is called and
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requesting a conditional access restriction on a next higher key record
than the single key record to be deleted; deleting said single key record
fromsaid appropriate bottomnode if said conditional access restriction
is granted; requesting an unconditional access restriction on said next

hi gher key record if said conditional -access restriction is not granted;
exami ni ng said appropriate bottom node after said unconditional access
restriction j5_gdapjed to determ ne whgsher or not said appropriate bottom
node has been substantially altered; deleting said single key record from
said appropriate bottomnode if said appropriate bottom node hkas not been
substantially altered: and traversing across said nodes fromsaid root

node by usi nthezsgigiex &he tre it ypEFtShehee thet jusext BROEHHdre B BhFt&t e bot t om
node is reachmdte fingak cthaperopeest tntbothe orvlyoeabldshddemde ybgteant i al | y

al tered. origha 0 db&ied Qodd)0kdpRRAIAS R8T tidf Kdyh@a1bblVEfH bRNnddeer € i's
di sclosed a gocagedo {l geen &Qered, step 366 is utilised to determine whether or
not the tree and level of the local node have remained the same. If not,
as above, the logic returns to the search process depicted in Figure 2 to
locate the appropriate leaf node. If the tree and level of thé local
node have remained the same, step'368 is utilised to determine whether or
not the key record to be inserted is bounded on the local node. If not,
the search procedure depicted in Figure 2 is repéated. If the key record
to be inserted is bounded on the node the logic returns to step 300 and

proceeds to follow the steps necessary to insert the key record.

With reference now to Figure 5, there is depicted a logic flow
chart ;llustrating a delete operation ﬁhrough a database in accordance
with the present invention. It should be épparent to those skilled in
the art that the key record to be deleted w111 be X-locked, if necessary,
before the delete operation begins., In step 400, the logic finds the
next key greater than the key to be deleted. 1In step 402 the logic
requests a conditional X-lock on this next record key. The logic
proceeds to step 404 to determine if the conditional X~lock has been
granted. If the conditional X-lock requested has not been granted, the
logic proceeds to unlatch the child node in step 406 and then requests an

unconditional lock on the next key record in step 410.

After waiting for the unconditional lock to be granted, step
456 illustrates the relatching of the child node. Thereafter, step 458
is utilised to examine the local node to determine whether oxr not the
node has been substantially altered during the waiting period. If not,
step 462 is utilised to determine whether or not the key to be deleted is
still present. If so, the logic returns to step 400 to begin the

deletion process. If not, the search process of Figure 2 is repeated.

If the local node has been substantially altered, stepdéso is

utilised to determine whether or not the tree and level of the node have
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system for fetching a selected key record in a group of record keys by
utilizing a portion of a key record through an index tree having a

nodi fiabl e structure during a transaction in said-data processing system
wherein other transactions may concurrently nodify the structure of said
il ndex tree, sai q,gi_%c_i_«af tree having at |east, a root node, each root node
havi ng a key r &60r ?erence to one or nore nodes in a next |ower ordered
| evel and having bottom nodes that provide access to said key record data
in an ordered sequence of key records, said data processing system
conprising: nNpakmained tHed¥seSi NG A6H,088e 15¢id rdtAAES tiithBiseasel grateika
processi ng SySta%gl{treﬁnl S?k%riaoé’t PR8N 4509 58] DekGY 1RGO Hae HRLEr ENCE
untikl an approprfate bot t om node 15 reache(f; neans For i enthfyl ng said
sel ected key rreEsingdi thesaing . b¥hePotfiZn b8 atiisah dof dnternigaodethny @r not the
condi ti onal acqRgstd Bstdel6tdaOis @Bi11S hébent v iRt YodaAChdad, MEams:,f e

fetehing said sehected, keyst ecald.id, ol d.CONUILLONGL o REGERS Y ERLELCEign
I's grant ed; maang ?OI’ requesti ng an unconaaltlopna accesg restri chquon (0]

locate the appropriate leaf node. However, if the key to be deleted is
present in the local node, the logic returns to step 400 to begin the

deletion process.

‘Returning now to step. 404, if the conditional X-lock on the
next key's record has been granted, step 432 is utilised to determine
whether or not the key to be deleted is bounded on the local node. If
so, step 434 is utilised to determine whether or not the SMO bit is egqual
"to zero, indicating that the leaf node in guestion is not participating
in a structure modification operation which has not yet completed. If
the SMO bit is equal to zero, step 436 sets the Delete bit equal to one,
indicating that the node in question has had a key record deleted in a
transaction which has not yet reached a new point of consistency.
Thereafter, the_key record to be deleted is logged as illustrated in step
437 and step 408 illustrates the deletion of that key record.

In the event the key record to be deleted is not bounded on the
leaf node or the SMO bit is not egual to zero, step 438 illustrates the
requesting of a conditional S~latch on the index tree. In the event the
latch requested has been granted, as determined by step 440, step 442
sets the SMO bit and the Delete bit equal to zero and the deletion is
logged and accomplished in accordance with steps 437 and 408. If the
conditional S-latch requested on the index tree is not granted, step 444
illustrates the unlatching of the node and the requesting of an

unconditional S~latch on the index tree as illustrated in step 446.

After waiting for the unconditional S-latch to be granted, step
448 illustrates the relatching of the child node and step 450 again
illustrates the local researching of the node to determine whether or not

the node has been altered substantially during the waiting period. If
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said sel ected key record if said conditional access restriction is not-
granted; neans for exam ning said appropriate bottom node after said
uncondi tional access restriction is granted to determ ne whether or not
sai d appropriate bottom node has been substantially altered; means for
fetching said selected key record if said appropriate bottom node has

6b not been substantially altered; and neans for traversing across said
nodes from said root node by using said key record reference until a
second appropriate bottomnode is reached if said appropriate bottom node
has been substant?’gr?i/'o%ﬂtered. Accord?ng to anot her aspect of the

I nvention there is disclosed a data processing

. not, the logic returns to step 442 where the SMO bit and Delete bit are
both set equal to zero and the deletion is logged and accompfished in
accordance with steps 437 and 408. If the local node has been
shbstantially altered, step 452 is utilised to determine whether or not
the node is still in the same tree and at the same level. In the event
the node is still present in the same tree and at the same level, step
454 is utilised to determine whether or not the key record to be deleted
is present within the node. If sé, the program returns to step 400 to
begin the deletion process. If the local node is no longer present in
the same tree or at the same level, or in'the event the key record to be
deleted is not present, the logic returns to the search procedure
depicted in Figure 2 to detexmine the appropriate leaf node for the
action in qguestion.

. After deleting the key record in accordance with step 408, the
logic then proceeds to step 412 to determine whether or not the node i
pfeviqusly containing that key record is now empty. If not, the logic
unlatches the node in step 421 and returns to the operator in step 414.
In contrast, in the event the node previously containing the deleted key
record is empty, step 416 is utilised to fequest a conditional X-latch on
the index tree. WNext, in step 418, the logic determines if the ’
conditional latch has been granted. If so, the logic proceeds to step
424 to perform the node collapsing algorithm which will be explained in
greatexr detail below. The node collapsing algorithm removes the empty
node and the references to the empty node from the preceding nodes in the
index tree. Thereafter, step 426 illustrates the unlatching of the tree

and returning the logic to the operator in step 430.

Referring again to step 418, in the event the conditional
X-latch requested on the index tree is not granted, step 420 illustrates
the unlatching of the child node and the requesting of an unconditional
X-latch on the tree as illustrated in step 422. After yaiting for the
unconditional X-latch for the index tree to be granted,"éEép 423 then
determines whether or not the node in question has been altered during

this waiting period. If so, the logic returns to the operator at step
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systemfor inserting a single key record in a group of record keys
according to a key record through an index tree having a nodifiable
structure during a transaction in said data processing systemwherein

ot her transactions may concurrently nodify the structure of said index
tree, said index tree having at |east a root node, each root node having a
key record reference to one or nore nodes i a next |owered ordered |evel
and havi ng boﬂF%ﬁ&ﬁﬂags t hat provide acce§@ to an ordered sequence of key -
records, said data processing system conprising: neans for traversing
across said nodes within said data processing systemfromsaid root node
by using said.key &R€0f Got £ftht aldae sdlibpsiad alaRARRP ahdlRbbafubMNsBefste i s
reached; neans Jor i d nHjL ing a neg& hpher key record than the single

key record to be rhserted - means PO ‘fetfiesti ng a condi tional access

restriction on said next higher key record; neans for inserting said

singl e key record into &absingHRAOBS iFrdbered6] kBN 08Repictsaid16gdEIdOBR ¢

access restri Ctzj.lg.gstl.rsatt rgagrtx %glbo %%gpgtiog rof a key record insert. through a database
in accordance with the present invention. Those skilled in the art will
appreciate that in the event a key record has been inserted in a
transaction and a system failure has occurred prior to reaching a new
point of consistency, it will be necessary to roll back or "UNDO" the key
record insert. This will be the equivalent of a key record delete. As
can be seen in Figure 6, the first step in the UNDO of a key record
insert is the determination of the appropriate node from the log record,
as illustrated in step 500. WNext, the approp;iate node is X-latched, as
illustrated in step 502, and step 504 is utilised to set the SMO bit and
:delete bit equal to zero if the UNDO is being accomplished as a result of

a restart of the system. Step 506 is then utilised to determine whether

-

or not the node in question is present in the same tree and at the same
level as prior to the system outage which caused the UNDO. Similarly,
step 508 is utilised to deterﬁine whether or not the key to be deleted is
present within the ndde. In either case, if the tree and level'have
varied.or the key is not present, the logic must return to the search _
procedure outlined in Figure 2. Next, step 510 is utilised to determine
whether or not the SMO bit is equal to one, indicating that the node in
question is participating in a structure modification operation which is
still pending. If not, step 512 illustrates the determination of whether
or not the key to be deleted is the first key or last key in the node.

If the SMO bit is equal to one or the key to be deleted is the first key
in the appropriate. node, step 514 illustrates the requesting of a

- conditional S-latch on the tree. WNext, step 516 determines whether or
not the latch has been granted and if so, step 518 depicts the setting of
the SMO bit and Delete bit equal to zero. '

In the event the SMO bit is not equal to one and the key to be
deleted is not the first key in the appropriate node, step 520

illustrates the writing of a log record prior to accomplishing the key
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requesting an unconditional access restriction on said next higher key
récord if said conditional access restriction is not granted; means for
exam ning said appropriate bottom node after said unconditional access
restriction is granted to determ ne whether or not said appropriate bottom
node has been substantially altered; nmeans for inserting said single key
record into said appropriate bottomnode if said appropriate .bottom node
has . not been substantially altered; and neans for traversing across said
node from sai d r apd-ss+vade by using said keyisrecord reference until a second
appropriate bottomnode is reached if said appropriate bottom node has

been substantially altered. Accordihg t o anot her aspect'of t he
i nvent I on there i § dhsd(él.'l.gtse?d rea ter % SI n&rd%\éséeqn%ed as ge :LQEeldngx Qt P
si ngl e key record in a gro accor 5

through an i ndex°#% &ad H&?ﬂ ﬁ &s mSGPrlFP‘éGP E‘t‘F‘HEtYheéhedmﬁ PR} H‘et P%‘Fﬁs’a?cf‘?"bn in
said data processptyg 3I¥Semnthibabeidiraubey td LiRNSEehtodNst BBy FBONCUEr@nt | y

modi fy the strucCteldiCene geletion of the key record has rendered the node empty, step 532
takes the logic to the node collapsing algorithm and after completion of
that step, such step 534 unlatches the tree and returns the logic to the
operator in step 536.

Returning now to step 516, if the conditional S-latch requested
on the tree is not granted, step 524 depicts the releasing of the node
latch and the requesting of an unconditional S-latch on the tree as
illustrated in step 526. Thereafter, the logic returns to step 502 to
begin the UNDO of the key insert operation after the unconditional

S~latch has been granted.

With reference now to Figure 7, there is depicted a logic flow
i - chart illustrating an UNDO of a key record delete in accordance with the
present invention. Those skilled in the art will appreciate that in l
order to maintain an index tree at a point of consistency, it is
periodical;y necessary to roll back or "UNDQO" an operation which has not
yéf reached a new state of consistency in the event of a system failure
or other error condition prior to completion. The UNDO of a key record
delete will operate in much the same manner as a key record insert. Aas
can be seen, the first step is the determination of the appropriate node
from the log record which has been maintained in accordance with the log
write-ahead protocol. This is illustrated in step 600. Next, step 602
indicates the X-latching of that node and step 604 illustrates the
setting of the SMO bit and Delete bit equal to zero, if the UNDO is being

accomplished'as a result of a restart after a system failure.

Step 606 is utilised to determine whether or not the node is
located within the same tree and at the same level as the situation prior
to the cause of the UNDO and if not, the search procedure ggtlined in
Figure 2 is repeated. Next, step 608 ;11ustrétes the determination of

whether or not the key to be éeleted by the UNDO operation is bounded in
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6c of said index tree, said index tree having at |east a root node, each
root node having a key record reference to one or nore nodes in a next

| ower ordered | evel and having bottom nodes that provide access to an
ordered sequence of record keys, said data processing system conprising:
means for traversing said nodes within said data processing systemfrom
sai d root node SvgﬂgTﬂﬁ7said key record ref &ence until an appropriate
bottom node is reached; nmeans for requesting a conditional access
restriction on a next higher key record than the single key record to be

del eted; neans. fige (RALEt AB&in, S8 Kol NUL Gekedh pRSRABEkS b¥DiRed dn aAREAPEI A €

bottom node if said c?ndltlonal access restriction is granted; neans for
. . xe e . . .

requesting an uriCBRYFT onal access restriction on said

If the key to be deleted is bounded on the local node, step 610
determines whether or not the SMO bit is equal to one, indicating, as
disclosed ahove, that the node in question is involved in a pending
structure modification operation. If the SMO bit is not egual to one,
step 612 determines whether or noﬁ the Delete bit is equal to one,
determining whether or not the node in questions has recently had a
record deleted in a transaction which has not yet reached a point of

consistency.

If neither the SMO bit or Delete bit is equal to one, the logic
proceeds to step 624 to determine whether or not the key record to be
inserted will fit in the appropriate node. Referring again to steps 610
and 612, if either the SMO bit is equal to one or the Delete bit is equal
to one, step 614 represents Fhe requesting of a conditional S-latch oq
the tree. Step 616 then determines whether or not the S-latch has been
granted and if so, step 622 is utilised to set the SMO bit and Delete bit
equal to zero before determining whether or not the key to be inserted

will f£it into the node as discussed with regard to step 624.

In the event that the conditional S-~latch requested on the tree
in step 614 is not granted, then step 618 depicts the releasing of the
node latch and the requesting in step 620 of an unconditional S-latch on
the tree. After an unconditional S-latch on the tree has been granted,
the logic returns to step 602 where the node is X-latched and the process

begins again.

Referring again to step 624, if the key record to be inserted
does not fit into the appropriate node, step 626 illustrates the calling
of the node split algorithm. After the'node split algorithm has been
accomplished, step 628 depicts the unlatching of the tree and the progran

. once again returns to step 602 to begin the procedure again. 1In the

event that the key record to be inserted does fit into_ the appropriate
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next higher key record if said conditional access restriction is not
granted; neans for exanining said appropriate bottom node after said
uncondi tional access restriction is granted to determ ne whet her or not
sai d appropriate bottom node has been substantially altered; means for
deleting said single key record fromsaid appropriate bottomnode if said
appropriate bottom node has not been substantially altered; and neans for
traversing a@eamsesai d nodes from sai dyfoot node by using said key record
reference until a second appropriate bottomnode is reached if said
appropriate bottom node has been substantially altered. According to
still anther aspect of_the invention there is disclosed a data processing
syst em conpr i ¥y S5 BI0 tHPEHRt et £ ¥TiFARRBE 26 Gy REFRIR PUPT fPovi di ng access
to data in tlescemplididne that dngektidinlstey 632. uberesftamnctierisaid yetyynsrgans of a
tree structure watdnagefS34. conprising first operations in which the tree
structure remai ns unchanged and second operations in which the tree

structure is nodified, said data processi ng .system
With reference now to Figure &, there is depicted a logic flow

chart illustrating a node splittin§ algorithm. Aas can be seen, the node
splitting algorithm begins by storing an appropriate log segquence number,
which is associated with the operétion which was accomplished just prior
to the node splitting operation. Those skilled in the art will
appreciate that in a forward propagating transac£ion this will be the log
sequence numbexr whiéh was accomplished just prior to the node splitting
algorithm; however, in an UNDO which iequires a node splitting operation
this log sequence number will be the log sequence number of the operation

which occurred just after the operation in question.

- Next the tree is X-latched as illustrated in step 702 and the
new nodeirequirement is logged in accordance with tpe log write-ahead
protocol, as depicted in step 704. Step 706 is then utilised to obtain
the new node and step 7C8 depicts the X~latching of the new node and the
old node, if necessary. In step 710, in accordance with the log
write-ahead protocol, the changes to the key locations are written to a '
log prior to the moving of a portion of the keys to a new node from the
0ld node in step 712. Step 712 also sets the SMO bit equal to one in the
leaf node ajfected so0 that concurrent users may detérmine that the node
in question is involved in a structure modification operation which has

not yet completed.

Next, the old and new nodes are unlatched as depicted in step
714 and the parent node is X-latched as illustrated in step 716. Any
changes necessary in the parent node are then logged in step 718 and the
Parent node is updated in step 720. The parent node is then unlatched as
depicted in step 722 ané a dummy compensation log record (CLR) is written
to the log memory which points to the stored appropriatg_log sequence
““mbeg (LSN) . Those skilled in the art will appreciate that a,.

Composition log record is a log which defines the place or point in time
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cc_)rrpri’si ng nmeans for performng-a transaction conprising a plurality of
sai d operations, and recovery neans for storing the sequential positions
of operations fromwhich a transaction can be rolled back to allow
recovery of operations in the event of a system failure, characterised in
that the recovery nmeans conprises neans for storing an indication of the
sequenti al posi tATemeaxd1a second operation ire2za sequence of operations

nodi fying the tree structure imediately prior to cormmencenent of said

sequence, - 6d means for
storing a conpe @atlon record oi nti ng sal d I ndi %at on on,c n‘gl eti on of
sai d sequence, - aia FEANS PP rake g I RERYy L’Jﬂ?ﬂf wghgang Heah ¢

operations in the thatapsiatt ironjimey Irefteisemeto thalsj:rgcmrednqdmthcaaiqmn,
when the syst emdpaidiSoRWhkn hls just been accomplished will not be undone despite the
possible failure of the system prior to the transaction involved reaching
a new point of consistency. If such a failure occurs, the dummy CLR
record will cause the undoing algorithm to jump to the operation which
occurred jus; prior to the beginning of the completion of the structure
~modification operation. Thus, anﬁ transaction inveolving a structure
modification operation will be rolled back in its entirety if the
structure modification operation has not been completed but will only be
rolled back as to nonstructure modification operations if the structure
modification operatioh_has been completed prior-to the system outage or
transactioﬁ ABORT during normal processing. It should be noted that this
will effectively prohibit the undoing of a structure modification which
has been completed despite the failure of the tra?sactiop containing that
structure modification to achieve a commit status. 1In this:manner, a
higher level of concurrency may be obtained due to the system's ability
tolcommit to a structure modificafion without requiring transaction to

achieve a commit state.

Finally now with reference to Fiqure 9, there is depicted a
logic flow chart illustrating a node collapsing algorithm.in accordance
with the present invention. As can be seen, in a manner similar to that
depicted in the node splitting algorithm, the process begins with the
storing of an appropriate log sequence number (LSN), in step 800. Next,
the tree is X-~latched in accordance with step 802 and the adjacent and

014 nodes are X-latched, if necessary, in accordance with step 804.

In accordance with the log write-ahead protoceol pre&iously
discussed, the node collapsing key movement is logged in accordance with
step 806 and step 808 depicts the moving of keys from the adjacent nede
to the empty node. Step 808 also depicfs the setting of the SMO bit
€qual to one, indicating to concurrent users that a pending structure
modification operation with regard to this particular node is in
Progress. Next, step 810 is utilised to update the forward node pointer,

and step 812 is utilised to remove the adjacent node.
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conpl eti on of said sequence, and for rolling back, on systemfailure, only
operations not in said -sequence when said sequence has conpl eted, by
reference to said | og conpensation record. According to stil

anot her aspect of the invention there is disclosed a -nethod of operating
a data processing systemconprising a concurrent access database system
for providing access to data in the database by as plurality of user

concurrently by S a tree structure,_said access including first
operations in mﬁﬁgﬁﬂTﬁgjtree structure ren%?ns unchanged and second
operations in which.the tree structure is nodified, the method conprising
the steps of: performng a transaction conprising a plurality of said
operations; storing an itheicbiltd wide ondt aet|wedwt pxwdl tizoswnlphedfing second
operation in a £eRRsLwRth SAREIAl LAStHINGLIN Re tiRX-1EQBeS lih WeksaBnce
mrediately Pri Ol QeE0MENCLIPI! ol 5L SCAHCIGR: SEEY bM0sALLATRENSALT O
| og record pointing sa d 1 hdicatl on on

the logging of the changes to the parent node prior to accomplishing such

changes in step 820. Thereafter, the parent node is unlatched in step 822

gnd a dummy compensation log reccrd (CLR) is written which peints to the

stored appropriate log sequence number (LSN).

In both the node splitting and node collapsing algorithms
previously described, those skilled in the art will appreciate that the
SMO bit may be reset to zero at any timé'and in any appropriate manner
after the structure modification operation has been completed. Upon
reference to the foregoing, it will be appreciated that there has been
provided a system for concurrent modifications of an index tree in a
transaction processing system which will accormodate a high degree of
concurrency by permitting key record insertion and deletion to occur
; ‘throughout the tree excgpt in those areas of the tree in which a

structure modification operation is pending.

Additionally; once the structure modification has been
completed, a dummy compensation log record is utilised to ensure that the
structure modification will not be undone despite a system outage prior
to the transaction in question reaching a new point of consistency. In
this manner, the physical consistency of the index tree is maintained and
the high degree of concurrency resulting from this maintenance will

enhance the utilisation of the index tree by multiple concurrent users.

Similarly, the utilisation of a flag bit within nodes where a
deletion has recently occurxed will delay a key record insertion which
might otherwise be affected by a structure modification operation which
Occurs during an UNDO. _Once the transaction incorporating the record
deletion has reached a state of censistency, the Delete bit is once again

Set to zero énd.ahy key reccrd insertions which have been delayed are
Permitted to progress. . ok
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chpIétion of said sequence; rolling back each of said plurality of said
operations in the transaction, by referencé to said stored indication, on
systemfailure prior to conpletion of said sequence; and rolling back, on
system failure only operations not in said sequence when said sequence has
conpl eted, by reference to said | og conpensation
6e abPkESEeRTI ON OF THE PREFERRERsENMBODI VENTS The
preferred enbodi nent of the invention will now be described, by way of
exanple, with reference to the acconpanyi ng draw ngs, in which:
FIGURE 1 is a block di agram of a concurrent access database systemin
Those skilled in this art will appreciate that while "the
operations described herein are generally referred to as occurring in a
leaf node, such node spiit and node collapse operations will often cause
similar operations to propagate up the tree toward the root node. It
should be understood that the methods disclosed herein are equally

applicable to such higher level operations.
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accordance with the present invention; FIGURE 2 is a logic flow ghart
itlustrating an initi Iuﬂﬂﬁ\"muﬁﬂﬂﬂﬁ on through a database; FI GURE
3is alogic flow dia a fetch operation through a

dat abase; FIGURE'4 §s 'a I"ogfc tiaw chart illustrating an insert
operation throu%g a dat abase;. FIGURE 5 is a logic flow chart
i | lustrating®@%8ret’%e operation through &5dat abase;

7

CLAIMS

1. A data processing system including a concurrent access database

systein for providing access to data in the data base by a plurality.of
users concurrently by means of a tree .structure, said access including
first operations in which the tree structure remains unchanged and second
operations in which the tree structure is modified, said data processing
system comprising means for perxforming a transactioﬁ comprising a
plurality of said operations in sequence, means for storing an indication
of the sequential position of a second operation.immediately prior to a
structure modification sequence, means for storing a compensation log
record pointing to said stored indication on completion of the structure
modification seguence, and means for rolling back each of said plurality
of said operations in the transaction, by rqfeﬁence to said stored
indication,.on termination of the transaction prior to completion of a
structure modification seguence, or for rolling back only operations not
in said structure modification sequence or completion of the seguence, bv

reference to said log record.

2. A -date processing system according to claim 1, in which said
tree has a root node including key recorcé references to nodes in a next
lower ordered level node, and respectively ordered lowér level nodes,
each referenced by keys in the next higher ordered node, down to boftom
nodes having keys referencing the data in the data base, each said
operation comprising traversing the nodes, using said key record
references, to an existing bottom node, and including means for
requesting conditional access restriction on reaching a key record in the
bottom node, means for accessing referenced data in the data base on
grant of the access restriction, means for requesting an unconditional
access restriction if said conditional access restriction is not granted,
and means for traversing said nodes from the root node to a new bottom

node if said existing bottom node is substantially altered.
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FIGURE 6 is a logic flow chart illustrating an UNDO operation of a key
record insert througha[l 11 FIGURE 7 is a logic flow
diagramillustrating anl ﬂlﬁ ﬂﬁmll IJ””"Iecord del et e through a dat abase;

FI GURE 8
and

is alogic flow chart il Ustrating a node splitting algorithm

FIGURE 9 is a logic flow chart illustrating a node

col l apsing &T8dAS-OhIm : Wth r2éference nowto the Figures and in
particular to Figure

. 3. A data processing system according to claim 2, including means

for examining said bottom node on grant of said unconditional access

" restriction to determine whether a key record identified in the bottom

node is the first key recoxrd in the node.

4. A data processing system according to claim 3, including means
for determining, in said bottom node, whether a key record therein is

lower than a requested key record.

5. A data processing system including a concurrent acceés database
system for providing access to data in the data base by a plurality of
users concurrently by means of an index tree structure having a root
node, intermediate nodes and bottom nodes providing reference to records
in the database, said access including first operations in which the tree
structure remains unchangéd and second operatioﬁs in which the tree
structure is modified, said data processing:system comprising means for
pexforming a transaction,icomprising a plugality of said operations, in i
sequence, means, operable in a second operétion, for transversing across

said tree structure from the root node to a bottom node at which a

‘structure modification is to be made, means for generating an indication

of such modification, and means, responsive to the indication, for
delaying further access to the bottom node until completion of the

structure modification while permitting access to other bottom nodes.

6. A data processing system according to claim 5, including means

for removing said indication on completion of the structure modification.

7. A method of operating a data processing system including a
concurrent access database system for providing access to data in the
data base'by'a plurality of users concurrently by means of a tree
structure, said access including first operations in which the tree
structure remainé unchanged and second oberationé in which the tree

ra

structure is modified, comprising steps of:
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1, .\t*ﬁe~re N icted a. bl ock diagram of a concurrent access database system
ertbodyi nd U El’

s _de
!m mmmu 'HMtion. As can be seen, the concurrent access
dat abase s Al plurality of interactive work stations 10

(IW8), wHich are all coupled to a host processor 12. Host processor 12 is
then coupl ed to database 14. Those skilled in the art will appreciate that
whil e this parddgeigigar enbodi ment is di schpsed, a simlar system conprised
of individual conputers coupled via a |otal area network may al so be
utilised. Each operator of an interactive work station 10 may search,
access, or alter records contained wthin database 14 by neans of a

dat abase nmanBYEREMINIsY Srangagtiqn AonnTésingse pAnedéts of seid opepatdenkiip| ed in
this art w | kedigpéssCi at e t hat dat abase 14 is typically provided by

utilising in files, which ar ommonl y. confi.qured_in a B:Tree structure’
as di scussedgg%[c?%%.a%Airfdfﬁ?%gr U 152 SR PoeELOR P8 o SSoea OFRRSE one
root node wi fFregiptely|rripetel 8 strustygde sroBifigationgsenenne:t he root node. The

i nformation contained in each node includes pointers

storin§ a compensation log record pointing to said stored indication on

completion of the structure modification sequence;

rolling back each of said plurality of said operations in the
transaction, by reference to said stored indication, on termination of
the transaction prior to completion of a structure modification sequence;

ox

rolling back only operations not in said structure modification sequence

on completion of the sequence, by reference to said log record.

8. A method according to claim.7, in whilch said tree has a root
node including key record references to nodes in a next lower ordered
level node, and.respectively ordered lower level nodes, each.referenced
by keys in the next higher ordered node, down to bottom nodes having keys
referencing the data in the data base, each said operation comprising
traversing ‘the nodes, using said key record references, to an existing

bottom node, further including the steps of:

~requesting conditional access restriction on reaching a key record in the

bottom node;

accessing referenced data in the data base on grant of the access

restriction;

requesting an unconditional access restriction if said conditional access

restriction is not granted; and

2.

traversing said nodes from the root node to a new bottom node if said

existing bottom node is substantially altered.

_—
This Sheet Has B

L.



to. nodes at | evel or pointers to records which are contained
im the da ||Hi m,e | evel of nodes, often referred to as |eaf
f

nodes. . erence now to Figure 2, there is depicted a
| ogi c fLOM/chart mhlch illustrates an initial search operation through a
dat abase.

AT9-88-017 28

9. A method accordlng to claim 8, 1nc1ud1ng the step of:

examining said bottom node on grant of said unconditional access
restriction to determine whether a key record identified in the bottom

node is the first key record in the node.

10. A method according to claim 9, including the step of:
determining, in said bottom node, whether a key record therein is lower

than a requested key record.

11. . A method of operating a data processing system including a
concurrent access database system for providing access to data in the
data base by a plurality of users concurrently by means of an index tree
structure having a root node, intermediate node and bottom nodes
Providing reference to records in the databasgi'said access including
first operations in which the trge structure remains unchanged and second
operations in which the tree strﬁbture is modified, said data processing

system, comprising the steps of: i

performing a transaction, comprising a plurélity of said operations, in

sequence;

in a second operation, transversing across said tree structure from the
root node to a bottom node at which a structure modification is to be

made;
generating an indication of such modification; and

in response to the indication, delaying further access to the bottom node
until completion of the structure modification while permitting access to

other bottom nodes.

12. A method according to claim 11, including means for removing

said indication on completion of the structure modlflcatlon
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The'loglc begins at step 100 and proceeds to step 102 where the index root
“node is S-latched and -accessed. An S-latch provides limted access to
ot her concurrent users. This limted access provides the other users with
the capability to access and read the information contained within the
node. No ot her access, such as the capability to delete or change, is
provi ded. Thm-egdgX root node identifieggthe type of index and provides the
initial direction for accessing a record in this exanple. For exanple, the
i ndex root node could identify the index as an al phabetical index in
ascending order for a plurality of nanmes. In step 103, the child node to
be accessed woul d be identiffR¥ at@@ﬂmmghﬁﬁéﬁﬁmémlﬁi‘ornatl on in the parent
node. As illustrated in step 104, it is next determ ned whether or not the
operation to be perfornmed is a fetch operation. If the operatlon is not a
fetch operation, that is, the operation is a record insert (or key record
insert), or a record deltete  (or key hEsgBXa¥ del ete) operation, the access

| ogi ¢ then proceeds to step 106 to determne if the next node beneath t he
parent node is a bottom

A database system in a data processing system has an index tree structure
with & root node having reference.keys to nodes in the next lower level
and so on until bottom nodes having keys referencing the database
records. Multiple users may access the database concurrently.
Transactions in which the tree structure is to be modified (for example
removal of a record) are pexrformed by traversing the tree to the
appropriate bottom node and setting an indication of pendency of the
modification. At the same time other accesses to the database, through
nodes at which no tree structure modifications are to take place, can
continue. When the structure modification has been performed, a log
record of it is made to prevent undoing the modification in the event of
a system fzilure, and database access through all the bottom nodes then

continues.
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node or - a "leaf node". If the next node is a |eaf node, the |ogic proceeds
ta 8tep 110 and acquires an X-latch on the child node. The X-latch is an
excl usive | atch which excludes all other accesses to this particul ar node.
By applying an X-latch to the node in question the program prohibits al

ot her transactions from accessing this partﬁgplar node.

Returning to step 104, if the operation is a Tetch operation or, returning
to step 106, if the child is not a | eaf node, the access program proceeds
to step 108 to acquire an S-latch on the child node. The access | ogic then
proceeds to step 112 wherein it determ nes whether or not the key of the
record being searched is greater than the highest key in the child node.

O course, those skilled in the art will appreciate that in the event the
search enters an enpty node then the key being searched will automatically
be construed as greater than the highest key in the child node. [If the key
record being searched is greater than the hi ghest key present in the child
‘node, the program proceeds to step 114 to determine if the tree index

S{ruCtyre is | at ched.
| 10 —1 IWS |
12
) e
10— IWS
. HOST DATA BASE
\
|
1
|
|
| i .
. L -
10—1 IWS
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9 - ; Iif“the tree is not latched, the |ogic proceeds to step 118 where the

parent .and child nodes are unlatched and the tree is |atched. The access

| ogi ¢ then proceeds fromstep 118 back to step 102 to reinitiate the

operation upon the granting of the tree latch. Those skilled in the art

shoul d appreciate that optim sations are pgﬁ&tble to reduce the nunber of
[

nodes whi ch nust be accessed when the oper

nis re-attenpted.

FIG. 2
START 100
O——+ —-
LATCH AND |
ACCESS ROOT |-102
NODE — ,
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T
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1
115
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In this exanple, an X-latch on a tree is provided to indicate to all other
accesses that a change in the tree structure is being nmade. If a tree
X-latch access is in progress when a latch is attenpted on the tree, the
attenpting access nust wait until the earlier access has been conpleted. An
S-latch on the tree is provided to indicate gli ot her accesses that no
structural -changes are bei ng nade, but ot her é cesses nmay concurrently
access the index tree. No other changes may occur until the S-latch is

rel eased. Tree traversal may occur regardless of the existence of S-Ilatches
or X-latches. These tree traversals may include key record del etions or -
i nsertions. . In step 114, if the tree has been latched, or in
step 112 if the key is not greater than the hi ghest key contained within
the child node, the |logic proceeds to st 116 to determne if the child
node is a leaf node. If the child node i\g&d)hot, the program proceeds to step
115 to unlatch the parent node and then rfeturns to step 103. However, if
the chil'd node is a | eaf node, the—teg-e—Ppreceeds to step 120 to unlatch
the parent and then to steps 122, 15”“3455 2 eLegg@ ne if the operation
is a fetch, an insert, or a del et BP¥r@Ri NEXT n fhe depi ct ed enbodi nment,

if none of these three operations|adiclHERelbBYed, fhe programwill return to
the user as illustrated in step 130, T @actUal

REQUEST CONDITIONAL} __ 54
LOCK ON KEY RECORD

206 204
UNLATCH | Y 209
CHILD NODE ¥ ~ /
| RETURN KEY
1 , DATA
REQUEST - 208 ! /210
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LOCK ON KEY CHILD NODE
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! UNLOCK KeY V
RELATCH 214 RECORD
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| 8 (RETURN )—212
FIRST IN '
NODE ?

[222

©
Y
FIND REQUESTED
L KEY OR NEXT N KEY LR
HIGHER KEY LOCK

224 z226




pract.ice, this return would include an error nessage signifying that the
operation to be perfornmed is not identifiable by this program

If the operation to be perfornmed is a fetch operation,

| ogi ¢ proceeds to step 200 of Figure 3 wherein a logic flow chart is
depicted which illustrates a fetch operation t-hrough a database in
accordance with the present invention.

10

in the dat abase.

A

|l ogic finds the requested key being

In step 202, the lggic t

REQUEST
CONDITIONAL
TREE X-LATCH

In step 200 of Figure 3,
rched or the next higher key
requests a conditional |ock on

AIIBOA

m&

t he

then the access

,/308

FIND NEXT
KEY GREATER
THAN INSERT
KEY

—>

REQUEST
CONDITIONAL

X-LOCK ON NEXT

KEY RECORD

330

UNLATCH

@

510, 329 CHILDI NODE (322
- £ [UNCONDITIONA
UNLATCH NODE SPLIT| | X-10CK OR HEXT
CHILD NODE ALGORTTHM | | KEY RECORD
¥
ooy T 4 36 356 REQUEST |
TREE X-LATCH UNLATCH RELATCH] |CONDITIONAL
; TREE NODE | | SLATCH ON |
RELATCH NODE |36 s o 33
. N % T 78
INSERT KEY ON
340y Ty CHILD NODE
R e
- UNLOCK NEXT
342 |KEY RECORD
UNLATCH 329
NODE I 344 ToNATCH |
RGOS CHILO NODE
Do
T RETURN
RELATCH |- 346 325

NOOE




‘the key record found. In the depicted exanple, a conditional lock is
requested from a dat abase managenent system whi ch nanages the | ocks on the
record keys. The term"conditional" means that if the lock is not
i medi ately granted, a response will be provided to the requesting accessor
I ndicating that such a lock is not being granted. This response is utilised
to make the decision depicted in step 204. If the | ock has not been
granted, the logic proceeds to step 206 tg Enlatch the child node and then
to step 208 to request an unconditional | é on the key record. The request
for an unconditionqk)lock, as illustrated in step 20§ requires that the

I Qu Q%

accessor wait unti FIROKNERT 9rfankRedupstore prg ing. Once the |ock
has been granted, t (Y BREATER]! 4CONDETIONALchi Jd node in step 214 and
det er m nes whet her NOf THANDPIERE [P a X- OGO DNINEXTFt ep 216. Thi's

exam nation of @Pe node jKE¥tep 214 i|KEYS REOCBADt of herein as "l oca
research" and Wtilise | 3

by permitti n*LNE@NDPHONAEHGNBﬂﬁﬁC
traverse thr uohKtae NEXT CEREPNC
substanti al | y K&yt REGIRD Thi $ NOBE be

t he LSN st oreg—ar {e node
period. If the node has not changed,
not the key i|REUMFCHi rst keysgn the | ocal :
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conplete or at an earlier tine. Referring again to step 218, if
t he key which has been located is the first key in the node the logic wll
return to the beginning of the process illustrated in Figure 2 to traverse
the tree a second time. This is necessary due to the possibility that the
key record requested was not |ocated and t t he next higher key record

| ocated was the first key in the local no The del ay whi ch was

encountered while waiting for an uncond|t|onal | ock on the key record
| ocated m ght signify that a key

oerermme. 0

(®—»1 NODE_FROM

LOG RECORD

X— LATCH NODE |—502

'

IF RESTART -
SET SMO =0 |—504
DELETE =0

520.
) &
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l 51
2 S
DELETE S-LATCH ON TREE
REQUEST 2%
RELEASE . I-»! (JNCONDITIONAL -
NODE LATCH] | S-I'ATCH ON TREE

NODE UNLATCH
COLLAPSING TREE RETURN
ALGORITHM .
) 5 536
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record insertion has occurred at the next |ower node and that the key
record requested may therefore be present. In this case, it is necessary to
traverse the tree a second tinme to determ ne whether or not the key record
requested i s present. Referring again to step 216, if the node
has been changed step 220 then determ nes wigtther or not the riode is stil
present in the sane tree and at t sane | evel as the previous child node.
If not, the tree nust be traverse second tinme to locate the proper child
node for the key recor d—+egt et—hf the tree and | evel of the local node
are the .sanme, despite thBEéﬁ GNE n |t he node, step 222 4 ti?ised to find
t he requested key @-t—heN@é}Et QMer] key. Next, step Zﬁid ufilised to
determine if the logic ha@GfpﬂﬂmRDhe sane key as beforé. IT so, the proper

key record has been | ocetet—aypd—TS .eturned Vi a step 209 as descrlbed
above. If not, the tree nust raversed——a—second—tine—to—frmd—an
appropriate child node. 1f t ; does exist within the child node which is
| ess than the key recorfl,r e Lhe tep 226 illustrates the renova
of the I ock on the previédgﬁtgfg@ﬁﬁf—By%pécord and a return to step 200 to
once again |locate the requestﬁd key or the next higher key.
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Wth reference now to Figure 4 there is depicted a Ioglc fl ow chart
|IIustrat|ng an insert operation through a database in accordance with the
It should be apparent to those skilled in this art that

present i nventi on.

the key record to be inserted will be X-l1ocked if necess-
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12 .7 successi vel y located |l eaf node, the access logic then finds the
rRal | i ndi cgror—Them—rm——step—308—t-he Mcesc |- oG-~ Widt—i-egties

condi ti-onal |X-| REPOACEDESHERETSey gepord In ﬁWEﬁm%Tﬁaﬂéﬁ
hponasacd e ased 7 |

made whetherlf not this conditional X-1ock rg
so, step 330 Besstiptions #aoedo - Fette mapere..@hef her | o Glaim(she ‘GREEHAR 1P $egEy FR
to zero. B Claim(s)  : PhgadSRE. bibtpabsd a 28l lag whi BiDiawing(Ssamgsd i etf‘lié‘éf«“'i rodq
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This invention relates in general .to data processing methods
and devices and more specifically to a method and apparatus for database

management of records.

Database management or transaction processing systems are well
¥nown in the prior art. These syétems are generally utilised to-provide
rapid access to database tables which contain a plurality of data
records. A relationalltransaction processing system provides access to
multiple database tables where elements of one database table are
generally related to elements in another database table. A relational
database allows a user to search, access, and alter data contained in

multiple database tables using one or more specific elements or fields.

One important aspect of ail such database systems is the
ability of the system tc provide rapid and efficient akcess to individual
" records in each database. Recently, database management svstems have
been provided which support the utilisation of the database by multipie
users simultaneously, allowing users to access specific data

concurrently.

An index file is commonly used by database management systems
to provide quick and efficient access to records in tables. These index
files are commonly coniigured in a2 B-Tree structure. 2A reference that
discusses the B-~Tree is "Efficient Locking For Concurrent Operation on

B~Tree" by Lehman and Yao, ACM Transactions on Database Systems, volume

6, number 4, December, 1981, pages 650-670. Other references addressing
B-Tree structures include "The Ubiguitous B-Tree” by Comer, Computing
Surveys, volume 11, number 2, June, 1979, pages 121-137; and "Concurren%

Operation on B-Trees with Over Taking" by Sagiv, Proceedings ACM

SIGACT-SIGMOD Symposium on Principles of Database Systems, March, 1985,
pages 28-37. o
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event of systemfailure and thereafter the SMO bit wll be set equal to
.Zero. Next, step 332 is utilised to determ ne whether or not the
Delete bit is equal to zero. A Delete bit is provided in each |eaf node to
i ndi cate whether or not the node in question is participating or has
participated in a delete operation which has not yet achieved a new state
of consistency. This is inportant to realise in view of the fact that

prior to achieving a state of consistency if it is necessary to UNDO a

del ete operation the subsequent insertion of the previously deleted record
may require a node tomeplindex fflei asuffifiret st a rloBree etrmichers ponsiets Aéde t o
reinsert the pravigus)ydelgt ﬁQ/eQ% oz 18is3 HARARy 4ok NG AotuRul ezal the

i ndex tree nmay have an adverse affect upon a concurfent

Ther ef ore, i f1HieEmsdrpienbiined dnekhese ’E‘i?ef)r’ré"l"ldﬁe"%éﬁerrseﬁ%rtge n°8 era 5:1%n
- being att errpt aékthlistelber deimyped tdntdcords Mewhpaianabak. ca‘hssaspomtbeency has

been reached. :uLJluEQ téﬂra'fert :nuﬁﬁnaq‘:ggrg Itta!rxa)é&skefy PedlRh un§$ﬁrﬁt§b°iﬂwhu§lleﬂiyct s the

| oggi ng of the Insert operation, I S necéssary in all -ahgi ad
systens. Ther ¥gfiergnce §‘E%|53%°f85|’1‘i‘s‘é1i'et datahasqceyThEn* 39984 d‘f?i" Fd’ e ’rf’o&% ‘Fﬁe”e
guestion. |In sémpticddghdutetiecnddeseC ot exagblegan bgekdi@reenay exist for an

alphabetic listing of employee names. The root node would include

reference keyed data that relates to records indirectly or directly
referenced by the next level of nodes. The reference keys contain
information about the index filed, i.e. the alphabetic spelling of
employees name. Therefore, the ordered keys in the root node would point
to the next sﬁccessive level of nodes. In other woxds, the next
.successive node may indirectly or directly reference all employees names
beginning with A, B, and C. A next successive node, parallel with the
first successive node, may contain employee'records whose last name
begins with the letters D-M. The last successive node on this level
would reference records of émployees with last names starting with N-3Z.
As one searches through the index file tree, a bottom or leaf node is
eventuélly reachéd. The contents of the bottom or leaf node include
record keys that point to the individual recoxds in storage..

©  One problem in providing concurrent accesses to database tables
occurs when multiple transactions are trying to access a record at the
same time. Specifically, when one user wishes to change a record and
‘another user is attempting to access this record, a contention situation
occurs. One solution to the contention problem is to provide exclusive
access (or locking) to the recoxds or to the portions of the B-Tree
indexes to ensure that the index node, or record is not changed while the
user is attempting to access it. Locking is.addressed in "Index Locking

and Splitting™, IBM Technical Disclosure Bulletin, volume 25, number 7B,

December, 1982, pages 3725-3729; and "Locking Protocols for Concurrent
Operations on B-Trees", IBM Technical Disclosure Bulletin, volume 19,

number 10, March, 1977, pages 3887-3889. The disadvantage of a locking

solution is that a lock, while providihg access to one user, prevents




unl ocked. Al so, any |latches which are held are released in accordance wth
Step 329 and step 325 returns the programto the user.

13 Referring again to steps 330 and 332, if either the SMO bit
is equal to one or the Delete bit is equal to one, indicating the pendency
of a structure nodification operation or the possibility that a structure
nodi fi cation operation may be necessary during an UNDO, the access |ogic
must request a conditional S-latch on the index tree as indicated in step
336. Step 338 indicates the determ nation of whether or not the latch has
been grant ed, ageebsi by a0y othep usdh. deqirdigyly heySeinihizdn®ftht hambAOobi Tocks

utilised it would be possible to enhance the concurrency of a system.

Another important aspect of database systems is the capability
of such systems to make changes to the data contained within the database
in a recoverable manner. That is, these systems ensure that either all
of the changes entered by a particular user persists or none of the
changes persist in the event the 6peration of the system is interrupted
by failures of various components. Similarly, the user also is given the
ability to request that changes the user has made to the database be
reversed until a particular point in time has been reached. Thus, the
users' changes to the database are said to be "recoverable." This
concept is incorporated into database systems which operate in a
"transaction"™ processing manner. A transaction is a logical unit of work
comprised of a sequence of operations whlch transforms a first consxstent
state of a recoverable database resource into another consistent state
without necessarlly preserving con51stency at all 1ntermed1ate points 1n
the sequence. The utilisation of a transactlon processing system mus£
guarappeg that }f a transaction executes certain updates against a
recoverable database resource, and a failure occurs before the
transaction reaches its normal termination or an interim point of

consistency, then those updates will be undone.

Since a transaction includes the execution of an
application-specified sequencé of operations, its existence in the system
is generally initiated with a special "BEGIN WORK" operation and ends
with either a "COMMIT" or an "ABORT". The COMMIT and ABORT operations
provide atomicity in the system in that the COMMIT operation signifies
that a new point of consistency has been reached and all updates made by
the transaction involved must be made permanent. The ABORT operation
signifies that a fault has occurred and that any changes ﬁade by the
particular transaction involved must be."rolled back" or undone, and the
recoverable database resources returned to the prior point.of

consistency.
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and belete bit equal to zero prior to logging the insert and perforrri ng the
Jdnsert as described above with respect to steps 334 and 318. I n
the event the conditional S-latch requested on the tree in step §36 i s not
granted, step 342 is utilised to unlatch the node and step 334 indi'tates
the request for an unconditional S-latch on,he tree. After a period of
time has el apsed and the unconditional S-I atch has been granted, step 346
illustrates the relatching of the node in question. Step 348 is next
utilised to locally research the node to determ ne whether or not the node
has been substantial | y = pededto [perhite tiipdtranasction rbeeern|quarandeey fbe key

record to -be i n&%ﬂl L,;sdea%gé 1N L1188 bbb aBE5RS gme@ dM:&ﬁasS'HQJBS 334

and 318. In the event the node previousl
substantial |y afraraFions dpiohsueses 1 Pess af‘8 HELE # g\‘ﬁéf hé dager 336" he

node di scover edsd shatn théefseateof nilexe tartina v e&covmbSGItﬂeté @pEe|be propabLY,
the |ogic returg L& dantheaCAleC By QR Al LORHRRAL Ctm%@ls Ile Kicomi8sRefBy the tree

is once again traversed to determ ne the proper In the
event the node FRSEGAAST &Y 2hiRy B’é%"ﬁdc?f’aﬁb"é’&e Pratgﬁeth[er%’@géﬁ%f Fg\féf:h are
| dentical, steptcindadtiontfirbh Sied Hegitieingrtu ites wirbt ey thesenattions which cause

changes to recoverable data resoufces. This log then becomes a source
for ensuring that the transaction's committed actions are reflected, or
that its uncommitted actions are reversed to ensure that the database
stays consistent. When the log of transaction operations reflects data
object content these log records alsoc become the source for
reconstruction of damaged or iost data. These systems generally assign
each log record a unique log sequence number (LSN) at the time the record
is written into the 1og; Such LSNs are generally assigned in an
ascending numerical sequence. Upon the completion of the logging of an
" update to a.page of memory in the database the LSN of the log record
corresponding to the update is also typically stored on that page.

The type of system described above is generally referred to as
a log write-ahead system. A log write-ahead system requires that a log
_entry corresponding to a particular operation must by physically written
to stable storage before new versions of the changed data replace the
earlier versions of the data on non-volatile storage. Stable storage, as
described herein means non-volatile storage which remains intact and
available across system failures. One such example is the utilisation of
a magnetic storage disk. Additionally, such systems store transaction
status in the log and no transaction may be considered complete until its
committed status and all of its log data is safely recorded ‘on stable
storage. Thus, in the event of a system failure, a restart procedure
will not recover any operations within the transaction which wexe
completed successfully but did not manage to get their updated resources
physically written to stable storage prior to the system failure.

Further, such systems do not permit a transaction to complete COMMIT
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the key to be inserted is bounded on the |ocal node. If so, there is no
need to traverse the tree a second tine and the insert is |ogged and
performed in accordance with steps 334 and 318. If not, as above, the
search procedure of Figure 2 begins again to Iocate and i dentify the proper
node for the key insertion.

14 Referring again to step 312, if the conditional X-lock on
the next key record is not granted, the logic proceeds to step 316 to
unl at ch

: proceséing until all portions of all log records for the transaction have

been written to the physical log.

It is an object of the present invention to provide a more
efficient method of accessing records in a database through an index tree

while providing more efficient concurrent access by multiple users to the
database,

According to the invention, there is provided a data processing
system including a concurrent access database system for providing access
to data in the data base by a plurality of users concurrently by means of
a tree structure, said access including first operations in which the
tree structure remains unchanged and second operations in which the tree
structure is modified, said data processing system comprising means for
performing a transaction cdmprising a plurality of said operations in
sequence, means for storing an indication of the sequehtial po%ition of a
second operation immediately prior to a structure modification sequehce,
means for storing a compensation log record po;nting to said ;tored
indication on completion of the structure modification sequence, and
means for rolling back each of said plurality of said operations in the
transaction, by reference to said stored indication, on termination of
the transaction prior to completion of a structure modification sequence,
or for rolling back only operations not in said structure modification

sequence on completion of the sequence, by reference to said log record.

An embodiment of the invention described in detail hereinafter
provides for concurrent modifications of an index tree in a transaction
processing system. The index tree includes at least one root node having
a key record reference to one or more nodes in a next lower ordered level
and at least one bottom node providing access to key records.
Transactions including a structure modification operation are performed
by traversing the index tree to the selécted node and then setting an
indication of the pendency of a structure modification operation.
Concurrent key rebﬁrd inserts or deletes are permitted throughout the

index tree where no indication of a pending structure modification
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"the thild node and then to step 322 to request an unconditional X-1ock on
sthe next key record. After the unconditional X-|1ock has been granted step
354 illustrates the relatching of the node and step 356 represents the
exam nation of the node to determ ne whether or not the node has been
substantially altered during the waiting period. If the node has not been
altered, step 360 is utilised to determ ne whether or not the insert-key is
bounded-on the node, if so, the insert is |ogged and performed in
accordance with steps 334 and 318. In the event the node has
been altered, step 358 is utilised to determ fie whether or not the tree and
| evel of the node have remained the same. |If not, the search procedure
depicted in Figure 2 is reiterated to |ocate the appropriate node. If the
tree and | evel of ggaeaﬁedasrﬁmdt ix{aea&amaye‘atvmpraa(behmxutsdruaﬁadeto

determ ne whether of ﬁ;%s&oneop&@yqug Baldche s3aRbed dandeundednes he

| ocal node. If e search procedure o ure IS rqgggﬂgﬁ as above.

If the key record ’c’ﬁl‘ﬁ’é ?ﬁ?%r‘f*‘é?fdl %elﬁ‘fﬁjﬁ%ﬂeqﬁ ﬁ@tf‘f%'éﬁe
programreturns toomteyioR8(GO thedevent [thewsridsactirrpdesturat rergher saveppiab®fe.
Returning to step GAQistehey! AR K% B GRcHe I OrHRPe oS i @6l11vhdibn 2t eakh tkely Nt O

the eaf node. the.RLOORRT.RTASEEHS 1o SlERR L 9ol SHRSL: SaRaDLL) Q0%

X-latch on the index tree. ter m nes
and concurrent key record 1nserts are also delayed until the possibility

n

of a structure modification operatlon is completed. Once a structure
modification operation is complete, a log record is wiitten which will
_prevent the undoing of the structure modification operation in the event
of a system failure, whether or not the transaction containing the
structure modification operation has reached a new point of consistency.
In one preferred mode of the present invention, the local node is
researched after a delay to determine if key insertion or deletion is

possible without the necessity of traversing the tree a second time.

The preferred embodiment of the invention will now be
- -described, by way of example, with reference to the accompanying

drawings, in which:

FIGURE 1 is a block diagram of a concurrent access database

system in accordance with the present invention;

FIGURE 2 is a logic flow chart illustrating an initial search

operation through a datakase;

FIGURE 3 is a legic flow diagram illustrating a fetch operation
through a database;

FIGURE 4 is a logic flow chart illustrating an insert operation

through a database;

FIGURE 5 is a logic flow chart illustrating a“delete operation

through a database;
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or not the conditional |atch has been granted. If not, the |ogic proceeds
to step 310 to unlatch the child node and then to step 314 to request an
unconditional X-latch on the index tree. After the unconditional X-latch
has been granted on the index tree step 362 illustrates the rel atching of

t he node and step 364 is then utilised to exam ne the |ocal node to
determ ne whet her or not the node has been altered during the waiting

peri od. I f the node has been altered, the node split algorithm
depicted step 320, which will be explained in greater detail below, is

cal_l ed and . .
- FIGURE 6 is a logic flow chart illustrating an UNDO operation

of a key record insert through a database;

FIGURE 7 is a logic flow diagram illustrating an UNDO of a key
record delete through a database; -

FIGURE 8 ‘is a logic flow chart illustrating a node splitting
algorithm; and '

FIGURE 9 is a logic flow chart illustrating a node collapsing
algorithm;

With reference now to the Figures and in particular to Figure
1, there is depicted a block diagram of a concurrent access database
system embodying the present invention. As can be seen, the concurrent
access database system includes a plurality of interactive work stations
10 (IWs), which are all coupled to a host processor 12. Host processor
12 is then coupled to database 14. Those skilled in thé art will
appreciate that while this particular embodimeﬁt is disclosed, a similar
system comprised of individual computers coupled via a local area network
may also be utilised. Each operator of an interactive work station 10
may search, access, or alter recoxrds contained within database 14 by
means of a database management system within the host processor 12.
Those skilled in this art will appreciate that database 14 is typically
provided by utilising index files, which are commonly configured in a
B-Tree structure as discussed above. A typical B-Tree structure consists
of at least one root node with multiple levels of nodes branching from
the root node. The information contained in each node includes pointers
to nodes at the next lower level or pointers to records which are
contained in the database at the lowest level of nodes, often referred to

as leaf nodes.

With reference now to Figure 2, there is depictéd a logic flow

chart which illustrates an initial search operation through a database.
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15 ~ thereafter the tree is unlatched and the insert process returns to
step 300 to insert the key record into the newy established node or the
originally | ocated node, depending upon the key value. |If the node | ocated
has been altered, step 366 is utilised to determ ne whether or not the tree
and | evel of the |ocal node have remmined the sane. |If not, as above, the
logic returns to the search process depicted in Figure 2 to |ocate the
appropriate | eaf node. If the tree and | evel of the |ocal node have

remai ned the sane, step 368 is utilised t@ determ ne whether or not the key
record to be inserted is bounded on the |ocal ndde. If not, " the search
procedure depicted in Figure 2 is repeated. |f the key record to be

inserted' is bounded on t he ic ret tQ.s
proceeds to folfMoRPYie®EtEhs ne%peéél%rang r°°Fend§ o Qteﬁ b ‘sh(g?eeggér) Aad

W th referencerpguneds gﬂraécfed atnﬁe?"ée?%dde‘ﬁ‘i ETIéH’haP‘Pd g ]fll'“b'iﬁdcaffﬁffs
illustrating acgethéecarermht @Bedshr amgh 1midet adrase providesc tredeber usptsh t he

present i nvent L.w?&: 'thel Lap%bﬂqltp tp & cAPRALLN Leati Q:hE h.qm&jok |c%ﬁ'tai.iﬁ'ed within
the node. No other access, such as the capability to delete or change,
is provided. The index root node identifies the type of index and
provides the initial direction for accessing a record in this example.
For example, the index root node éould identify the index as an
alphabetical jindex in ascending order for a plurality of names. 1In step
103, the child node to be accessed would be identified according to the
information in the parent node. As illustrated in step 104, it is next
determined whether or not the operation to be performed is a fetch
operation. If the operation is not a fetch operation, that is, the
operation is a record insert (or key record insert), or a record delete
(or key record delete) operation, the access logic then proceeds éo step
106 to determine if the next node beneath the parent node is a bottom
node or a “"leaf node". fIf the next node is a leaf node, the 1ogié

R - proceeds to step 110 and acquires an X-latch on the child node. The
X-latch is an exclusive latch which excludes all other accesses to this
particular node. By applying an X-latch to the node in question the
program prohibits all other transactions from accessing this particular '

node.

Returning to step 104, if the operation is a fetch operation
or, returning to step 106, if the child is not a leaf node, the access
program proceeds to step 108 to acquire an S-latch on the child node.

The access logic then proceeds to step 112 wherein it determines whether
or not the key of the record being searched is greater than the highest
key in the child node. Of course, those skilled in the art will
appreciate that in fhe event the search enters an empty node then the key
being searched will autcmatically be construed as greater than the
highest key in the chilé node. If the key record being searched is
greater than the highest key present in the child node,dfhe_grogram

proceeds to step 114 to cetermine if the tree index structure is latched.
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the art that the key record to be deleted will be X-1ocked, if necessary,
before the delete operation begins. 1In step 400, the logic finds the next
key greater than the key to be deleted. In step 402 the |ogic requests a
conditional X-lock on this next record key. The logic proceeds to step 404
to determine if the conditional X-lock has been granted. If the conditional
X-1ock requested has not been granted, the | ogic proceeds to unlatch, the
child node in step 406 and then requests an unconditional |ock on the next
key record in step 410. After waiting for the unconditional

|l ock to be granted, step 456 illustrates the gelatching of the child node.
Thereafter, step 458 is-utilised to exam ne the |ocal node to determ ne .
whet her or not the node has been substantially altered during the waiting
period. If not, step 462 is utilised to determ ne whether or not-thqlkey to
be deleted is stilf th E&nts 29§ 184N B9 B§ET PFECETNE° 5Bt ¥p¥56. T8 begin
t he del eti on processent findckildtrodes exg ehlapched pd thé trpgyds dapehed. r Eppoareass

| f the | ocal node h@sc kean psitbsdsanionadtey 138 bRECE: sS4ELP02AEE) reshithdtkited t o

determ ne whet her %Iéraq:qgn tugc% ;:ﬁeegra%[agngl gy %Jxe Q:I'eet ﬂ%eﬂodﬁ\opéa‘\éﬁilled' in the art

should appreciate that optimisations are possible to reduce the number of

nodes which must be accessed when the operation is re-attempted.

In this example, an x-iatch on a tree is provided to indicate
to all other accesses that a change in the tree structure is being made.
If a tree X-latch access is in progress when a latch is attempted on the
tree, the attempting access must wait until the earlier access has been
completed. An S-latch on the tree is provided to indicate all other
accesses that no structural changes are being made, but other accesses
may concurrently access the index tree. No other changes ﬁéy occur until
the S-latch is released. Tree traversal may occur regardless of the
existence of S-latches or X~-latches. These tree traversals may include

key record deletions or insertions. _ i

In step 114, if the tree has been latched, or in step 112 if
the key is not greater than the highest key contained within the child
node, the logic proceeds to step 116 to determine if the child node is a
leaf node. If the child node is not, the program prpceeds to step 115 to
unlatch the parent node and then returns to step 103.

However, if the child node is a leaf node, the logic proceeds to step i20
to unlatch the parent and then to steps 122, 124 and 126 to determine if
the operation is a fetch, an insert, or a delete operation. In the
depicted embodiment, if none of these three operations are attempted, the
program will return to the user as illustrated in step 130. IA actual
practice, this return would include an error message signifying that the

operation to be performed is not identifiable by this program.

If the operation to be performed is a fetch operation, then the
access logic proceeds to step 200 of Figure 3 wherein a logic flow chart
is depicted which illustrates a fetch operation through a database in

accordance with the present invention. In step 200 of Figure 3, the




16 remai ned the same. If not, the logic returns to the search process
depicted in Figure 2. If the tree and | evel of the |ocal node have remai ned
the sane, step 462 is utilised to determ ne whether or not the key to be
deleted is still present within the local node. If not, the |ogic once
again returns to the search procedure depigfed in Figure 2 to |ocate the
appropriate | eaf node. However, if the key to be deleted is present in the
| ocal node, the logic returns to step 400 to begin the deletion process.
Returning now to step 404, if the conditional X-lock on the

. logic finds the requested key being searched or the next higher key in

the database. In step 202, the logic then requests a conditional lock on
the key record found: In the depicted example, a conditional lock is
requested from a database management.sysfem which manages the locks on
the record keys. The term “conditional" meahs that if the lock is not
immediately granted, a response will be provided to the requesting
accessor indicating that such é-loék is not being granted. This response
is utilised to make the decision depicted in step 204. If the lock has
not been granted, the logic proceeds to step 206 tq unlatch the child
node and then to step 208 to request an unconditional lock on the key
record. The request for an unconditional lock, as illustrated in step
208, requires that the accessor wait until such lock is granted before
proceeding. Once the lock has been granted, the logic next relatches the
child node in step 214 and determines whether or not the node has changed
in step 216. This examination of the node in step 216 is referred to _
herein as "local research" and is u;ilised_to enhance the efficiency of
the system depicted by permitting the logic to proceed again from the
local node rather than traverse through the tree a seco;d time if the
- - node has not been substantially altered. This may be determined, for
example, by comparing the LSN stored at the node and the LSN recorded
prior to the waiting period. If the node has not changed, step 218 then’
determines whether or not the key is the first key in the local node. If
not, the key record found is then returned as illustrated in step 209.
Thereafter, as illustrated in step 210, the child node is unlatched. 1In
step 211, the key record is unlocked. It should be apparent to those
skilled in this art that steb 211 will occur when the transaction is

complete or at an earlier time.

Referring again to step 218, if the key which has been located
is the first key in the node the logic will return to the beginning of
the process illustrated in Figure 2 to traverse the tree a second time.
This is necessary due to the possibilitf_that the key record requested
was not located and that the next higher key record located was the first
key in the local node. The delay which was encountered while waiting for

an unconditional lock cn the key record located might signify that a key
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next key's record has been granted, step 432 is utilised to determ ne

whet her or not the key to be deleted is bounded on the |ocal node. If so,
step 434 is utilised to determ ne whether or not the SMO bit is equal to
zero, indicating that the | eaf node in question i's not participating in a
structure nodification operation which has_.not yet conpleted. If the SMO
bit is equal to zero, step 436 sets the Delete bit equal to one, indicating
that the node in question has had a key record deleted in a transaction

whi ch has not yet reached a new point of consistency. Thereafter, the key
record to be deleebibrtiggrss a&:u'ﬂ:ém&ttrﬂﬁeﬂbxitnlcﬁrbep:odaknanﬂuastma %Q8

Il lTustrates th%eg‘g}ﬁe}éé% ségd M}ﬂ %oun fee%Q QeT_lent ]p th:. casg tJ%eJ.serggltvsgﬂe

key record to be I S not ded on e [ea e or

not equal to zdPot*a¥eEss BB LFeY astqcareLirgdo degeradpe r’ﬁjleB‘ferambé‘ﬁEIltE‘Fo’T‘rél
S-latch on the dessl@Xrédueeted Ds pheésedvent the | atch requested has been
granted, as determ ned by step 440, step 442 sets the SMO bit and the

Del ete bit equal to zero and the deletion is ed and acconplished in
accordance with steps &S{erzies 2g8in [tp stRe %éndﬁt negdeshasabesdn Faiged °&8P on
the i ndex tree 226 theh qtardiags whid®eridkd nbt lehs hbad &s §dle:1 t;ﬂlaaézﬁ:hmgh@faawe

node and the retgugsa;)i% ofe 2R upcondit |t8nrprev$m#9tc %%he }pde £8,88

illustrated in st e uncondl { onal
S-latch to be gquaﬁtbgdtragg:@ﬁgd a second time to locate the proper child node for the

key record requested. If the tree and level of the local node are the
same, despite the change in the node, step 222 is utilised to find the
requested key or the next higher key. Next, step 224 is utilised to
determine if the logic has found the same key as before. If so, the
proper key record has been located and is returned via step 209 as
described above. If not, the tree must be traversed a second time O
find an appropriate child node. If a key does exist within the child
node which is less than the key record requested, then step 226
illustrates the removal of the lock on the previously found key record
and a return to.stép 200 to once again locate the reguested key or the

next higher key.

With reference now to Figure 4 there is depicted a logic rlow
chart illustrating an insert operation through a database in accorrl.ince
with the present invention. It should be apparent to those skillerl in
this art that the key record to be inserted will be X-locked if ncr:SS~
ary, before the insert operation begins. This operation would be
utilised to insert a record in the computer memory and provide an
inserted key into the index updating the respective node(s) of the« index,

enabling. other transactions to access the newly inserted record.

In step 300, it is first determined if the key record teo he
inserted will fit into the bottom or leaf node. If so, the logic
proceeds to step 304 to find the next key which is greater than th.« kev
to be inserted. If the next key is not in the node, the access 1l-;i< 1s

pointed to the next successively located leaf node. If there is r- next -
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448 illustrates the relatching of the child node and step 450 again
Illustrates the | ocal researching of the node to determ ne whether or not
t he node has been altered substantially during the waiting period. If

17 not, the logic returns to step 442 where the SMO bit and Delete bit
are both set equal to zero and the deletion is |ogged and acconplished in

12

successively located leaf node, the access logic then finds the null
indicator. Then, in step 308, the access logic will request a
conditionai X-lock on the next key record. In step 312, a determination
is made whether or not this conditional X-lock request has been granted.
If so, step 330 is utilised to determine whether or not the SMO bit is

equal to zero.

The SMO bit is a flag vhich is present in a leaf node which is
set by the pendency of a transaction which includes a structure .
modification operation. This flag bit is utilised to delay the operation
of one user while a structure modification operation of a second user is
pending. Once the structure mpdification operation of a second user has
been completed, that structure modification will not be undone in the
event of system failure and thereafter the SMO bit will be set equal to

zero. !

i Next, step 332 is!utilised to determine whether or not the
Delete bit is equal to zero. A Delete bit is provided in each leaf node
to indicate whther or not the node in queétion is participating or has
participated in a delete operation which has not yet achieved a new state
of consistency. This is important to realise in view of the fact that
prior to achieving a state of consistency if it is necessary to UNDO a
delete operation the subsequent insertion of the previously deleted
record may require a node to split, if insufficient room remains in the
node to reinsert the previously deleted bit. This change in the
structure of the index tree may have an adverse affect upon a concurrent

operation.

Therefore, if the Delete bit is equal to one, the key record
operation being attempted must be delayed until a new point of consis-
tency has been reached. If both of these conditions are met, step 334
depicts the logging of the insert operaéion, as is necessary in all log
write-ahead systems. Thereafter, step 318 inserts the key on the chilad
node in question. In step 324, the next record and key record are
unlocked. Also, any latches which are held are released in accordance

—Yith : step 329 and step 325 returns the program to the user.
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accordance with steps 437 and 408. If the | ocal node has been substantially
altered, step 452 is utilised to determ ne whether or not the node is stil
in the sane tree and at the sane level. In the event the node is stil
present in the sane tree and at the sane level, step 454 is utilised to
determ ne whether or not the key record to_he deleted is present within the
node. If so, the programreturns to step 4 to begin the del etion process.
If the local node is no |onger present in the sanme tree or at the sane

|l evel, or in the event the key record to be deleted is not present, the
logic returns to the seaaarfehrmgacgedurﬂa shepi Qe thnla 3 33, gwelalet:ou@esm pithdst he

te | eaf
appropr late |eq )ﬁ nP q:e L OL r.{:?'Le &geLg rllu{: risﬂé@?f Itg ’ .1ndﬁca1']1nn6 the e?x&ency

del eting the key' recor SN accordance Wit ict
proceeds to st &f aistrpetuyetnadifiretignePPription %Fh% Wésﬁé’élé’-tﬁr @mtoasswyucture
cont ai ni ng t hatmdeeyida@Ld Bpératisi\m8FBE YneckdsaP lanringead mgm: und atedwesidgie

node in step 421 %nz_gle Leturns EPt;tohgl ggﬂtc{, r %’el '%6%8 %]e  as mé;:. QLIS sty{}

t he event the noée preV|ous y contal nl ng recor IS €
step 416 is util¥sedten 3r3éqwéls€at&sdéwd¢€tqema#uxnl%& {’,’Fle"(lj‘ﬁr ey ﬁ’éi%)%a'fqhee

Next, in step 48 bddnegtaged, drd arnédiestedpl 3dohepaondichd @aatinkads bhdr3s0 aen
grant ed. " If So’ar;[dh[?ellegg Ib%tpéq%gf etdoszér% ISM.IJ.OP to logging the insert and performing

the insert as described above with respect to steps 334 and 318.

In the event the conditionel S-latch requested on the tree in
step 336 is not granted, step 342 is utilised to unlatch the node and
step 334 indicates the request for an unconditional S-latch on the tree.
After a period of time has elapsed and the unconditional S~latch has been
granted, step 346 illustrates the relatching of the node in question.
Step 348 is next utilised to locally research the node to determihe
whether or not the noﬁe has been substantially altered. If the node has
not been altered the key rdcord to be inserted is logged and 1nserted in

- accordance with steps 334 and 318.

In the event the node previously found has been substantially
altered, step 350 is utilised to determine whether or not the ncde
discovered is in the same index tree and at the same level. If not, the
logic returns to the search operation depicted in Figure 2 and the tree

is once again traversed to determine the proper node.

In the event the node discovered has been changed but the tree
and level are identical, step 352 is utilised to determine whether or not
the key to be inserted is bounded on the local node. If so, there is no
need to traverse the tree a second time and the insert is logged and
performed in accordance with steps 334 and 318. If not, as above, the
search procedure of Figure 2 begins agein to locate and identify the

proper node for the key insertion.
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424 to performthe node collapsing algorithmwhich wll be explained in
greater detail below. The node collapsing algorithmrenoves the enpty node
and the references to the enpty node fromthe preceding nodes in the index
tree. Thereafter, step 426 illustrates the unlatching of the tree and
returning the logic to the operator in step 430. Ref erring
again to step 418, in the event the conditional X-latch requested on the
index tree is not granted, step 420 illustrates the unlatching of the child
node and the requesting of an unconditional X-latch on the tree as
illustrated in step 422. After waiting for the unconditional X-latch for

the index tree to be oranled, .o8Peigeel S dahe MLAGIMASLAGE, O 01 {he
node in questionr has beén aT$ 3788 urlﬁg thi's maitln% peri o .kl so, the
| ogi C returns pertt Yy wef%_flﬁrnoiatgrglﬁgﬁ, the logic proceeds to step 316 to unlatch

the child node and then to step.322 to request an unconditional X~lock on
the next key recgfd. After the unconditional X-lock has been granted
step 354 illustrates the relatching of the node and step 356 represents
the examination of the node to determine whether or not the node has been
substantially altered during the waiting period. if the node has not
been. altered, step 360 is utilised to determine whether or not the insert
key is bounded on the node, if so, the insext is logged and performed in
accordance with steps 334 and 318. ’

In the event the node has been altered, step 358 is utilised to
determine whether or not the tree and level of the node have reméined the
same. If not, the seafch procedure depicted in Figure 2 is reiterated to
locate the appropriate node. If the tree and level of the node remain
the same, step 360 is utiliéed:to determine whether or not the key record
to be inserted is bounded on the local node. If not, the search
procedure of Figure 2 is repeaéed as above. If the key record to be
inserted is boupded on the local node the program- returns to step 300 and

follows the procedure enumerated above.

Returning to step 300, if the key record to be inserted will
not fit into the leaf node, the program_proceeds to step 302 to request a
conditional X-latch on the index tree. Step 306 then determines whether
or not the conditional latch has been granted. If not, the logic
proceeds to step 310 to unlatch the child node and then to step 314 to
request an unconditional X-latch on the index tree. After the
unconditional X-latch has been granted on the index tree step 362
illustrates the relatching of the node and step 364 is then utilised to
examine the local node to determine whether or not the node has been

altered during the waiting period.

If the node has been altered, the node split algorithm depicted

step 320, which will be explained in greater detail belé&, is called and




18 * 425 and if not, the node coll apsing al gorithm and subsequent ‘steps

di scussed above are acconpl i shed. Referring now to Figure 6,
there is depicted a logic flow chart illustrating an UNDO operation of a
key record insert through a database in accordance with the present

i nvention. Those skilled in the art will appreciate that in the event a key
record has been inserted in a transaction and a systemfailure has occurred
prior to reaching a new point of consi_sll%ency, it will be necessary to roll
back or "UNDO' the key record insert. is will be the equivalent of a key
record delete. As can be seen in Figure 6, the first step in the UNDO of a
key record insert is the determ nation of the appropriate node fromthe | og
record, as i khersafitar dHe itpestie nbO@hed\and thet irgetpproopss wtermsotie skep

X-l atched, agod td ussdratund x'tewgl Slc6R1 2R3, theNidwhi Bdtabi4ndaSnddeidr &1Rd t0 set the

SMD bi t and del gl pis 1besilAbad CadSh ol upbl Ere O3 DEL NG AGEQTPLT Shed as

result of a restart o en utilised to determ ne
whet her or n¥tcattfeRiolieey ?nltq{ﬁé’st?*ﬁﬁ 368 iﬁr‘@é’e‘ﬁfd ith defEmingnEhethe¥e®hnd at the
sane | evel asotpthepkreet ndt hayed &t the Buekhgedewrve Irepsitis® thd hgnelND@. noBi i | arl y,

as above, the logic returns to the search process depicted in Figure 2 to
locate the appropriate leaf node. If the tree and level of the local
node have remained the same, step.368 is utilised to determine whether or
not the key record to be inserted is bounded on the local node. If not,
the search procedure depicted in Figure 2 is repeated. If the key record
to be inserted’ is bounded on the node the logic returns to step 300 and

proceeds to follow the steps necessary to insert the key record.

With reference now to Figure 5, there is depicted a logic flow
chart %llustrqting a delete operation through a database in accordance
with the presént invention. It should be épparent to those skilled in
the art that the key record to be deleted w111 be X-locked, if necessary,
before the delete operation begins. In step 400, the logic finds the

- - next key greater than the key to be deleted. In step 402 the logic
requests a conditional X-lock on this next record key. The logic
proceeds to step 404 to determine if the conditional X-lock has been
granted. If the conditional X~-lock requested has not been granted, the
logic proceeds to unlatch the child node in step 406 and then requests an

unconditional lock on the next key record in step 410.

After waiting for the unconditional lock to be granted, step
456 illustrates the relatching of the child node. Thereafter, step 458
is utilised to examine the local node to determine wnhether or not the
node has been substantially altered during the waiting period. If not,
step 462 is utilised to determine whether or not the key to be deleted is
still present. If so, the logic returns to step 400 to begin the

Geletion process. If not, the search process of Figure 2 is repeated.

If the local node has been substantially altered, step 460 is

utilised to determine whether or not the tree and level of the node have
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step 508 is utilised to determ ne whether or not the key to be deleted is
present wthin the node. In either case, if the tree and | evel have varied
or the key is not present, the logic nust return to the search procedure
outlined in Figure 2. Next, step 510 is utilised to determ ne whether or
not the SMO bit is equal to one, indicating that the node in question is
participating in a structure nodification %eration which is still pending.
If not, step 512 illustrates the determ nation of whether or not the key to
be deleted is the first key or last key in the node. If the SMO bit is

qual to one .Ofeu}all.ieed@ue ts@m@.ﬁ ﬁﬁln%EeothslotgtL?réwrsts teCind B?aﬁgal ﬁaei@ori a}] e
node, step 514_il.lustr.ates t requesting o condi tiona - | at on the
tree. Next, st%?flgg%& dgtigllglrﬁengé %%eﬁf?e?roranﬁio iy eéj% %%%ﬁoﬁﬁsn%%eﬁa‘ﬁr ant ed
and if so, stepriBiBedéps ceBet Heersdol ilsguiifiseictSHIdrnineankethet erenddi thequal
L o zer o.b oy 1Y, Lo be hénettbﬁ i%;/ﬁﬁtlltﬂg:%s%ﬂﬁin ithe NBta PAUEM . tgf ABE, &néiStz Be
ey to be eleted is not .the first I n e _appropri ate node, ste
illustrates t hgo%?:i N D o o) aul= i o E%Ot% ?l"‘f%‘r P ’f°5gg¥€o%ﬁﬂlf’§# AY F"L'lﬁ'érekgyt°
locate the appropriate leaf node. However, if the key to be deleted is
present in the local node, the logic returns to step 400 to begin the

deletion process.

‘Returning now to step. 404, if the conditional X~-lock on the
next key's record has been granted, step 432 is utilised to determine
whether or not the key to be deleted is bounded on the local node. If
so, step 434 is utilised to determine whether or not the SMO bit is equal
to zero, indicating that the leaf node in question is not participating
in a structure modification operation which has not yet completed. If
the SMO bit is equal to zero, step 436 sets the Delete bit equal to one,
indicating that the node in question has had a key record deleted in a
transaction which has not yet reached a new péint of consistency.
Thereafter, the.key record to be deleted is logged as illustrated in step
437 and step 408 illustrates the deletion of that key record.

In the event the key record to be deleted is not bounded on the
leaf pode or the SMO bit is not equal to zero, step 438 illustrates the
requesting of a conditional S-latch on the index tree. 1In the event the
latch requested has been granted, as determined by step 440, step 442
sets the SMO bit and the Delete bit equal to zero and the deletion is
logged and accomplished in accordance with steps 437 and 408. If the
conditional S-latch requested on the index tree is not granted, step 444
illustrates the unlatching of the node and the requesting of an

unconditional S-latch on the index tree as illustrated in step 446.

After waiting for the unconditional S-latch to be granted, step
448 illustrates the relatching of the child node and step 450 again
illustrates the local researching of the node to determine whether or not

the node has been altered substantially during the waiting period. If -
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19 " record delete. Thereafter, the key record is deleted as depicted in
step 522 and step 528 is utilised to determ ne whether or not the node is
now enpty. If not, the logic returns to the operator at step 530. If in
fact the deletion of the key record has rendered the node enpty, step 532
takes the logic to the node collapsing algorithmand after conpletion of
that step, such step 534 unlatches the tree and returns the logic to the
operator in step 536. Returning now to step 516, if the _
conditional S-latch requested on the tree |s not granted, step 524 depicts
t he rel easi ng of the node

- not, the logic returns to step 442 where the SMO bit and Delete bit are
both set equal to zero and the deletion is logged and accompfished in
accordance with steps 437 and 408. 'If the local node has been

. substantially altered, step 452 is utilised to determine whether or not
the node is still in the same tree and at the same level. In the event
the node is still present in the same tree and at the same level, step
454 is utilised to determine whether or not the key record to be deleted
is present within the node. If sd, the program returns to step.400 to
begin the deletion process. If the local node is no longer present in
the same tree or at the same level, or in' the event the key record to be
deleted is not present, the logic returns to the search procedure
depicted in Figure 2 to determine the qppropriate leaf node for the

action in question.

After deletlng the key record in accordance with step 408, the
logic then proceeds to step 412 to determine whether or not the node i
prev1qusly containing that key record is now empty. If not, the 1og1c

- - unlatches the node in step 421 and returns to the operator in step 414.

. In contrast, in the event the node previously containing the deleted key
record is empty, step 416 is utilised to request a’'conditional X-latch on
the index tree. Next, in step 418, the logic determines if the
conditional latch has been granted. If so, the logic proceeds to step
424 to perform the node collapsing algorithm which will be explained in
greater detail below. The node collapsing algorithm removes the empty
node and the references to the empty node from the Preceding nodes in the
index tree. Thereafter, step 426 illustrates the unlatching of the tree

and returning the logic to the operator in step 430.

Referring again to step 418, in the event the conditional
X-latch requested on the index tree is not granted, step 420 illustrates
the unlatching of the child node and the requesting of an unconditional
X~-latch on the tree as illustrated in step 422. After waiting for the
unconditional X-latch for the index tree to be granted,uétép 423 then

determines whether or not the node in gquestion has keen altered during

this waiting period. If so, the logic returns to the operator at step
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| at ch and the requesting of an unconditional S-latch on the tree as

il lustrated in step 526. Thereafter, the logic returns to step 502 to

begin the UNDO of the key insert operation after the unconditional S-latch
has been grant ed. Wth reference now to Figure 7, there is
depicted a logic flow chart illustrating an UNDO of a key record delete in
accordance with the present invention. Thosgaskilled inthe art wll
appreciate that in order to maintain an indéx tree at a point of
consistency, it is periodically necessary to roll back or "UNDO' an
operation which has not yet reached a new state of consistency in the
event of a syst ezs had lidr etor tiRt hede 8611bs HiRN&ligol DihmPdrid0Eudsequsdpdtebs on. The

UNDO of a key r il |l _operate.in much the sane manner as a key
record insert. ig&égsn&gé@ésvgeﬁe ?%cec’%ﬂilrssed’step is the determ nation of the

appropriate node fromthe |og record which has been maintained in

accordance w th the | Ografelrk frgah®adoPFigues @, - thbbé Ssi deplibtddss rabes iy Thep

O e o2 B AL S8 oL | S o R O e e

UNDO i s bei ng aé®@epridshesivwith ghe ergbentoinvgntiost aThoss skillad sipsthenrfaiwily e.
appreciate that in the event a key record has been inserted in a
transaction and a system failure Has occurred prior to reaching a new
point of consistency, it will be necessary to roll back or “UNDO" the key
record insert. This will be the equivalent of a key record delete. As

§ can be seen in Figure 6, the first step in the UNDO of a key record
insert is the determination of the appropriate node from the log recoxd,
as illustrated in step 500. Next, the appropriate node is X-latched, as
illustrated in step 502, and steﬁ 504 is utilised to set the SMO bit and
:delete bit equal to zero if the UNDO is being accomplished as a' result of

a restart of the system. Step 506 is then utilised to determine whether

or not the node in question is present in the same tree and at %he same
level as prior to the system outage which caused the UNDO. Similarly,
step 508 is utilised to deterﬁine whether or not the key to be deleted is
present within the node. In either case, if the tree and level have
varied or the key is not present, the logic must return to the search
procedure outlined in Figure 2. Next, step 510 is utilised to determine
whether or not the SMO bit is equal to one, indicating that the node in
question is participating in a structure modification operation which is
still pending. If not, step 512 illustrates the determination of whether
or not the key to be deleted is the first key or last key in the node.

If the SMO bit is egual to one or the key to be deleted is the first key
in the appropriate node, step 514 illustrates the regquesting of a
conditional s—latch on the tree. Next, step 516 determines whether or
not the latch has been granted and if so, step 518 depicts the setting of
the SMO bit and Delete bit equal to zero.

In the event the SMO bit is not equal to one and the key to be
deleted is not the first key in the appropriate node, step 520

illustrates the writing of a log record prior to accomplishing the key




Step‘606 Is utilised to determ ne whether or not the node is |ocated within
tthe sanme tree and at the sane |level as the situation prior to the cause of
the UNDO and if not, the search procedure outlined in Figure 2 is repeated.

Next, step 608 illustrates the determ nation of whether or not the key to
be deleted by the UNDO operation is bounded in
CLAIM5S 1. 1In a data processing system a nethod executed by a data

processor for fetching a selected key record in a group of record keys by
utilizing a portion of a key record throudgl? an index tree having a
nodi fiable structure during a transaction in said data

- - record delete. Thereafter, the key record is deleted as depicted in step
522 and step 528 is utilised to determine whether_or not the node is now
empty. If not, the logic returns to the operator at step 530. If in
fact the deletion of the key record has rendered the node empty, step 532
takes the logic to the node collapsing algorithm and after completion of
that step, such step 534 unlatches the tree and returns the logic to the

operator in step 536.

Returning now to step 516, if the conditional S-latch requested
on the tree is not granted, step 524 depicts the releasing of the node
latch and the requesting of an unconditional S-latch on the tree as
illustrated in step 526. Thereafter, the logic returns to step S02 to
begin the UNDO of the key insert operation after the unconditional
S~latch has been granted.

Wwith reference now tb Figure 7, there is depicted a logic flow
chart illustrating an UNDO of a key record délete in accordance with the
present invention. Those skilled in the art will appreciate that in -
order to maintain an index tree at a point of consistency, it.is
periodical{y necessary to roll back or "UNDO" an operation which has not
yet reached a new state of consistency in the event of a system failure
or other error condition prior to completion. The UNDO of a key record
delete will operate in much the same manner as a key record insert. As
can be seen, the first step is the determination of the appropriate node
from the log record which has been maintained in accordance with the log
write—~ahead protocol. This is illustrated in step 600. WNext, step 602
indicates the X-latching of that node and step 604 illustrates the
setting of the SMO bit and Delete bit equal to zero, if the UNDO is being

accomplished as a result of a restart after a system failure.

Step 606 is utilised to determine whether or not the node is
located within the same tree and at the same level é§ the situation prior
to the cause of the UNDO and if not, the search procedure ?gtlined in
Figure 2 is repeated. Next, step 608 illustrates the determination of

whether or not the key to be éeleted by the UNDO operation is bounded in
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processi ng system wherein other transactions may concurrently nodify the
Sstructure of said index tree, said index tree having at |east a root node,
each root node having a key record reference to one or nore nodes in a
next |ower ordered | evel and having bottom nodes that provide access to
said key record data in an ordered sequence,pof key records, said nmethod
conprising the steps perfornmed within said aata processi ng system of :
traversing across said nodes within said data processing systemfrom said
root node by using key record reference until an appropriate bottom node -
i s reached, . the indéelt | Agding ifahek,sehectadhk@pcedaarshti hedaifl Fh@idomigode;
requesting a copgidegpal access restriction on said selected key record,
fetching said sel'ected key record if said conditional access restriction is
gr ant ed; requesting an unconditional access restriction of said

sel ected key record if saitthe ¥3N&h theOfllet&T 68 THuARS! b1 Ghé QdchS nbdS, FEepnNbar;

determines whether or not the SMO bit is equal to one, indicating, as
disclosed above, that the node in question is involved in a pending
structure modification operation. If the SMO bit is not equal to one,
step 612 determines whether or noé the Delete bit is equal to one,
determining whether or not the node in questions has recently had a
record deleted in a transaction which has not yet reached a point of

consistency.

If neither the SMO bit or Delete bit is equal to one, the logic
Proceeds to step 624 to determine whether or not the key record to be
inserted will fit in the appropriate node. Referring again to steps 610
and 612, if either the SMO bit is equal to one or the Delete bit is equal
" to one, step 614 represents the requesting of a conditional S-latch on
the tree. Step 616 then det;rmines whether or noﬁ the S-latch has beén
- - granted and if so, step 622 is utilised to set the SMO bit and Delete bit
equal to zero before determining whether or not the key to be inserted

will fit into the node as discussed with regard to step 624.

In the event that the conditional S-latch requested on the tree
in step 614 is not granted, then step 618 depicts the releasing of the
node latch and the requesting in step 620 of an unconditional S-latch on
the tree. After an unconditional S-latch on the tree has been granted,
the logic returns to step 602 where the node is X-latched and the process

begins again.

Referring again to step 624, if the key record to be inserted
does not fit into the appropriate node, step 626 'illustrates the calling
of the node split algorithm. After the'node split algorithm has- been
accomplished, step 628 depicts the unlatching of the tree and the progran
once again returns to step 602 to begin the procedure again. 1In the

évent that the key record to be inserted does fit into the appropriate
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A

exam ning said appropriate bottom node after said unconditional access
restriction is granted to determ ne whether or note said appropriate .

bott om node has been substantially altered; fetching said sel ected
key record is said appropriate bottom node has not been substantially
altered; and traversing across said nodes fromsaid root node by.

using said key record reference until a second appropriate bottom node is
reached if said appropriate bottom nodeazhas been substantially altered.
2. The nethod according to claim1l, wherein said step of exam ning said
appropriate botton1node after said unconditional access restriction has

been grant ed Lgedetel ple . ahether, oL, 119 37\ PRLGR baLe ot tom node has

accompllshlng that insert in step 632. Thereafter, the logic returns to
the user in step 634.

With reference now to Fiqure 8, there is depicted a logic flow
chart illustrating a node splitting algorithm. As can be seen, the node
splitting algorithm begins by storing an appropriate log sequence number,
which is associated with the operetion which was accomplished just prior
to the node splitting operation. Those skilled in the art will
appreciate that in a forward propagating transaction this will be the log.
sequence number which was accomplished just prior to the node splitting
algorithm; however, in an UNDO which tequires a node splitting operation
this log seguence number will be the log sequence number of the operation

which occurred just after the operation in question.

Next the tree is X-latched as illustrated.in step 702 aﬁd the
new node requirement is logged in accordance with the log wrlte-ahead
protocol, as depicted in step 704. Step 706 is then utilised to obtaln
the new node and step 708 depicts the X-latching of the new node and the
old node, if necessary. In step 710, in accordance with the log
write~ahead protocol, the changes to the key locations are written to a '
log prior to the moving of a portion of the keys to a new node from the
old node in step 712. Step 712 also sets the SMO bit equal to one in the
leaf node affected so that concurrent users may determine that the node
in question is involved in a structure modification operation which has

not yet completed.

Next, the old and new nodes are unlatched as depicted in step
714 and the parent node is X~latched as illustrated in step 716. &any
changes necessary in the parent node are then logged in step 718 and the
Parent node is updated in step 720. The parent node is then unlatched as
depicted in step 722 aré a dummy compensation log record (CLR) is written
to the log memory which points to the stored appropriate log sequence
"“mbet (LSN). Those skilled in the art will appreciate that a,

Composition log record is a log which defines the place or point in time
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26- includes the step of determ ning whether or not said selected key
record is a first key record in said ordered sequence of key records
within said appropriate bottomnode. 3. The nethod of according to claim
1, wherein said step of exam ning said appropriate bottom node after said
uncondi tional access restriction is granted to determ ne whether or not
sai d appropriate bottom node has been subst%htially altered further

i ncludes the step of determ ning whether or not a next |ower key record in
said ordered sequence of key records within said appropriate bottom node

is lower than saidle SLbLfSI %Q)cé@e¥lgcgcofdQntlf§1ng 1O niB! R4 REE AdbdiGg ttmeki M
1, wherein said steg of .exam ning said appropriate
hat point in time. In this manner, the structure modification

operation which has just been accomplished will not be undone despite the
possible failure of the system prior to the transaction involved reaching
a new point of consistency. If such a failure occurs, the dummy CLR
record will cause the undoing algorithm to jump to the operation which
occurred just prior to the beginning of the completion of the structure
modification operation. Thus, an§ transaction involving a structure
modification operation will be rolled back in its entirety if the
structure modification operation has not been completed but will only be
rolled back as to nonstructure modification operations if the structure
modification operation has been compleﬁed prior to the system outage or
transaction ABORT during normal processing. It should be noted that this
will effectively prohibit the undoing of a structure modification which
has been completed despite the failure of the tra?sactiop containing that
structure modification to achieve a commit status. 1In this:manner, a
higher level of concurrency may be obtained due to the system's ability
to commit to a structure modification without requiring transaction to

- achieve a commit state.

Finally now with reference to Figure 9, there is depicted a
logic flow chart illustrating a node collapsing algorithm in accordance
with the present invention. As can be seen, in a manner similar to that
depicted in the node splitting algorithm, the process begiﬁs with the
storing of an appreprizte log sequence number (LSN), in step 800. Next,
the tree is X-latched in accordance with step 802 and the adjacent and

0ld nodes are X-latched, if necessary, in accordance with step 804.

In accordance with the log write-ahead protocol previously
discussed, the node collapsing key movement is logged in accordance with
Step 806 and step 808 depicts the moving of keys from the adjacent node
to the empty node. Step 808 also depicfs the setting of the SMO bit
equal to one, indicating to concurrent users that a pending structure
Rodification operation with regard to this particular node is in
Progress. Next, step 810 is utilised to update the forward node pointer,

and step 812 is utilised to remove the adjacent node.
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bottom node after said unconditional access restriction is granted to

det erm ne whether or not said appropriate bottom node has been
substantially altered further includes the step of determ ning whether or
not a key record exists in said appropriate bottom node which is |ower
than said selected key record. 5. |In a data processing systema nethod
executed by a data processor for inserting a single key record in a group
of record keys according to a key record tgrough an index tree having a
nodi fiable structure during a transaction 1n said data processing system
wherein other transactions may concurrently nodify the structure of said

I ndex tree, said index tree having at least a root node, each root node
havi ng a key record ref 8eenkiddtnyde @né adiacesy aodacrfesthen valatehed tvwer ordered
| evel and havi ngecéstabmie viedated B4 apd A%k PRrenB8GOES $s (XO10h&H Gieaecbrag@eence

of key records, 5al deJPbNOf. GO Lithihs' HE 13EERS0aRST FALTRY HhLlReRa d

data processi ng system of: . .
thé logging of the changes to the parent node prior to accomplishing such

changes in step 820. Thereafter, the parent node is unlatched in step 822
and a dummy compensation log reccrd (CLR) is written which points to the
stored appropriate log sequence number (LSN).

In both the node splitting and node collapsing algorithms

[ previously described, those skilled in the art will appreciate that the

' SMO bit ma& be reset to zero at any time and in any appropriate manner
after the structure modification cperation has been compléted. Upon
reference to the foregoing, it will be appreciated that there has been
provided a system for concurrent modifications of an index tree in a
transaction processing system which will accommodate a high degree of
concurrency by permitting key record insertion and deletion to occur -

; ‘throughout the tree except in those areas of the tree in which a

structure modification operation is pending.

Additionally; once the structure modification has been
completed, a dummy compensation log record is utilised to ensure that the
structure medification will not ke undone despite a system outage prior
to the transaction in guestion reaching a new point of consistency. In
this manner, the physical consistency of the index tree is maintained and
the high degree of concurrency resulting from this maintenance will

enhance the utilisation of the index trxee by multiple concurrent users.

Similarly, the utilisation of a flag bit within nodes where a
deletion has recently occurred w:ll delay a key record insertion which
might otherwise be affected by a structure modification operation which
Occurs during an UNDO. Once the iransaction incorporating the record
deletion has reached & state of censistency, the Delete bit is once again
Set to zero and anv key reccrd insertions which have been delayed are

Permitted to progress.
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tr«aversing across said nodes within said data processing systemfrom said
<root node by using said key record reference until an appropriate bottom
node i s reached, identifying a next higher key record than the
single key record to be inserted; requesting a conditional access
restriction on said next higher key record, inserting said single
key record into said appropriate bottomnode if said conditional access
restriction is granted; requesting an unconditional access
restriction on said next higher key record if said conditional access

r rictionis n ran ;
est ctio 5 ot _g aTLgis%’skilled in this art will appreciate that while the

operations described herein are generally referred to as occurring in a
leaf node, such node split and node collapse operations will often cause
similar operations to propagate up the tree toward the root node. It
should be understood that the methods disclosed herein are equally

applicable to such higher level operations.




exam ning said appropriate bottom node after said unconditional access

festrisin ' d to determ ne whether or not said appropriate bottom
node mmﬁmmwlnu;m tially altered, i nserting said single key
record+*I nto saind appropriate bottomnode if-said appropriate bottom node
has not been substantially altered; and traversing across said node
fromsaid root node. by using said key re@drd reference until a second
appropriate bottomnode is reached if said appropriate bottom node has

been substantially altered. 6. The nethod according to claimb5, wherein
said step of exam ning said appropriates et om node after said

uncondi tional access restriction is granted further includes the step of

determ ni ng whet her said single key record is bounded on said appropriate
bott om node.

1. A data processing system including a concurrent access database

system for providing access to data in the data base by a plurality.of
users concurrently by means of a tree structure, said access including
first operations in which the tree structure remains unchanged and second
operations in which the tree structure is modified, said data processing
system comprising means for performing & transaction comprising a
plurality of said operations in seguence, means for storing an indication
of the sequential position of a second operation immediately prior to a
structure modification sequence, means for storing a compensation log
record pointing to said stored indication on completion of the structure
modification sequence, and means for rolling back each of said plurality
of said operations in the transaction, by refeﬁence to said stored
indication,.on termination of the transaction prior to completion of a
structure modification seguence, or for rolling back only operations not
in said stiructure modification seguence on completion of the seguence, by

reference to said log record.

2. ‘A data processing system according to claim 1, in which said
tree has a root node including key recoré references to nodes in a next
lower ordered level node, and respectively ordered lower level nodes,
each referenced by keys in the next higher ordered node,.down to bottom
nodes having keys referencing the data in the data base, each said
operation comprising tréversing the nodes, using said key record
referenceé, to an existing bottom node, and including means for
requesting conditional access restriction on reaching a key record in the
bdttom'node, means for accessing referenced data in the data base on
grant of the access restriction, means for requesting an unconditional
access restriction if said conditicnal access restriction is not granted,
and means for traversiﬁg said@ nodes from the root node to a new bottom

node if said existing bottom node is substantially altered.

REPLACEMENT SHEET

0 2 MAY 1994

This Sheet Has Been Replacéd

— - {Nmmm




7. - The nethod according to claimb5, wherein said step of exam ning said
appr opri aﬂﬂmﬂ:ﬂﬂﬂmmnlmm ter said unconditional access restriction is
granted f he step of determ ning whether said appropriate
bottom node i § phrt¥cibat’ing in a structure nodification operation which
is not yet conplete. 8. In.-a data processing system a nethod executed by
a data processor for deleting a single key record in a group of record
keys according to a key record through an index tree having a nodifiable
structure during a transaction in said data processing system wherein

ot her transactlons my . concurrently nmodify the structure of said index

tree, said -index trdedhAPHestindeskgten aF‘c’Rffh’l‘ﬁ)(’i% clain 2. Pt udiSa 8% ng a
key record rdberemaoining sagicogrommpée RodRsnt of ssaléxincbpligiomldsrceds | evel

and havi ng b%&%@%e% tdQ@émREQWhQ&eraQ%§Szet:&daﬂdé?k@?{eﬁduﬁ%H&%BEE‘OEP“
record keys, sald met hod conprising the steps perforned wthin said data
processi ng Symg ks T.he flrst key record in the node.

4. A data processing system according to claim 3, including means
for determining, in said bottom node, whether a key record therein is

lower than a requested key record.

5. i A data processing system including a concurrent access database
system for providing access to data in the data base by a plurality of
users concurrently by means of an index tree structure having a root
node, intermediate nodes and bottom nodes providing reference to records
in the database, said access including first operations in which the tree
structure remains unchanged and second operations in which the tree
structure is modified, said data processing:system comprisiﬁg means for
pexforming a transaction, comprising a plugality of said operations, in |
sequence, means, operable in a second operetion, for transversing across
said tree structure from the root node to a bottom node at which a
structure modification is to be made, means for generating an indication
of such modification, and means, responsive to the indication, for
delaying further access to the bottom node until completion of the

structure modification while permitting access to other bottom nodes.

6. A data processing system according to claim 5, including means

for removing said indication on completion of the structure modification.

7. A method of operating a data processing system including a
concurrent access database system for providing access to data in the
data base by'a plurality of users concurrently by means of a tree
Structure, said access including first operations in which the tree
Structure remains unchanged and second oberations in which the tree

Structure is modified, comprising steps of:

This Sheet Has Been Re laced

(AR




tra\7er5| ng mci 'nodes “within said data processi ng systemfrom sai d root

node by #',Hmﬁmnﬁmrd reference until an appropri at (238bottom node

i's reached
requesting a condltlonaf atcess restriction on a next higher key record

than the single key record to be del eted; del eting said single key

record fromsaid appropriate bottom node,jf said conditional access

restriction is granted; requesting an unconditional access

restriction on said next higher key record if said conditional access

restriction is not granted, exam ni ng sai d appropriate bottom node

after sai d werberhiihg gnatansecE®s ¢apptidioyisoplurality of said operations in
sequence; -

storing an indication of the sequential position of a second operation

immediately prior to a structure modification sequence;

storind a compensation log record pointing to said stored indication on

completion of the structure modification sequence;

rolling back each of said plurality of said operations in the
transaction, by reference to said stored indication, on termination of

the transaction prior to completion of a structure modification sequence;

or

rolling back only operatiohs not in said structure modification sequence

on completion of the sequence, by reference to said log record.

8. A method accordiné to claim 7, in whilch said tree has a root
node including key record references to nodes in a next lower ordered
level node, and_respectively ordered lower level nodes, each referenced
by keys in the next higher ordered node, down to bottom nodes having keys
referencing the data in the data base, each said operation comprising
traversing ‘the nodes, using said key record references, to an existing

bottom node, further including the steps of:

requesting conditional access restriction on reaching a key record in the

bottom node;

accessing referenced data in the data base on grant of the access

restriction;

requesting an unconditional access restriction if said conditional access

restriction is not granted; and

traversing said nodes: from the root node to a new bottom node if said

existing bottom node is substantially altered.
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I 8% granted to determ ne whether or not said appropriate bottom node has
tbeen g red, deleting said single key record from
sai d aylmlmllﬂln“lmlﬂmrnode if said appropriate bottom node has not been
subst ant*i al‘l ytal er®d;" and traversing across said nodes from said
root node by using said key record reference until a second appropriate
bottom node is reached if said appropri ake bottom node has been
substantially altered. 9. "~ The nethod according to claim8, wherein said
step of exam ni.ng said appropriate bottom node after said unconditional
access restriction is granted further includes the step of determ ning
whet her sai d®appr opr PAHEPPHPESIRGABY &) SLapm By FicpadindgthenstePstuct ure

nodi fi cati onespeniig eaid\hotteni fodaodn YedntCafnphit @ncondtiodaldatespr ocessi ng
system for f ?L&Q"ﬂ.g&oﬂ é)eligﬁg:‘ﬁﬂlek%xeghgg Q ge})' Qe&rgrﬂégt:&fie& e.‘i.ﬁotl:hq bottom

node is the first key record in the node.

10. A method according to claim 9, including the step of:
determining, in said bottom node, whether a key record therein is lower

than a requested key record.

11. A method of.operating a data processing system including a
concufrent access database system for providing access to data in the
data base by a plurality of users concurrently by means of an index tree
structure having a root node, intermediate node and bottom nodes
providing reference to records in the database, said access including
first operations in which the tree structure remains unchanged and second
cperations in which the tree structure is modified, said data processing

system, comprising the steps of:

performing a transaction, comprising a plurality of said operations, in

sequence;

in a second operation, transversing across said tree structure from the
root node to a bottom node at which a structure modification is to be

made;

generating an indication of such modification; and

in response to the indication, delaying further access to the bottom node
until completion of the structure modification while permitting access to

other bottom nodes.

12. A method according to claim 11, including means for removing

said indication on completion of the structure modification.
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A . ' .
keyS by utilizing a portion of a key record through an index tree having a
modi fiable structure during a transaction in said data processing system
wherein other transactions nay concurrently nodify the structure of said
i ndex tree, said index tree having at |least a root node, each root node
having a key record reference to one or nore nodes in a next |ower ordered
| evel and having bottom nodes that provigg access to said key record data
in an ordered sequence of key records, said data processing system

conpri si ng: means for traversing across said nodes within said data
processi ng systemfromsaid root node by using said key record reference
until an appropriate bottom node is reached; means for identifying

said selected key record in said bottom node;
5 TREE STRUCTURE DATABASE SYSTEM

ABSTRACT

A database system in a data processing system has an index tree structure with a root
node (102) having reference keys to nodes iﬁ the next lower level and so on until bottom
nodes (116) having keys referencing the database records. Multiple users may access the
database concurrently. Transactions in which the tree structure is to be modified (for
example removal of a record) are performed by traversing the tree to the appropriate bottom
node and setting an indication of pendency of the modification. At the same time other
accesses t? the database, through nodes at which no tree structure modifications are to take
place, can continue. When the structure modification has been performed, a log record of it

is made to prevent undoing the modification in the event of a system failure, and database

access through all the bottom nodes then continues.

Fig. 2
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means for fetching said selected key
appropriate botton1node has not

been substantially altered,

and -

means for traversi RUMMARY OR THRINSENTIONSa d root node by

usi ng said key

restriction is not granted;

It is an object of the invention to ameliorate one or more disadvantages of the prior
art.

According to one aspect (_)f the invention there is disclosed in a data processing
system a method executed by a data processor for fetching a selected key record in a
group of record keys by utilizing a portion of a key record through an index tree having
a modifiable structure during a transaction in said data processing system wherein other
transactions may concurrently modify the structure of said index tree, said index tree
having at least a root node, each root node having a key record reference to one or more
nodes in a next lower ordered level and having bottom nodes that provide access to said
key record data in an ordered sequence of key' records, said method comprising the steps
performed within said data processing system of: traversing across said nodes within
said data processing system from said root node by using key record reference until an
appropriate bottom node is reached; identifying said selected key record in said bottom
node; requesting a conditional access restriction on said selected key record; fetching
said selected key record if said conditional access restriction ig._ granted; requesting an
unconditional access restriction of said selected key record if .said conditional access
examining said appropriate bottom node after said
unconditional access restriction is granted to determine whether or note said appropriate
b&ttom node has been substantially altered; fetching said selected key record. is said
appi'opriate bottom node has not been substantially altered; and traversing across said
nodes from said root node by using said key record reference until a second appropriate
bottom node is reached if said appropriate bottom node has been substantially altered.

According to another aspéct of the inver_ltion there is disclosed in a data processing

system a method executed by a data processor for inserting a single key record in a

af—reeefd-—keys;aeee;di-ng—ts—a—kw-secord

group ﬂ;;otﬁ]_an—mdex—t;e&—hanmg_a___
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record yeference until a second appropriate bottomnode is reached if said
appropriate bottom node has been substantially altered. 11. The data
processi ng system according to claim 10, wherein said nmeans for exam ning
sai d appropriate bottom node after said ®nconditional access restriction
has been granted to determ ne whether or not said appropriate bottom node

Qﬁgt EZE“orfﬁﬁ%?ﬁéfé? %&mgé sdplfib ¥ b i Bl S8R pEEAHg el WP
The data nrasadiond mECKoRRARNEY Mbdiy e GhiCue R AR LAEF (NG, o4 BOEE wee,

exam ni NY ik AL4se A Todl fode0bddhrodPAcictiavitly £ RéyredbfdPRidrbh@ 8! ond Gt Sidre
restriction is granted to determ ne whether or 'not said appropriate bottom

node has irles isahwkedwerl drdered|léwl @dd fhiaving ottoAc hodés tharaarovide Aiccess to an

determ ni ng whether or not a next |ower key record in
ordered sequence of key records, said method comprising the steps performed within
said data processing system of: traversing across said nodes within said data processing
system from said root node by using said key record reference until an appropriate
bottom node is reached; identifying a next' higher key record than the single key record
to be inserted; requesting a conditional access restriction on said next higher key record;
inserting said single key record- into said appropriate bottom node if said conditional
access restriction is granted; requesting an unconditional access restriction on said next
higher key record if said conditional access restriction is not granted; examining said
appropriate bottom node after said unconditional access restriction is granted to
determine whether or net said appropriate bottom node has been substantially altered;
inserting said single key record into said appropriate bottom node if said appropriate
bottom node has not been substantially altered; and traversing across said node from said
root node by using said key record reference until a second appropriate bottom node is
reached if said appropriate bottom node has been substantially altered.

According to another aspect of the invention there is disclosed in a data processing |
system a method executed by a data processor for deleting a single key record in a group
of record keys according to a key record through an index tree having a modifiable
structure during a transaction in said data processing system wherein other transactions
maji concurrently modify the structure of said index tree, said index tree having at least a
root node, each root node having a key record reference to one or more nodes in a next
lower ordered level and having bottom nodes that provide access to an ordered sequence
of record keys, said method comprising the steps performed within said data processing
system of: traversing said nodes within said data processing system from said root node

by using said key record reference until an appropriate bottom node is reached;




sai d ordered sequence of key records within said appropriate bottomnode is
| over than said selected key record. 13. The data processing system
according to claim 10, wherein said neans for exam ning said appropriate
bott om node after said unconditional acc#ds restriction is granted to

det erm ne whet her or not sai d appropriate bottom node has been
substanti al |

e o b e e i 5 S e O Bl
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said conditional access restriction is granted; requesting an unconditional access
restriction on said next higher key record if said conditional access restriction is not
granted; examining said appropriate bottom node after said unconditional access
restriction is granted to determine whether or not said appropriate bottom node has been
substantially altered; deleting said single key record from said appropriate bottom node if
said appropriate bottom node has not been substantially altered; and traversing across
said nodes from said root node by using said key record reference until a second
appropriate bottom node is reached if said appropriate bottom node has been substantially
altered.

According to another aspect of the invention there is disclosed a data processing
system for fetching a selected key record in a group of record keys by utilizing a portion
of a key record through an index tree having a modifiable structure during a transaction
in said data processing system wherein other transactions may concurrently modify the
structure of said index tree, said index tree having at least a root node, each root node
having a key record reference to one or more nodes in a next lower ordered level and
having bottom nodes that provide access to said key record data in an ordered sequence
of key records, said data processing system comprising: means for traversing across said
nodes within said data processing system from said root node by using said key record
reference until an appropriate bottom node is reached; means for identifying said selected
key record in said bottom node; means for requesting a conditional access restriction on
said selected key record; means for fetching said selected key record if said conditional
access restriction is granted; means for requesting an unconditional access restriction of
said selected key record if said conditional access restriction is not granted; means for
examining said appropriate bottom node after said unconditional access restriction is
granted to determine whether or not said appropriate bottom node has been substantially

altered; means for fetching said selected key record if said appropriate bottom node has
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keys according to a key record through an index tree having a nodifiable
structure during a transaction in said data processing system wherein

ot her transactions may concurrently nodify the structure of said index
tree, said index tree having at |east a Bbot node, each root node having a
key record reference to one or nore nodes in a next |owered ordered | evel

Fecor ds. | SapHbe bRty it A0 Reas, ok RaeRURE actoss b andes o said, %oi?%g
' d hj id.d
AR Iivsu%‘a% el KBy dpbdthSreRBR° il ¥ f”sép%%"@?&%ﬂa&ﬁ%%ﬂzl
reached; 8&;@6& %@*01}%@%?{’&%‘*1%‘1@%“@ &%ﬁmﬁgmt&g&ord t han t he

single key rec neans questing a conditional

access restri Clybrdiy %5 afothé hspBtiIbithe iBVentibB 4REE is disclosed a data processing

system for inserting a single key record in a group of record keys according to a key

record through an index tree having a modifiable structure during a transaction in said
data processing system wherein other transactions may concurrently modify the structure
of said index tree, said index tree having at least a root node, each root node having a
key record reference to one or more nodes in a next lowered ordered level and having
bottom nodes that provide access to an ordered sequence of key records, said data
processing system comprising: means for traversing across said nodes within said data
processing system from said root node by using said key record reference until an
appropriate bottom node is reached; means for identifying a next higher key record than
the single key record to be inserted; means for requesting a conditional access restriction
on said next higher key record; means for inserting said single key record into said
appropriate bottom node if said conditional access restriction is granted; means for
requesting an unconditional access restriction on said next higher key record if said
conditional access restriction is not granted; means for examining said appropriate
bottom node after said unconditional access restriction is granted to determine whether or
not said appropriate bottom node has been substantially altered; means for inserting said
single key record into said appropriate bottom node if said appropriate bottom node has
not been substantially altered; and means for traversing across said node from said root
node by using said key record reference until a second appropriate bottom node is
reached if said appropriate bottom node has been substantially altered.

According to another aspect of the invention there is disclosed a data processing
system for deleting a single key record in a group of record keys according to a key
record through an index tree having a modifiable structure during a transaction in said

data processing system wherein other transactions may concurrently modify the structure

REPLACEMENT SHEET

14 AUG 1997




means for inserting said single key record into said appropriate bottom

node if said condi tional access restriction is granted; nmeans for
requesting an unconditional access restriction on said next higher key
record if said conditional access restrié¢ion is not granted,; means

for exam ning said appropri ate bottom node after said unconditional access

node. has beGAASIER B 244 dEF[%F gl 18 i, AR R BT
key recordypio o8 Srggeg@gcﬁg@;+ : Bkt B0 ox? Rikr ARBIQPLNA! S BbYiRE

node has n and or traversi

nt ?fsasi'ego AGHCn0e AP pfovidl? %S%Qﬂﬁ?j?ﬁ. R ﬁéia‘g‘.“%@eéé.r‘?"’;“ P paacea
ppropri ate

bottom nodgsdagsind @gstemtesiprising! | Ymédrsefdrdiraversing said nodes within said data
processing system from said root node by using said key record reference until an
appropriate bottom node is reached; means for requesting a conditional access restriction
ona next higher key record than the single key record to be deleted; means for deleting
said single key record from said appropriate bottom node if said conditional access
restriction is granted; means for requesting an unconditional access restriction on said
next higher key record if said conditional access restriction is not granted; means for
examining said appropriate bottom node after said unconditional access restriction is
granted to determine whether or not said appropriate bottoni node has been substantially
altered; means for deleting said single key record from said appropriate bottom node if
said appropriate bottom node has not been substantially altered; and means for traversing
across said nodes from said root node by using said key record reference until a second
appropriate bottom node is reached if said appropriate bottom node has been substantially
altered.

According to still anther aspect of the invention there is disclosed a data processing
system comprising a concurrent access database system for providing access to data in
the database by a plurality of users concurrently by means of a tree structure, said access
comprising first operations in which the tree structure remains unchanged and second
operations in which the tree structure is modific;d, said data processing system
coﬁiprising means for performing a transaction comprising a plurality of said operations,
and recovery means for storing the sequential positions of operations from which a
transaction can be rolled back to allow recovery of operations in the event of a system
failure, characterised in that the recovery means comprises means for storing an
indication of the sequential position of a second operation in a sequence of operations

modifying the tree structure lmmedlately prlor to com;nencement of said sequence,

= e 4
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31 15., The data processing systemaccording to claim 14, wherein said
means for exanining said appropriate bottom node after said unconditional
access restriction is granted further includes nmeans for determ ning

whet her said single key record is boundegd on said appropriate bottom node.
16. The data processing systemaccording to claim 14, wherein said neans
for exam ning said appropriate bottom node after said unconditional access
restricti onieans frtQuiRg A compensation |log) secork painting saideindication 08 completion efj d

ggg; gf Ir ioﬁt \?\Pﬁ? %é(f@ngﬁg?a%?ig{sleagg%ﬁ @il}g{)g tai.cig%ati:hnf)f31 sasié E)Pu%;[ll?tg'eof r;gﬁl t];pie%a%oing Qn the
transaction, by reference to said stored indication, when the system fails prior to
completion of said sequence, and for rolling back, on system failure, only operations not
in said sequence when said sequence has completed, by refefence to- said log
compensation record.
| According to still another aspect of the invention there is disclosed a method of
operating a data processing system comprising a concurrent access database system for
providing access to data in the database by as plurality of user concurrently by means of
a tree structure, said access including first operations in which eh tree structure remains
unchanéed and second operations in which the tree structure is modified, the method
comprising the steps of: performing a transaction comprising a plurality of said
operations; storing an indication of the sequential position of a second operation in a
sequence of operations modifying the tree structure immediately prior to commencement
of said sequence; storing a compensation log record pointing said indication on
completion of said sequence; rolling back each of aid plurality of said operations in the
transaction, by reference to said stored indication, on system failure prior to completion
of said sequence; and roiling b_ack, on system failure only operations not in sequence

when said sequence has completed, by reference to said-log compensation record.
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17. A data processing systemfor deleting a single key record in a group of
record keys - according to a key record through an index tree having a

nodi fiabl e structure during a transaction in said data processing system
wherein other transactions may concurrentGey nodify the structure of said
index tree, said index tree -having at |east a root node, each root node

'avel and havi ng. bot PSGCIBAAC, ¢ Tef PREERIEE RGP TR "Cc uence o

evel an avi ng bo Nfivie oV v sequence o0

record keys, id data or i vsie rising. aRa

traversing said ob’;é"’W‘f ﬁﬁ‘ﬁ’gg%ileggaozté plr}%%ng@i {r"\’gi glggvt g?ndﬁ%}ggghi%g &vggt‘)f

" node by usi | Q. dptid o .late bottomnode is
é}gmf)?éﬁ&/alﬁ%ff%r‘réﬁ&r @ thé Bc?tfog‘ﬁﬂﬁﬁa }él(&)iﬁ glh{wﬁ s, 3R RYHIEH:

reached; requestin Itional access restriction on a

next hi gher keypigfREd1 ishanbideR didfn® &y CoAcUENt Gachés d@AtehRd; system in
means for deleting said single key record from said appropriate bottom node

if said accordance with the present invention;

'

FIGURE 2 is a logic flow chart illustrating an initial search operation through a
database; |

FIGURE 3 is a logic flow diagram illustrating a fetch operation through a database;

FIGURE4 isa logié flow chart illustrating an insert operation through a database;

FIGURE 5 is a logic flow chart illustrating a delete operation throﬁgh a database;




condi ti gQnal access restri-et+on is granted, means for requesting an

uncondi t'i i ction on said next higher key record if said
condltlon ﬂ ﬂ iﬂm ﬁiﬁ“!kion i's not granted, means for exam ning
sai d appr de after said @dconditional access restriction
Is granted to detern1ne whet her or not said appropriate bottom node has
been substantially altered; - del eting said single key
record fromsaid appropriate bottomn @g aid appropri ate bottom node

h
_ as not beT Slllrl? Stfart]a{ Iplaclcleglsu?g gyes{e a m&god executed by a data processor for fetching a

selected key record in a group of record keys by utilizing a portion of a key record
through an index tree having a modifiable structure during a transaction in said data
processing system wherein other transactions may concurrently modify the structure of
said index tree, said index tree having at least a root node, each root node having a key
record reference to one or more nodes in a next lower ordered level and having bottom
nodes that provide access to said key record data in an ordered sequence of key records,
said method comprising the steps performed within said data processing system of:

traversing across said nodes within said data processing system from .said root node
by using key record reference until an appropriate bottom node is reached;

identifying said selected key record in said bottom node;

requesting a conditional access restriction on said seiected key record;

fetching said selected key record if said conditional access restriction is granted;

requesting an unconditional access restriction of said selected key record if said
conditional access restriction is not granted;

examining said appropriate bottom node after said unconditional access restriction
is granted to determine whether or note said appropriate bottom node has been
substantially altered;

fetching said selected key record is said appropriate bottom node has not been
substantially altered; and

traversing across said nodes from said root node by using said key record reference
untﬁ a second appropriate bottom node is reached if said appropriate bottom node has
been substantially altered.
2. The method according to claim 1, wherein said step of examining said appropriate
bottom node after said unconditional access restriction has been granted to determine

whether or not said appropriate bottom node has been substantially altered further
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means for traversing across said nodes fromsaid root node by using said

key record rﬁlﬁnﬂﬂlﬂmwmuulsecond appropriate bottom node is reached if
sai d appropri has been substantially altered. 18. A data
processi ng sys enf accor'di ng to-claim17, 2eherein said means for exanmi ni ng

sai d appropriate bottom node after said unconditional access restri ct [ on S
granted further includes neans for determ ning whether said
bot t om nodéndludes the isteppeft d%mlﬁlngawhqthﬂc@fum@ sstselected Kk @hr‘iﬂ%‘? é{) 5 l‘,h

is not yet 9. A data roceSS| St e current

a;:cesls Slat é‘gﬁg’glugéﬁgii@ eF‘Ef’rsquT‘Eﬁ?l Y TEROEEsSwl lgsa{é}agp}' Q‘&Eﬁ“& @ee by a
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pr ocessi ng em conpri si ormng a transaction €onprising
a determine whether or not sald appropriate bottom node has been substantially altered

further includes the step of determining whether or not a next lower key record in said
ordered sequence of key records within said appropriate bottom node is lower than said
selected key record.
4. The method according to claim 1, wherein said step of examining said appropriate
bottom node after said unconditional access restriction is granted to determine whether or
not said appropriate bottom node has been substantially altered further includes the step
of determining whether or not a key record exists in said appropriate bottom node which
is lower than said selected key record. | ‘
5. In a data processing system a method executed by a data processor for inserting'a
single key record in a group of record keys according to a key record through an index
tree having a modifiable structure during a transaction in said data processing system
wherein other transactions may concurrently modify the structure of said index tree, said
index tree having at least a root node, each root node having a key record reference to
one or more nodes in a next lower ordered level and having bottom nodes that provide
access to an ordered sequence of key records, said method comprising the steps
performed within said data processing system of:

traversing across said nodes within said data processing system from said root node
by .using said key record reference until an appropriate bottom node is reached;

identifying a next higher key record than the single key record to be inserted;

requesting a conditional access restriction on said next higher key record;

inserting said single key record into said appropriate bottom node if said

conditional access restriction is granted;




plurality of said operations, and recovery neans for storing the sequential
positions of oper llmmlﬂmmw“ﬂ a transaction can be rolled back to

al | ow recovery of Eu event of a systemfailure,
characterised in that fhe'rdtovery neans2Zonprises neans for storing an

i ndication of the sequential position of a second operation in a sequence
ree structure. i nmedi.at el

f ti di fyi t he . t. pri e s
Cormencarens ol s e S Tl Ber St
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conpl eti on of sard uence, for I ng back, on systemfailure, only

oper ati ons j\Qirantbd RAidetePRHC RHRHEP oy %ﬁkdsa&wgpfﬁﬂiat@am@molmedha@meen
reference tosaid |log conpensation record. 20. data processing.system

accordi ng kgbsedntially dBeredn) Whi ch said tree structure is an

inserting said single key record into said appropriate bottom node if said
appropriate bottom node has not been substantially altered; and

traversing across said node from said root node by using said key record reference
until a second appropriate bottom node is reached if said appropriate bottom node has
been substantially altered.
6. The method according to claim 5, wherein said step of examining said appropriate
bottom node after said unconditional access restriction is granted further includes the step
of determining whether said single key record is bounded on said appropriate bottom
node.
7.  The method according to claim 5, wherein said step of examining said appropriate
bottom node after said unconditional access restriction is granted further includes the step
of determining whether said appropriate bottom node is participating in a structure
modification operation which is not yet complete.
8. In a data processing system a method executed by a data processor for deleting a
single key record in a group of record keys according to a key record through an index
tree having a modifiable structure during a transaction in said data processing system
wherein other transactions may concurrently modify the structure of said index tree, said
indéx tree having at least a root node, each root node having a key record reference to
one or more nodes in a next lower ordered level and having bottom nodes that provide
access to an ordered sequence of record keys, said method comprising the steps
performed within said data processing system of:

traversing said nodes within said data processing system from said root node by

Jm e e
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index tree str ot node including key record references to
nodes in a next Wﬁ ﬂ %['revel node, and respectively ordered | ower

| evel nodes, keys in the next higher ordered node, down
to bottonlnodes havi ng keys referencing 2Be data in the data base,

each said operation conprising traversing the nodes, using said key record
Condi {1 onal - acERESHEE or areRignaD (RRRSE o™ R B T ook MBR, B2
| T B 1 1o s e o ran o
restriction if fghfl.Ccondl {ihPRakePGeES Hond 'dafd |4Prdptialbottom node if said
conditional access restriction is granted;
requesting an unconditional access restriction on said next higher key record if said
conditional access restriction is not granted; |
examining said appropriate bottom node after said unconditional access restriction
is granted to determine whether or not said appropriate bottom node has been
substantially altered;
deleting said single key record from said appropriate bottom node if said
appropriate bottom node has not been substantially altered; and
traversing across said nodes from said root node by using said key record reference
until a second appropriate bottom node is reached if said appropriate bottom node has
been substantially altered. i _
9. The method according to claim 8, wherein said step of examining said appropriate
bottom node after said unconditional access restriction is granted further includes the step
of determining whether said appropriate bottom node is participating in a structure
modification operation which is not yet complete.
10. A data processing system for fetching a selected key record in a group of record
keys by utilizing a portion of a key record through an index tree having a modifiable
structure during a transaction in said data processing system wherein other transactions
may concurrently modify the structure of said index tree, said index tree having at least a
rodf node, each root node having a key record reference to one or more nodes in a next
lower ordered level and having bottom nodes that provide access to said key record data
in an ordered sequence of key records, said data processing system comprising:
means for traversing across said nodes within said data processing system from said
root node by using said key record reference until an appropriate bottom node is reached;

means for identifying said selected key record in sa1d bottom node;

REPLACEMENT SHEET

14 AUG 1997




granted, and neans for trav g said nodes fromthe root node to a new
bott om Rode i f “! MT@ |!ﬁttom node is substantially altered. 21. A
data processing to claim20, including neans for exam ning
sai d bottom node’ on grant of sai d uncond®i onal access restriction to
determ ne whether a key record identified in the bottomnode is the first
key record in the node. 22. A datga proceSS| n syste r to cl.aim

21, i gcl lﬁldl ng means for Jequesting acAndigonal ,aﬁce§%}"q§ %‘PP&H‘ISH@S%%C%H peardi ey
record thereinis | h d k
_operating a datn}P%B? g‘ﬂ’eé&"ﬁ’”%n%a&% ‘#E‘g e E‘%ﬁ%‘ﬁilltf'oziﬁ{ Ab‘ggstegbgglcgl{'% abase

systemforlg%rngv'_di ng access to data in the dat abase by as plurality of user
concurrent 'means of a tree structure, said access including first

operations in Wfﬁﬂgﬁ?&ﬁﬁg afi wnbGhdifiGhal m&mwﬁﬁbﬁaﬂ@m 38lected ke decord

operations in ree"structure 1s npdified, the nethod conprising
the steps @f said conditional access restriction is not granted;

means for examining said appropriate bottom node after said unconditional access
restriction is granted to determine whether or not said appropriate bottom node has been
substantially altered;

means for fetching said selected key record if said appropriate bottom node has not
been substantially altered; and

means for traversing across said nodes from said root node by using said key
record reference until a second appropriate bottom node is reached if said appropriate
bottom node has been substantially altered.
11. The data processing system according to claim 10, wherein said means for
examining said appropriate bottom node after said unconditional access restriction has
been granted to determine whether or not said appropriate bottom node has been
substantially altered further includes means for determining whether or not said selected
key record is a first key record in said ordered sequence of key records within said
appropriate bottom node.
12. The data processing system according to claim 10, wherein said means for
examining said appropriate bottom node after said unconditional access restriction is
granted to determine whether or not said appropriate bottom node has been substantially
altéred further includes méans for determining whether or not a next lower key record in
said ordered sequence of key records within said appropriate bottom node is lower than
said selected key record.
13. The data processing system according to claim 10, wherein said means for

~ examining said appropriate bottom node after said unconditional access restriction is

granted to determine whether or not said appropriate bottom node has been substantially
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per f orm ng N rising a plurality of said operations;
stofing an j'ﬂg am;w@i‘jﬂmrsequential position of a second operation in a
sequence of ying the tree structure imediately prior to

commencenent of said sequence; st¥ ing a conpensation |og record
poi nting said indication on conpletion of said sequence; rolling

vt or once. (el el hade aftanf Rorueiidhe Wimeliot Bt KT BRSH SRamai i

of said Seﬁigt?éllﬁ'i;a;tesgl&gwm node whicd! i ilé\gert{ﬂ%i(sai@&lééféf fegbigure only

oper ati ons _ sequence when sal sequence has conpl eted, by
reference {4 SRidhtd PPoceNIME Bysidrh For 'il%@ﬂ[tﬁ- a single key record in a group of record

keys according to a key record through an index tree having a modifiable structure

during a transaction in said data processing system wherein other transactions may
concurrently modify the structure of said index tree, said index tree having at least a root
node, each root node having a key record reference to one or more nodes in a next
lowered ordered level and having bottom nodes that provide access to an ordered
sequence of key records, said data processing system comprising:

means for traversing across said nodes within said data processing system from said
root node by using said key record reference until an appropriate bottom node is reached;

means for identifying a next higher key record than the single key record to be
inserted;

means for requesting a conditional access restriction on said next higher key
record;

means for inserting said single key record into said appropriate bottom node if said
conditional access restriction is granted;

meahs for requesting an unconditional access restriction on said next higher key

.. record if said conditional accesé restriction is not granted;

means for examining said appropriate bottom node after said unconditional access
restriction is granted to determine whether or not said appropriate bottom node has been
substantially altered;

" means for inserting said single key record into said appropriate bottom node if said

appropriate bottom node has not been substantially altered; and

means for traversing across said node from said root node by using said key record
reference until a second appropriate bottom node is reached if said appropriate bottom
node has been substantially altered. @WMM«..‘M»,
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_24.__Amgthoda [ _ i 23, in which said tree structure is an
index tree st I :u Eﬂi}oot node i ncluding key record references to
nodes in a next'" L evel node, and respectively ordered | ower

| evel nodes, each referenced by keys i n3t he next hi gher ordered node, down
to bottom nodes having keys referencing the data in the data base, each

sai d t ' ' he,. .usi i d. A
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the access fa3Ld Ififth@ includes means for determining whether said single key record is

bbunded on said appropriate bottom node. .
16. The data processing system according to claim 14, wherein said means for
examining said appropriate bottom node after said unconditional access restriction is
granted further includes means for determining whether said appropriate bottom node is
participating in a structure modification operation which is not yet complete.
17. A data processing system for deleting a single key record in a group of record keys
according to a key record through an index tree having a modifiable structure during a
transaction in said data processing system wherein other transactions may concurrently
modify the structure of said index tree, said index tree having at least a root node, each
root node having a key record reference to one or more nodes in a next lower ordered’
level and having bottom nodes that provide access to an ordered sequence of record keys,
said data processing system comprising:

means for traversing said nodes within said data processing system from said root
node by using said key record reference until an appropriate bottom node is reached;

means for requesting a conditional access restriction on a next higher key record
than the single key record to be deleted;

means for deleting said single key record from said appropriate bottom node if said
conditional access restriction is granted;

means for requesting an unconditional access restriction on said next higher key
recbrd if said conditional access restriction is not granted;

means for examining said appropriate bottom node after said unconditional access
restriction is granted to determine whether or not said appropriate bottom node has been

substantially altered;

means for deleting said single key record from said appropriate bottom node if said

appropriate bottom node has not been substantially altered; and
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requesting an unconditional access restriction if said conditional access
restriction mnmmummmlland traversing said nodes fromthe root
node to a ne said existing bottomnode is substantially

al tered. * A°nethdd dccérding to claidd 24, including the step of:

exam ni ng sal d bottom node on grant of said unconditional access

restriction to deterpmi ne whet her record ideptified in the bot
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bottom node has been substantially altered.
18. | A data processing system according to claim 17, wherein said means for examining
said appropriate bottom node after said unconditional access restriction is granted further
inciudes means for determining whether said appropriate bottom node is participating in
a structure modification operation which is not yet complete.
19. A data processing system comprising a concurrent access database system ' for
providing access to data in ﬁe database by a plurality of users concurrently by means of
a tree structure, said access comprising first operations in which the tree structure
remains unchanged and second operations in which the tree structure is modified, said
data processing system comprising means for performing a transaction comprising a
plurality of said operations, and recovery means for storing the sequential positions of
operations from which a transaction can be rolled back to allow recovery of operations in
the event of a system failure,

characterised in that the recovery means comprises means for storing an indication
of the sequential position of a second operation in a sequence of operations modifying
the tree structure immediately prior to commencement of said sequence, means for
storing a compensation log record pointing said indication on completion of said
sequence, and means for rolling back each of said plurality of said operations in the |
transaction, by reference to said stored indication, when the system fails prior to
completion of said sequence, and for rolling back, on system failure, only operations not
in said sequence when said sequence has completed, by reference to said log
compensation record.
20. A data processing system according to claim 19, in which said tree structure is an
index tree structure having a root node including key record references to nodes in a next
lower ordered lIevel node, and respectively ordered lower level nodes, each referenced by

keys in the next higher ordered node, down to bottom hodés having keys referencing the
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35 . TREE STRUCTURE DATABASE SYSTEM ABSTRACT
A dat abase sys ﬁ“l“M“nuﬂllﬂﬂmeSSI ng system has an index tree structure
with a root no I ef erence keys to nodes in the next |ower
|l evel and so on tint§1 ‘bot"t oM hodes (1 16B3having keys referencing the
dat abase records. Multiple users may access the database concurrently.

R KN AR FCRERE RN e RO G
appropri at ergc%}'ci Yterences to an existing bottom node, and including means for requesting

conditional access restriction on reaching a key record in the bottom node, means for
accessing referenced data in the data base on grant of the access restriction, means for
requesting an unconditional access restriction if said conditional access restriction is not
granted, and means for traversing said nodes from the root node to a new bottom node if
said existing bottom node is substantially altered.
21. A data processing system according to claim 20, including means for examining
said bottom node on grant of said unconditional access restriction to determine whether a
key record identified in the bottom node is the first key recdrd in the node.
22. A data processing system according to claim 21, including means for determining,
in said bottom node, whether a key record therein is lower than a requested key record.
23. A method of operating a data processing system comprising a concurrent access
database system for providing access to data in the database by: as plurality of user
concurrently by means of a tree structure, said access including first operations in which
eh tree structure remains unchanged and second operations in which the tree structure is
modified, the method comprising the steps of:

performing a transaction comprising a plurality of said operations;

storing an indication of the sequential position of a second operation in a sequence
of operations modifying the tree structure immediately prior to commencement of said
sequence; "

storing a compensation log record pointing said indication on completion of said
sequence;

rolling back each of aid plurality of said operations in the transaction, by reference
to said stored indication, on system failure prior to completion of said sequence; and

rolling back, on system failure only operations not in sequence when said sequence

has completed, by reference to said log compensation record.
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node and setting an indication of pendency of the nodification. At the sanme

ti me other ac base, through nodes at which no tree
structure nodi ﬂmmﬂmmmqmlﬂmrake pl ace, can continue. Wen the
structure nodifitati ok hAs been perforned4 a log record of it is nmade to
prevent undoing the nodification in the event of a systemfailure, and
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structure having a root node including key record references to nodes in a next lower
ordered level node, and respectively ordered lower level nodes, each re%erenced by keys
in the next higher ordered node, down to bottom nodes having keys referencing the data
in the data base, each said opération comprising traversing the nodes, using said key
record references, to an existing bottom node, further including the steps of:

requesting conditional access restriction on reaching a key record in the bottom
node; |

accessing referenced data in the data base on grant of the access restriction;

requesting an unconditional access restriction if said conditional access restriction is
not granted; and

traversing said nodes from the root node to a new bottom node if said existing
bottom node is substantially altered.
25. A method according to claim 24, including the step of: examining said bottom
node on grant of said unconditional access restriction to determine whether a key record
identified in the bottom node is the first key record in the node.
26. A method according to claim 25, including the step of: determining, in said

bottom node, whether a key record therein is lower than a requested key record.
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35

TREE STRUCTURE DATABASE SYSTEM

ABSTRACT

A database system in a data processing system has an index tree structure with a root
node (102) having reference keys to nodes in the next lower level and so on until bottom
nodes (116)-having keys referencing the database records. Multiple users may access the
database concurrently. Transactions in which the tree structure is to be modified (for
example removal of a record) are performed by traversing the tree to the appropriate bottom
node and setting an indication of pendency of the modification. At the same time other
accesses to the database, through nodes at which no tree structure modifications are to take
place, can continue. When the structure modification has been performed, a log record of it
is made to prevent undoing the modification in the event of a system failure, and database

access through all the bottom nodes then continues.

Fig. 2
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means for storing a compensation log record pointing said indication on completion of

said sequence, and means for rolling back each of said pIurality of said operations in the
transaction, by reference to said stored indication,” when the system fails prior to
completion of said sequence, and for rolling back, on system failure, only operations not
in said -sequence when said sequence hag completed, by reference to said log
compensation record. |

According to still another aspect of the invention there is disclosed a-method of

operatiiig.'a data processing system comprising a. concurrent access database system for

. providing access to data in the database by as plurality of user c_bncurrently by means of

a tree structure, said access including first operations in which the tree structure remains
unchanged and second operations in which the tree structure is modified, the method
comprising the steps of: performing a transaction comprising a plurality of said
operatibhs; storing an indication of the sequential position of a second operation ‘in a

sequence of operations modifying the tree structure immediately prior to commencement

 of said sequence; storing a compensation log record pointing said indication on

completion of said sequence; rolling back each of said plurality of said operations in the
transaction, by reference to saiid stored indication, on system failure prior to completion
of said sequence; and rolling baék, on system failure only operations not in said
sequence when said sequence has completed, by reference to said log compensation

record.
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data in the data base, each said operation comprising traversing the nodes, using said key
record references to an existing bottom node, and including means for requesting
eoﬁditional access restriction on reaching a key record in the bottom node, means for
aecessing referenced data in the data base on grant of the access restriction, means for
requesting an unconditional access restriction if said conditional access restriction is not
granted, and means for traversing said nodes from the root node to a new bottom node if
said existing bottom node is substantially altered.
21. A data processing system according to claim 20, including means for examining
- said bottom node on grant of said unconditional acéess restriction to determine whether a
key record identified in the bottom ﬁode is the first key record in the node. _
22. A data processing system accordihg to claim 21, including. means for determining,
in said bottom node, whether a key record therein is lower than a requeéted key record.
23. A method of operating a data processing system comprising a concurrent access
. database system for providing access to data in the database by as plurality of user
concurrently by means of a tree structure; 'said‘ access including first operations in which
the tree structure remains unchanged and secend operations in which the tree structure is
modified, the method comprising the eteps of:
performing a transaction comprising a plurality of said operations;
storing an indicaﬁon of the sequential bosition of a second operation in a sequence
of operatione modifying the tree structure immediately prior to commencement of said
sequence; |
storing a compensation log record pointing said indication on completion of said
sequence;
rolling back each of said plurality of said operatlons in the transaction, by
reference to sa1d stored indication, on system fallure prior to completlon of said
sequence; and
rolling back, on system failure only operations not in said sequence when said

sequence has completed, by reference, to;said'log compensation record.
REPLACEMENT SigrT)

18 SEp 1998_7




